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  1 
 Introduction to biomedical foams   

    A.   SALERNO  ,     Center for Advanced Biomaterials for Health 

Care (IIT@CRIB), Istituto Italiano di Tecnologia, Italy and     

    P. A.   NETTI    ,     Center for Advanced Biomaterials for 

Health Care (IIT@CRIB)  ,     Istituto Italiano di Tecnologia, Italy    

   DOI : 10.1533/9780857097033.1.3 

  Abstract : Biocompatible and biodegradable foams are key components 
for tissue substitution for  in vitro  and  in vivo  tissue engineering 
applications, as well as for biosensing and diagnostic. The aims of this 
chapter are (i) to illustrate the evolution of the biomedical foam concept 
and its function from the beginning to the current applications; (ii) to 
provide an overview on traditional and advanced materials and processes 
for the design and fabrication of biomedical foams; and (iii) to describe 
some of the most important current applications of biomedical foams. 

  Key words : tissue engineering, bioactivated materials, biodegradable 
foams, biomedical foams, cell-instructive materials, microscaffolds, 
scaffold fabrication. 

    1.1     Introduction 

 Due to their unique properties, porous materials have been widely used for 

biomedical applications requiring a three-dimensional (3D) porous net-

work coupled with good mechanical properties, controlled degradation and 

biocompatibility. These applications include, among others: (i) porous bio-

medical devices and prostheses; (ii) scaffolds for  in vitro  cell culture and  in 
vivo  tissue-induced regeneration; (iii) macro-, micro- and nano-particulate 

foams for drug delivery, diagnostic and sensing, and, ultimately (iv) 3D cul-

ture platforms, for the investigation of cancer development and response 

to drug. 

 The performance of these biomedical foams – and therefore their fi eld 

of application – resides in the sapient control over the different features 

and functionalities of the foams, which, in turn, depends on the appropriate 

selection of materials and fabrication processes. For example, in designing 

porous scaffolds for tissue engineering, the porous structure, including sur-

face-to-volume ratio, pore size and interconnection degree, is a key factor 

in controlling cell behaviour and new tissue development (Karangeorgiu, 
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2005; Salerno  et al ., 2009a). Improving further the functionality of the foams 

integrating the control over cell fate through the spatial and chronological 

control of morphogen and growth factor delivery from the scaffolding mate-

rial is now warranted (Sands, 2007; Biondi, 2008; Chan and Mooney, 2008). 

 Several processing techniques have been developed and are currently 

available for fabricating biomedical foams with specifi c control over their 

morphological, micro- and nano-structural features and degradation 

(Chevalier  et al ., 2007; Guarino  et al ., 2008). Furthermore, the advance in 

toxic-free and low-temperature processes allows for the controlled seques-

tration and release of bioactive moieties (LaVan  et al ., 2003). 

 Within the past decade, the ‘explosion’ of computer-aided approaches, 

microfabrication technologies and microfl uidic strategies has noticeably 

increased the resolution achievable over biomedical foam architecture and 

composition (Hollister, 2005; Choi  et al ., 2007; Sands and Mooney, 2007; 

Melchels  et al ., 2010). This improvement has given an additional impulse in 

the biomedical fi eld to elucidate several mechanisms underlying cell/mate-

rial interactions and, ultimately, to develop multifunctional foams and scaf-

folds with improved performance. 

 At present, great efforts are being devoted to the design and fabrication 

of miniaturized foams with properties down to the nanometric scale that 

are able to combine technological potential with biochemical and biophysi-

cal cues. These multifunctional devices can serve different purposes, starting 

from building blocks for  in vitro  cell culture and  in vivo  tissue regeneration, 

to sensors and actuators to improve health status, and provide prophylactic 

or therapeutic treatment  in situ . 

 This chapter aims to provide an overview of the history and evolution of 

biomedical foams, from the perspective of the materials, fabrication tech-

nologies and past, present and possible future applications.  

  1.2     Evolution of biomedical foams 

 The history of biomedical foams started rather shortly after the discovery 

of the fi rst implantable biomaterials. Biomaterials initially developed for 

use inside the human body were selected and designed in order to match 

the biophysical properties of the replaced tissue, and to induce a minimal 

toxic response by the host (Hench and Polak, 2002). Suitable implants were 

fabricated mainly from materials used and developed for different applica-

tions, such as metals, ceramics and thermosetting polymers, which ensured 

an adequate inertness when in contact with the body’s aggressive environ-

ment (Table 1.1 and Fig. 1.1).           

 Recreating a porous structure on the surface of bone and vascular pros-

thetic devices was proposed to improve the bonding between prosthesis and 

surrounding tissues, and to overcome clinical problems related to implant 



 Table 1.1     Evolution of materials, fabrication, property and application of biomedical foams 

 Evolution of biomedical 

foams 

 Materials  Manufacturing  Key features  Application  Reference 

 (I) 

 Requirement: Achieve a 

suitable combination 

of physical properties 

to match those of 

the replaced tissue 

with a minimal toxic 

response in the host. 

 Approach: Stable 

implant and 

prosthesis for 

restoration of tissue 

diseased function. 

 Metals: stainless steel, 

cobalt chrome, 

titanium 

 Ceramics: alumina, 

zirconia 

 Thermosetting polymers: 

polyamides, 

polyurethanes, 

polyethylene 

terephthalate 

 Freeze drying 

 Particles 

sintering 

 Phase inversion 

 Reverse 

templating 

 Spraying 

 Textiles 

 Low porosity 

 Micrometric pore 

size (hundreds of 

microns) 

 High mechanical 

strength or 

fl exibility 

 Permanent 

implants and 

coating for soft 

and hard tissues 

 Poth  et al . (1955);  

Nilles and Coletti 

(1973) 

 (II) 

 Requirement: Improve 

the integration with 

the physiological 

environment. 

 Approach: Synthesis 

of bioactive and 

biodegradable 

materials with 

controlled chemistry 

and microstructural 

properties. 

 Metals: magnesium 

 Ceramics: silicate-, 

borate- and calcium 

phosphate-glasses 

 Polymers: biodegradable 

synthetic 

(polyanhydrides, 

polyesters, 

polyurethanes) and 

natural (collagen, 

fi brin, hyaluronic 

acid, alginate, silk, 

chitosan, zein) 

 Composites: polymer/

ceramic micro- or 

nano-particles 

 Emulsion 

 Freeze drying 

 Gas foaming 

 Particles 

sintering 

 Phase inversion 

 Reverse 

templating 

 SFF 

 Spraying 

 Textiles 

 Biodegradation 

 High (99%) to low 

porosity; nano- to 

micro-metric pore 

size resolution; 

pore shape and 

aspect ratio 

 Soft-to-hard 

mechanical 

properties 

 Bioactive surface to 

improve cell/tissue 

compatibility 

 Scaffolds and 

particles for 

cell culture: 

stem cell, 

osteoblast, 

chondrocytes, 

fi broblast, 

axon 

 Implantable 

scaffolds: 

dermis, bone, 

cartilage, 

vessel, nerve, 

muscle 

 Mikos  et al . (1993); 

Chen  et al . 

(2002); Gomes 

 et al . (2002); 

Mathieu  et al . 

(2006); Chevalier 

 et al . (2007); 

Guarino  et al . 

(2008); Melchels 

 et al . (2010); 

Choi  et al . (2012)   

 Rezwan  et al . 

(2005) 

(Continued)



 Evolution of biomedical 

foams 

 Materials  Manufacturing  Key features  Application  Reference 

 (III) 

 Requirement: Elicit 

specifi c biological 

responses at the 

molecular level. 

 Approach: Bioactive and 

biomimetic materials 

able to promote and 

guide specifi c cellular 

processes. 

 Ceramics: gene-activated 

and drug releasing 

glasses 

 Polymers: drug releasing, 

surface-functionalized 

polyesters; DNA 

and Peptide-based 

materials 

 Bioprinting 

 Microfl uidic 

 Phase separation 

 Particles 

sintering 

 Reverse 

templating 

 Self-assembly 

 SFF 

 Enzymatic 

biodegradation 

 Micro- and nano-

metric architecture 

 Mechanotransduction 

 Multiple drug 

releasing capability 

 Bioactive surface 

 Scaffolds to study 

cell behaviour 

 Advanced scaffolds 

for tissue repair 

 Micro- and nano-

foams for drug 

and cell delivery, 

biosensing, and 

diagnostic 

 Chan   (2008) 

 Fischbach   (2007) 

 Kloxin  et al . (2009) 

 Lee  et al . (2010) 

 Lutolf and Hubbell 

(2005) 

 Mironov  et al . 

(2009) 

 Pathi  et al . (2010) 

 Perez and Regev 

(2012) 

Table 1.1 (Continued )
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mobility and stabilization (Poth  et al ., 1955; Nilles and Coletti, 1973). For 

instance, Nilles and Coletti (1973) demonstrated that bone prostheses char-

acterized by open porous surfaces can induce tissue ingrowth at the inter-

face and, therefore, improve their biomechanical performance as compared 

to non-porous ones. The effi cacy of this approach is demonstrated by the 

fact that modern implants still follow this design principle and features. 

 Although inert foams allowed the fabrication of prostheses able to replace 

the mechanical functionality of tissues such as bone, the absence of biologi-

cally active surfaces render these materials unable to control the biological 

response at the interface between implant and surrounding tissue (Hench, 

1998; Hench and Polak, 2002). As a direct consequence, an avascular, col-

lagenous fi brous capsule that is typically 50–200  μ m forms all around the 

implant, leading to several complications and, ultimately, to implant failure. 

(IV) Next generation
TARGETS

Multi-functional
platforms acting as

sensors and actuators
to mimic the dynamics
of cell/ECM crosstalk in

native tissues

3D tissue models to
study specific

biochemical and
biophysical cues

R E
S

O

L

T

I

O

N

Medicine

Substitution

Repair/Regeneration

Materials science

Chemistry
Biology

B
iotechnology

Mec
ha

no
bio

log
y

High-resolution

fabrication

Click chemistry

Tissue
level

Molecular
level

(I) Stable implant with a porous
    structure for tissue bonding

TARGETS

Biomechanical function
Reduced immune response

Bioactive and biodegradable
scaffolds and implants

TARGETS
Enhanced in vivo tissue implant

integration
Biodegradable and bioactive

scaffolds for 3D in vitro
cell culture and in vivo tissue

ingrowths

(II)

TARGETS

Cell-instructive scaffolds with controlled
biochemical and biophysical cues

Nano-devices for sensing and diagnostic

3D macro-, micro- and nano-
structured multifunctional platforms

(III)

U

μm

nm

 1.1      Scheme of the evolution of biomedical foams from tissue 

substitution to repair/regeneration.  
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 Improvement of biomedical foams occurred mainly between 1980 and 

2000, when novel bioactive materials were developed with the aim of 

enhancing integration with the surrounding tissue. This was achieved 

by using, among others, bioactive ceramics and biodegradable polymers 

obtained from both synthetic and natural resources. The philosophy of these 

novel materials is that the body should no longer adjust to the materials, but 

that the materials should interact with the biological components, develop-

ing features that improve their response. An example of these materials are 

bioactive ceramics, such as bioglasses, that promote the  in vitro  and  in vivo  

deposition and formation of a biological hydroxyapatite layer at the mate-

rial surface, thus providing a biochemical bonding with the surrounding tis-

sues (Hench, 1998). Bioglasses were used, for example, to coat the porous 

surface of metallic prostheses, which found clinical use in a variety of ortho-

paedic and dental applications (Cao and Hench, 1996). 

 Another advance was the development of biomaterials that exhibited 

clinically relevant chemical breakdown and degradation. These materials, 

mainly composed of biodegradable polymers and composites with ceramic 

particles, were engineered to provide a fi nal solution to the foreign-body 

reaction, as they have the potential of being ultimately replaced by regener-

ating tissues (Hench and Polak, 2002). 

 The development of bioactive and biodegradable biomaterials in the 

1980s coincided with the birth of tissue engineering science and the fi rst 

signifi cant paradigm shift of biomedical foams, from substitution to repair/

regeneration (Fig. 1.1). During two decades, from 1980 to 2000, great efforts 

were devoted to designing 3D porous biodegradable substrates, named 

scaffolds, able to stimulate transplanted cells to regenerate biological tis-

sues with defi ned sizes and shapes (Langer and Vacanti, 1993). In particu-

lar, the scaffold is intended as a three-dimensional temporary support for 

cells growth and proliferation, while its degradation and mechanical prop-

erties are tailored until the formation of a self-supporting newly generated 

matrix. 

 Collagen sponge was among the fi rst scaffolds used in tissue engineering 

for the regeneration of skin-equivalent tissue of full thickness for the treat-

ment of ulcers and acute wounds (Bell  et al ., 1981). Furthermore, porous 

scaffolds made of a wide range of synthetic and natural polymers, bioactive 

glasses and their composites were prepared, and their regeneration poten-

tial was assessed by using different cell lines and  in vivo  models. In particu-

lar, great effort was devoted to fi nding the optimal combination of scaffold 

composition, degradation rate, pore structure and mechanical properties 

for the repair/regeneration of tissues such as bone, cartilage, blood vessels, 

nerve and derma. 

 Most importantly, cultivating cells on porous scaffolds evidenced several 

technological problems related to  in vitro  cell seeding and survival within 
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the 3D porosity. Indeed, inadequate fl uid transport and cell viability inside 

cell/scaffold constructs may result in a necrotic core and the formation of 

inhomogeneous tissues. Technological approaches based on the use of bio-

reactors for dynamic cell seeding and cultivation represented a step forward 

to a more controllable and reliable  in vitro  tissue regeneration (Martin  et al ., 
2004). Indeed, these bioreactors can improve cell distribution and coloni-

zation within the scaffold and, to date, are essential component of  in vitro  

tissue engineering scaffold-based strategies. 

 The optimization of scaffold fabrication and culture conditions allowed 

new tissue synthesis both  in vitro  and  in vivo . However, researchers observed 

that the biophysical and biochemical properties of these tissues were signif-

icantly different from those observed in native conditions. This was ascribed 

to the fact that cells in native tissues are exposed to a highly dynamic and 

complex array of biophysical and biochemical signals, originating from the 

extracellular matrix (ECM). The ECM is the main regulatory and structural 

component of the tissues, and is composed of fi brous proteins, proteoglycans 

and glycoproteins (Chan and Mooney, 2008). The ECM signals are transmit-

ted to the outside of a cell by various cell surface receptors and integrated 

by intracellular signalling pathways, fi nally regulating gene expression and 

cell phenotype (Lutolf and Hubbell, 2005). Then, the ultimate decision of 

a cell to migrate, proliferate, differentiate or perform other specifi c func-

tions is regulated by this cell/ECM crosstalk. Furthermore, the bidirectional 

nature of this crosstalk, whereby a cell continuously modifi es the properties 

of the ECM, stimulated further research towards developing scaffolds able 

to be remodelled by the cells. In particular, over the last decade the concept 

of cell guidance in tissue regeneration was discussed and revised, and new 

knowledge of the complex features of cell–material interaction has been 

disclosed and elucidated (Causa  et al ., 2007). 

 Advancement in chemistry, materials science and nanotechnology allowed 

studying cell–material interactions by designing and fabricating platforms 

presenting predefi ned spatial and temporal patterns of many different bio-

chemical and biophysical signals (Lo  et al ., 2000; Hersel  et al ., 2003; Mart í nez 

 et al ., 2009; Guarnieri  et al ., 2010; Sharma and Snedeker, 2010; Ventre  et al ., 
2012). Cell culture onto the surface of 2D platforms of controlled properties 

was performed to assess cell response to a wide range of material proper-

ties, including topography (Mart í nez  et al ., 2009), stiffness (Lo  et al ., 2000), 

molecular cues such as cell adhesion peptides (Hersel  et al ., 2003; Guarnieri 

 et al ., 2010), as well as combination of biophysical and biochemical proper-

ties (Sharma and Snedeker, 2010). 

 It is, however, important to point out that in native tissues cell fate is gov-

erned by a plethora of 3D biophysical and biochemical signals in continuous 

spatial and temporal evolution. Furthermore, the translation of biochemical 

and biophysical information from 2D platforms to 3D porous scaffolds is 
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rather diffi cult. Mimicking the functionality of the ECM by using synthetic 

analogues able to replicate all of the complex biochemical and biophysical 

functions of ECM is far from being achieved, and represents a great chal-

lenge for the tissue engineering community. Recent technological progress 

has allowed the design and fabrication of three-dimensional scaffolds with 

high resolution of biophysical and biochemical signal presentation, therefore 

suitable to test novel molecularly tailored biomaterials for tissue engineering. 

Such examples are (Table 1.1 and Fig. 1.1): (i) drug releasing scaffolds able 

to stimulate cell differentiation and tissue vascularization (Shea  et al ., 1999; 

Huang  et al ., 2002; Ungaro  et al ., 2006; Jeon  et al ., 2007; Tayalia and Mooney, 

2009); (ii) photodegradable poly ethylene glycolate (PEG)-based hydrogels 

that can be manipulated to induce molecular-scale degradation and conse-

quent stem cell spreading, migration or ECM elaboration at any time of 

culture (Kloxin  et al ., 2009); (iii) 3D porous scaffolds with both precisely 

engineered architecture and tailored surface topography to study the role of 

surface topography on stem cells differentiation (Mata  et al ., 2009); (iv) scaf-

folds with precise pore structure prepared using two-photon polymerization 

to study cell migration (Tayalia  et al ., 2008) and; (v) gene- activated scaffolds 

to study cell recruitment and transfection (Orsi  et al ., 2010). 

 In the past decade, the impressive increase of high resolution technologies 

and processes able to control biomaterial chemistry and physical properties 

down to micrometric and nanometric scales has opened new routes for the 

application of biomedical foams. Porous devices miniaturized from the mac-

roscale (higher than 1 mm) to the microscale (0.1–100  μ m) have received 

great attention as microscaffolds for cell transplantation and drug release 

(Urciuolo  et al ., 2010; Chen  et al ., 2011; Choi  et al ., 2012). Furthermore, nano-

scale (down to 1–100 nm) foams ultimately promise integrated implantable 

systems that can monitor health status and provide prophylactic or thera-

peutic treatment  in situ  (LaVan  et al ., 2003). 

 It is clear that the synthesis of new materials and the development of 

advanced manufacturing processes are key requirements for the successful 

implementation of tissue engineering approaches and, ultimately, for the 

introduction of biomedical foams into the clinic.  

  1.3     Materials for fabricating biomedical foams 

 A biomaterial can be defi ned as ‘a nonviable material used in a medical 

device, intended to interact with biological systems’ (Williams, 1986). It is, 

therefore, easy to imagine that the topic ‘biomaterial’ is highly interdisci-

plinary as it resides, among others, at the interface between chemistry, engi-

neering, materials science, biology and medicine, with considerable input 

from government-regulated administrations. 
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 Biomaterials are the constituent of biomedical foams and, ideally, must 

be accurately designed and fabricated in order to fulfi l a series of proper-

ties. These include (i) biocompatibility intended as the capability to perform 

with an appropriate host response in a specifi c application; (ii) biodegrad-

ability without producing toxic degradation by-products; (iii) processability 

to manufacture biomedical devices and foams of desired internal structure 

and external shape; (iv) being sterilizable by using process technologies 

appropriate for biological uses; and, ultimately, (v) being able to provide 

mechanical properties tailored for the required application. 

 In this section we aim to provide a comprehensive and concise descrip-

tion of the different classes of biomaterials that have been used to fabricate 

biomedical foams. Both biologically derived and synthetic materials have 

been extensively explored in tissue engineering and scaffold fabrication. 

Depending on the fi eld of application, biomedical devices and foams may 

be designed and fabricated using all the existing material classes, namely 

metals, ceramics and polymers, as well as their combinations. 

  1.3.1       Metals 

 Metals are the most frequently used biomaterials to replace structural com-

ponents of the human body. This is because, compared to polymeric and 

ceramic materials, they are very reliable from the viewpoint of mechanical 

performance. In particular, metals possess tensile strength, fatigue strength, 

and fracture toughness properties that make them excellent candidates 

for the fabrication of medical devices for the replacement of hard tissues 

such as artifi cial hip joints, bone plates, coronary stents and dental implants 

(Niinomi, 2008). 

 Type 316L stainless steels, cobalt–chromium–molybdenum alloys, com-

mercially pure titanium and Ti–6Al–4V alloys are typical metallic bioma-

terials used for implant devices (Sumita  et al ., 2004). Although originally 

developed for industrial purposes, these materials have been employed for 

biomaterial purposes due to their relatively high corrosion resistance and 

excellent mechanical properties. Through a wide range of alloying, anneal-

ing and surface treatment technologies, the biological performance of 

metallic biomaterials can be specifi cally tailored for the specifi c application. 

Stainless steels, such as type 316L austenitic steel, are among the most used 

metallic biomaterials because of their inferior costs of fabrication, compared 

to cobalt–chromium alloys and titanium alloys (Sumita  et al ., 2004; Niinomi, 

2008). However, great efforts have been also made to develop nickel-free 

stainless steels, which may provide enhanced corrosion resistance by using 

different austenitic stabilizers, such as nitrogen and manganese (Sumita 

 et al ., 2004). 
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 Recently, a novel class of metallic biomaterials, based on magnesium and 

its alloys, has been developed in order to manufacture biodegradable bone 

lightweight implants. Indeed, magnesium is an essential element for human 

metabolism and is characterized by 4.5 times lower density than steel. This 

aspect can allow for the fabrication of implants with mechanical properties 

closer to that of bone tissue, and therefore improved mechanical integra-

tion (Staiger  et al ., 2006). Because of the fast corrosion of pure magnesium 

 in vivo  (of the order of few months), small amounts of caesium, cadmium, 

aluminium, manganese or rare earth elements have been used as additives 

for the preparation of magnesium alloys with slower degradation (down to 

1 year) (Staiger  et al ., 2006).  

  1.3.2      Ceramics 

 The most commonly used ceramic biomaterials are alumina, zirconia, cal-

cium phosphates, bioactive glasses, glass ceramics and carbon. Alumina and 

zirconia are used in total joint prostheses and dental implants because of 

their bioinertness, high wear resistance, strength and their relatively low 

friction. 

 Due to their chemical similarity to the inorganic phase of bone, inorganic 

biomaterials such as calcium phosphates (e.g. hydroxyapatite and  α - and 

 β -tricalcium phosphate), have been more intensively investigated in respect 

to their possible application as bone scaffolds (Hoppe  et al ., 2011). These 

materials are bioactive, osteoconductive and are able to bond directly to 

bone. Ceramic implants for osteogenesis are based mainly on hydroxy-

apatite, since this is the inorganic component of bone (Karangeorgiou and 

Kaplan, 2005). Hydroxyapatite is also used in plasma-sprayed titanium alloys 

for load-bearing orthopaedic implants, promoting the formation of a strong 

bond between the mineralized bone tissue and the implant, and shortened 

healing times (Jandt, 2007). Tricalcium phosphates are also advantageous 

when used as bone cements and implant materials, because they offer a 

higher solubility than, for example, stoichiometric hydroxyapatite (Jandt, 

2007). 

 Bioactive glasses contain SiO 2 , Na 2 O, CaO and P 2 O 5 , the major com-

ponent being SiO 2 , and represent another important group of inorganic, 

bioactive biomaterials used as bone scaffolds (Hench, 1998; Hoppe  et al ., 
2011). Bioactive glasses are osteoinductive and, when exposed to biolog-

ical fl uid, show the ability to form a carbonated hydroxyapatite layer that 

serves as a bonding interface between the implant and the surrounding 

bone. Silica-rich scaffolds evidence excellent new bone forming ability and 

resorption rates directly dependent on the silica content (Karangeorgiou 

and Kaplan, 2005). Nevertheless, mechanical fragility remains one of the 
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main limitations of ceramic biomaterials and their foams for load-bearing 

applications.  

  1.3.3      Polymers 

 Polymers are mostly made of organic components and are characterized by 

macromolecular properties comparable to lipids, proteins and polysaccha-

rides, which are key functional organic components of the biological envi-

ronment. Further advantages of polymeric biomaterials are their relatively 

simple processability and their broad range of application, spanning from 

non-degradable implants to controlled degradable biomedical devices. 

 Non-degradable polymers, such as ultra-high molecular weight 

poly(ethylene), are widely used in applications requiring excellent mechan-

ical and corrosion resistance. These include low-friction inserts for load-

bearing surfaces in total joint arthroplasty and acetabular cups in hips or 

in knee prostheses (Jandt, 2007). Further polymeric biomaterials used are 

poly(ethylene terephthalate) and poly(tetrafl uoroethylene) for vascular 

prosthesis, poly(methylmetacrylate) as bone cements, dental composites 

and intraocular lenses, and poly(urethanes) for vascular prostheses (Lloyd 

 et al ., 2001; Salacinski  et al ., 2001; Webb and Spencer, 2007). 

 Both synthetic polymers and biologically derived (or natural) polymers 

have been extensively investigated as biodegradable polymeric biomateri-

als. Materials from natural resources, such as collagen and hyaluronic acid, 

possess the great advantage of biological recognition, because of the pres-

ence of receptor-binding ligands inside their chemical structure. Conversely, 

synthetic biomaterials may overcome the problems related to purifi cation 

immunogenicity and pathogen transmission and may also provide a greater 

control over the properties of biomedical devices. 

 Natural polymers can be considered as the fi rst biodegradable bioma-

terials used clinically. Purifi ed ECM components or decellularized ECMs 

derived from animals have been widely investigated in tissue engineering. 

Indeed, even if they are subjected to purifi cation and sterilization treat-

ments, these materials retain important characteristics of the physical and 

chemical structure of the native ECM. Owing to their similarity to the 

ECM, natural polymers may also avoid the stimulation of chronic infl am-

mation or immunological reactions and toxicity, often detected with syn-

thetic polymers (Mano  et al ., 2007). Although decellularized ECM has been 

successfully used as a scaffold for soft tissue applications (Voytik-Harbin 

 et al ., 1998), single purifi ed ECM components, such as collagen, hyaluronic 

acid and fi brin, can be combined appropriately to create more controlled 

and standardized materials that are potentially less immunogenic and have 

a similar structure to native ECM (Chan and Mooney, 2008). Animal- or 
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vegetal-derived proteins have been shown to be potentially viable as scaf-

folds for tissue engineering applications. Silk proteins, for example, contain 

a high content of  β -sheet sequences that make this polymer particularly 

suitable for high-strength and slow-degradation purposes (Rockwood 

 et al ., 2011). Alginate and chitosan, which are glycans extracted from brown 

algae and the exoskeletons of shellfi sh, respectively, have gained popularity 

because of their biocompatibility, ease of processing and ability to encap-

sulate cells and bioactive molecules (Mano  et al ., 2007; Nair and Laurencin, 

2007). Natural proteins such as gelatin and zein have been also investigated 

as biomaterial scaffolds for applications spanning from soft to hard tissue 

regeneration (Chang  et al ., 2003; Wang  et al ., 2007). 

 A variety of biodegradable synthetic polymers, including poly( α -esther)s, 

such as polyglycolide, polylactides, polycaprolactone and their co-polymers, 

polyanhydrides and poly(propylene fumarate) have also been extensively 

investigated for biomedical applications (Nair and Laurencin, 2007; Chan 

and Mooney, 2008). The application of synthetic biodegradable polymers 

in the tissue engineering fi eld provides several advantages. First of all, these 

materials can be synthesized in a variety of chemical structures, enabling the 

possibility to easily tailor their microstructural and degradation behaviour. 

Furthermore, the Federal Drug Administration approval of some of them 

may allow fabrication of biomedical devices and foams suitable to be intro-

duced into the market. The unspecifi c interaction with cells represents to 

date the main limitation of foams prepared starting from synthetic polymers 

(Nair and Laurencin, 2007). 

 The ability to control the shape and structure of biomolecules, such as 

proteins and DNA, and the evolution-optimized chemical functions of bio-

materials, make biomolecules attractive building blocks for functional bio-

medical foams. 

 The custom-design of proteins by taking advantage of nature’s protein syn-

thesis machinery allows material scientists to genetically engineer novel, well-

defi ned and multifunctional materials. Peptides and proteins self- assemble 

into distinct structures (e.g.  β -sheets and  α -helices) because of van der Waals 

and ionic interactions at the molecular level. Depending on the amino acid 

sequence, the same set of amino acids can create a virtually unlimited range 

of protein materials with various structures. Protein-based materials can be 

derived by cloning sequences from organisms that naturally produce the pro-

tein or, for more controlled material properties, by engineering plasmids that 

code only the desired amino acid sequences (van Hest and Tirrell, 2001). 

Tuning the primary peptide sequence of these materials also allows devel-

oping biomaterials that self-assemble  in situ  under appropriate physiological 

conditions (Caplan  et al ., 2002; Hartgerink  et al ., 2002). 

 Like peptide-based materials, DNA is increasingly being investigated as 

a biomaterial, because the material properties can be controlled by defi ning 
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sequences of nucleotides as building blocks. DNA is a versatile building 

material for nanoconstruction because of its remarkable molecular recogni-

tion capability and well-predicted duplex conformation. A number of DNA 

motifs that can assemble into well-defi ned nanostructures in Mg 2+  contain-

ing buffer solution have been engineered. The negative charge of DNA can 

also be utilized to fabricate long nanofi bers in Ca 2+  solutions that can serve 

to fabricate composites containing CaCO 3  nanotubes and nanowires (He 

 et al ., 2007).  

  1.3.4      Composites 

 Although each biomaterial class has unique advantages for tissue engineer-

ing applications, each also has intrinsic drawbacks, depending on its nature 

and fabrication process. A possible solution for overcoming this limitation is 

to combine two or more materials in order to design and fabricate a multi-

phase composite taking the advantages of the single components. 

 Natural bone matrix is a typical example of organic/inorganic composite 

material made of collagen and mineral (apatites). This natural composite 

material has an excellent balance between strength and toughness, superior 

to both its individual components. 

 Being similar to the major inorganic component of natural bone, inor-

ganic compounds, such as hydroxyapatite or calcium phosphate, in the form 

of micro- and nano-particles, can be dispersed inside a polymeric matrix to 

improve foam mechanical properties and degradation kinetics (Murugan 

and Ramakrishna, 2005; Salerno  et al ., 2010a). Furthermore, the interaction 

between ionic dissolution products of ceramics and cell metabolic activity 

has been also reported to promote cell differentiation and tissue neo-vascu-

larization (Gerhardt  et al ., 2011; Hoppe  et al ., 2011). 

 Another example of composites is ceramic coating to increase the 

osseointegration of other biomaterials. Collagen scaffolds have been coated 

with hydroxyapatite to improve its osseointegration capacity by means 

of the surface formation of a bioactive apatite layer (Karangeorgiou and 

Kaplan, 2005). Fibre reinforced composites may be also tailored to mimic 

the anisotropy occurring in natural tissues such as bone, fi nally improving 

the biomechanical response of porous scaffolds (Jandt, 2007).   

  1.4     Manufacturing processes for biomedical 
foams and scaffolds 

 In native biological tissues, the 3D organization of cells and ECM provides 

tissues with biophysical and biochemical properties suitable to exploit 

appropriate function within the body. As in the native tissue, the ideal 
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scaffold for tissue engineering should be able to allow for the correct 3D 

localization and development of cells and ECM by means of appropriate 

cues – chemical, biochemical and biophysical. In particular, scaffolds for tis-

sue engineering must be characterized by a porous network of open pores 

with appropriate size, distribution, shape, surface texture and topography. 

Concomitantly, the chemical composition of the scaffold material, its sur-

face chemistry and mechanical function, as well as its ability to sequestrate 

and deliver bioactive factors (e.g. growth factors, ions) to the cells also are 

key requirements for tissue engineering applications. 

 Engineering porous scaffolds with tailored properties strongly depend 

on the manufacturing technique. In this section, a description of traditional 

and advanced scaffold manufacturing processes is reported, discussing their 

advantages and current limitations. 

  1.4.1      Traditional manufacturing techniques 

 Conventional techniques for porous scaffold fabrication include textile 

technologies, porogen leaching, thermodynamic-based processing of poly-

meric solutions such as gas foaming, phase separation and freeze drying, as 

well as microsphere sintering. 

 Textile technologies were among the fi rst approaches for fabricating 

porous scaffolds for cell culture and  in vivo  implantation. Indeed, fi bres may 

provide a large surface area/volume that is benefi cial for protein adsorption 

and cell adhesion. Fibre meshes consisting of woven or knitted synthetic 

fi bres made of polyglycolic acid, polylactic acid or their co-polymers have 

been investigated for cell transplantation and regeneration of various tis-

sues such as nerve, skin, ligament and cartilage (Chen  et al ., 2002). Increased 

structural stability of textile scaffolds can be achieved by fi bre bonding tech-

niques based on the melting and linking of the polymeric fi bres at the cross 

points (Mikos  et al ., 1993). 

 The method of reverse templating was fi rst described by Mikos  et al . 
(1994) to fabricate highly porous (up to 93%) biodegradable polylactic acid 

foams. The process involves the preparation of polymeric solutions contain-

ing appropriate salt (sodium chloride, sodium tartrate or sodium citrate) 

particles, followed by the setting of the polymer and the dissolution of the 

salt. This technique has been successively applied to different classes of 

biomaterials, such as synthetic and natural polymers (Gomes  et al ., 2002;  

Guarino  et al ., 2008), ceramics (Chevalier  et al ., 2007) and metals (Staiger 

 et al ., 2006) to fabricate scaffolds and porous implant for biomedical appli-

cations. Further improvements over pore architecture control and mechani-

cal function for load-bearing applications have been reported by the use of 

continuous porogens (Salerno  et al ., 2009b). 



Introduction to biomedical foams   17

 Gas foaming, phase separation and freeze drying techniques create porous 

scaffolds by inducing thermodynamic instabilities in multi-phase polymeric 

systems. In the gas foaming process, a blowing agent is dissolved inside the 

biomaterials at high pressure, typically in the range of 10–30 MPa, followed 

by a controlled pressure drop to ambient pressure. This depressurization 

starts the nucleation and growth of pores inside the material (Salerno  et al ., 
2009a). The absence of toxic chemicals and the optimization of processing 

temperatures can offer the great advantage of preserving polymer structure 

and fabricating bioactive and biomimetic scaffolds (Mathieu  et al ., 2006). 

 Phase separation and freeze drying are thermodynamic-based processes 

typically used for fabricating porous polymeric scaffolds by using organic 

solvents. In these techniques, the synthetic or natural polymer is dissolved 

in the solvent and the solution brought into a thermodynamically unstable 

state by decreasing the temperature or adding a non-solvent. This step leads 

to the formation of a multi-phase system characterized by polymer-rich and 

polymer-lean phases. The subsequent removal of the solvent from the sys-

tem induces the crystallization of the polymer-rich phase and the formation 

of the porous network in the polymer-lean phase. Depending on the poly-

mer–solvent choice and phase separation conditions, highly porous scaf-

folds, up to 99%, with random or oriented pores can be produced (Guarino 

 et al ., 2008). 

 Microsphere-based tissue engineering scaffold designs have attracted 

signifi cant attention in recent years, as the microspheres as building blocks 

offer several benefi ts, including ease of fabrication, control over morphol-

ogy and physicochemical characteristics, and versatility in controlling the 

release kinetics of encapsulated factors (Shi  et al ., 2010; Salerno  et al ., 2012). 

The properties of the scaffold, in turn, can be tailored by the selection of the 

raw material as well as by altering the microsphere design and fabrication 

method.  

  1.4.2      Advanced manufacturing of biomedical 
foams and scaffolds 

  Solid freeform fabrication 

 One of the common shortcomings of the fabrication technologies discussed 

above is the diffi culty of fabricating scaffolds with predefi ned reliable and 

reproducible internal morphology and external shape. To overcome these 

limitations, in the last decade computer-aided design and manufacturing 

(CAD-CAM) approaches, namely solid freeform fabrication (SFF), have 

been implemented to manufacture tissue engineering porous scaffolds with 

complex architecture and full pore interconnectivity starting from a com-

puter-generated CAD model of the scaffold. The scaffold is then built by 
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using layered manufacturing strategies. Commercially available CAM sys-

tems may be categorized into three major groups based on the way materials 

are deposited (Hollister, 2005): (i) laser-based machines that either photo-

polymerize liquid monomer or sinter powdered materials; (ii) the printing 

of a chemical binder onto powdered material or directly printing wax, and; 

(iii) nozzle-based systems, such as Bioplotter, that are able to print biologi-

cal cells as well as a range of biomaterials. 

 These hierarchical computational techniques have allowed design of 

three-dimensional anatomic scaffolds from polymers, hydrogels, ceramic 

and even metal biomaterials and characterized by a porous architecture that 

balances function and mass transport (Hollister, 2005; Li  et al ., 2005; Simon 

 et al ., 2007). Because of their highly ordered microstructures and full pore 

interconnectivity, SFF scaffolds often endowed mechanical properties and 

biological performance better than those achievable by using traditional 

approaches (Hollister, 2005). 

 Stereolithography was developed by 3D Systems in 1986, being the fi rst 

commercially available SFF technique. The manufacturing of porous scaf-

folds by stereolithography is based on the layer-by-layer spatially controlled 

solidifi cation of a liquid resin by photo-polymerization using a computer-

controlled laser beam or a digital light projector (Melchels  et al ., 2010). A 

post-curing polymerization is often necessary after draining and washing-

off the excess of resin, in order to complete the conversion of un-reacted 

material. To date, stereolithography has been applied to fabricate porous 

scaffolds made of poly(propylene fumarate) for bone tissue engineering 

(Cooke  et al ., 2003), polytrimethylene carbonate for drug delivery applica-

tion (Jansen  et al ., 2010), as well as poly(ethylene oxide) and poly(ethylene 

glycol) hydrogels-cell constructs for soft tissue engineering (Dhariwala 

 et al ., 2004). Recently, microstereolithographic approaches have been also 

proposed in order to improve the resolution of stereolithographic scaffolds 

down to few micrometres (Bertsch  et al ., 2003). 

 Two-photon polymerization, which belongs to the class of stereolitho-

graphic techniques, uses multi-photon excitation of photoinitiator mole-

cules to induce polymerization of a resin. Due to the non-linear nature of 

two-photon absorption, the resolution of the polymerization volume can 

be beyond the diffraction limit, resulting in photopolymerized materials 

with resolution down to 100 nm (Lee  et al ., 2008). Although the majority of 

two-photon polymerization works focused on cell culture on 2D substrates 

with three-dimensional nano-/micro-structures, some pioneering works 

also used two-photon polymerization for fabricating 3D porous scaffolds 

for cell culture and migration (Tayalia  et al ., 2008). Wylie and Shoichet 

(2008) also proposed the use of two-photon technique to imprint amines 

micropatterns inside agarose hydrogel, which can serve as reactive sites for 
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further water-based chemistry and may also create cell adhesion patterns 

inside agarose scaffolds. 

 Robotic additive biofabrication, named bioprinting, has emerged as a 

fl exible tool in tissue engineering with potential to build organs or viable tis-

sues (Mironov  et al ., 2009; Norotte  et al ., 2009). Bioprinting uses a computer-

controlled 3D printing device to accurately deposit cells and biomaterials 

into precise geometries – the goal being the creation of anatomically cor-

rect structures. A computer-assisted design can be used to guide the place-

ment of specifi c types of cells and polymers into precise geometries that 

mimic natural tissue/organ structure. Although, to date, a complete organ 

has not been printed yet, bioprinting approaches have been reported for the 

manufacturing, among others, of vascular structures (Norotte  et al ., 2009). 

The broad spectrum of potential applications and rapidly growing toolboxes 

of biofabrication approaches can make this technique one of the leading 

platforms of next scaffold and tissue manufacturing.  

  High resolution integrated approaches 

 The increasing demand for nano- and micro-metric controlled 3D scaf-

folding materials for tissue engineering has led to the development of 

integrated approaches that combine high resolution 2D structure manu-

facturing with layer-by-layer assembly. These approaches differ from those 

of SFF because the ‘multi-layer scaffolds’ are built in a semi- automated 

two-step process. This approach has been used for constructing, among 

others, complex three-dimensional microfl uidic scaffolds for tissue vascu-

larization (Vacanti  et al ., 2010) as well as biomimetic and bioactive scaf-

folds with precise micro-architecture and surface micro- and nano- textures 

for controlled cell ingrowth and differentiation (Mata  et al ., 2009). In 

particular, Mata and co-workers have recently proposed a novel 3D pro-

duction technique that combines microfabrication and soft lithography 

to construct high resolution porous scaffolds. This technique consists of 

dual-sided moulding and stacking of polydimethylsiloxane (PDMS) layers 

characterized by predefi ned and precise micro-architectures and surface 

micro-textures and obtained by PDMS replication of photopatterned SU8 

layers. The results of their work corroborates those widely reported in 2D 

that appropriately patterned scaffold surfaces can promote and guide cell 

adhesion, migration and osteogenic differentiation in three dimensions 

(Mata  et al ., 2009). 

 Although integrated approaches can be useful for manufacturing scaf-

folds with micro- and nano-metric pore surface resolution, there is still the 

need for improved approaches for a precision layer positioning, as well as a 

consistent layer bonding and automated assembly.    
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  1.5     Scaffolds for  in vitro  cell culture 

 Engineering of tissues for therapeutic applications by means of culturing 

transplanted cells within 3D porous scaffolds is one of the most investi-

gated approaches of the tissue engineering research. Indeed, the creation 

of biological tissues  in vitro  is desirable for their potential use as replace-

ments for full animal models in basic biological studies and pharmaco-

logical and toxicological screens, and as replacement tissues for clinical 

applications. 

  In vivo , cell behaviour is the result of a cascade of events that relies on 

the interaction between cells and the 3D microenvironment, comprising the 

ECM, surrounding cells and molecular cues. In order to recapitulate the  in 
vivo  milieu, a key issue is to understand how cells respond to such micro-

environmental stimuli by determining cell–scaffold crosstalk dynamics. This 

aspect is essential towards developing cell-instructive materials able to 

guide successful tissue regeneration. 

 To date, the effect of scaffolds features, namely composition, degrada-

tion, pore structure and mechanical properties on  in vitro  tissue formation 

has been assessed extensively for different cell–scaffold combinations. For 

instance, it has been reported that scaffold-induced regeneration  in vitro  

can be optimized by selecting the constituent material and, in turn, surface 

chemistry, degradation rate and mechanical properties (Lee  et al ., 2001; 

Hu  et al ., 2003; Sung  et al ., 2004). Furthermore, the pore structure, namely 

porosity, pore size, shape and interconnectivity, act in synergy with the other 

parameters by controlling cell spatial distribution, infi ltration and the trans-

port of fl uids, such as nutrients and oxygen, across the entire cell–scaffold 

constructs (Guarino  et al ., 2008, Salerno  et al ., 2010b). 

 Major obstacles to the  in vitro  generation of functional tissues and their 

widespread clinical use are related to a limited understanding of the regula-

tory role of specifi c physicochemical culture parameters on tissue develop-

ment (Martin  et al ., 2004). Furthermore, it has long been known that the 

supply of oxygen and soluble nutrients becomes critically limiting for the  in 
vitro  culture of 3D tissues of thickness higher than 200  μ m (Salerno  et al ., 
2010b). Bioreactors, are devices which able to provide a tight control and 

monitoring of biological and biochemical processes, have been developed 

aimed at overcoming limitations of static cultures by providing a dynami-

cally stimulating environment for improved cell behaviour and new tissue 

development. In particular, bioreactors have demonstrated great potential 

for (i) improving cell seeding uniformity, proliferation and ECM biosynthe-

sis within the entire scaffold pore structure characterized by different physi-

cal and chemical properties, and (ii) stimulating mechanically transplanted 

cells to induce correct cell differentiation and tissue development (Martin 

 et al ., 2004; Mauney  et al ., 2004). 
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 Surface modifi cation of porous scaffolds to control protein adsorption and 

cell interaction is also an important aspect for  in vitro  strategies. Chemical 

modifi cations of synthetic polymers with entire ECM molecules or relevant 

peptide or glycan fragments, such as arginine–glycine–aspartic acid (RGD), 

have been used to mediate specifi c mechanisms of cell adhesion and to con-

trol tissue morphogenesis (Chan and Mooney, 2008). This has been almost 

exhaustively achieved in the case of 2D platforms, allowing the building of 

a broad library of cell-responsive material properties. For example, it has 

been demonstrated that the type of peptides used, their density and spatial 

distribution at the micro- and nano-scale, signifi cantly affect cell responses 

(Ratner and Bryant, 2004; Hildebrand  et al ., 2006). The possibility to extend 

these procedures to immobilize functional motifs on 3D porous scaffold sur-

faces has been mainly investigated by means of post-treatments on settled 

scaffolds. These approaches, involving the dipping of the scaffolds inside 

reactive solutions of appropriate compositions for a defi nite time, was suc-

cessfully used for fabricating RGD-functionalized poly epsilon-caprolac-

tone (PCL) scaffolds prepared via SFF technique for improved fi broblast 

attachment (Gloria  et al ., 2012), as well as chitosan/poly(lactic acid–glycolic 

acid) sintered microsphere scaffolds for bone tissue engineering (Jiang  et al ., 
2009). It is, however, important to point out that, to date, the precise transla-

tion of the information achieved in 2D to the cell culture in 3D is still far to 

be achieved, as it requires high-throughput approaches of combinations and 

screening of 3D microenvironmental variables. 

 Considerable knowledge on  in vitro  new tissue formation has been also 

obtained by cell culture within hydrogel scaffolds. Indeed, hydrogels are 

mainly composed of water (99%) inside a highly dense nanofi brous poly-

meric network, thereby providing a biomimetic environment for cell cul-

ture. Furthermore, these materials can be synthesized and processed under 

physiological conditions and with functionalities adjustable to obtain cell 

and tissue specifi city (Drury and Mooney, 2003; Lutolf and Hubbell, 2005). 

Lutholf and Hubbell (2005) fabricated polyethylene glycol-based synthetic 

hydrogels containing proteolytic domains inside the chemical structure to 

study cell migration by means of proteolytic degradation of the 3D fi brous 

structure. This way, the biomaterial becomes the recipient of informa-

tion produced by cells and can be remodelled depending on the amount 

of proteases produced during cell migration. Many hydrogels can be also 

polymerized in the presence of cells, thereby ensuring a uniform cellular dis-

tribution throughout the three-dimensional network (Khetani and Bhatia, 

2006). Hydrogels have also been used to test the effect of spatially and tem-

porally controlled three-dimensional gradients of biomolecules on cell fate 

to fi nally control tissue development and regeneration. Such examples are 

photodegradable poly(ethylene glycol)-based hydrogels with local control 

of stiffness and cell-adhesive peptide ligands to infl uence chondrogenic 
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differentiation of encapsulated stem cells (Kloxin  et al ., 2009), as well as 

gene-activated 3D matrices for cell recruitment (Orsi  et al ., 2010).  

  1.6     Scaffolds for  in vivo  tissue-induced regeneration 

 Achieving  in vivo  tissue-induced regeneration for injured tissues and/or 

organs by means of porous scaffolds represents the most important goal of 

tissue engineering. In general, optimal scaffolds for the  in vivo  tissue repair/

regeneration must serve four primary purposes: (i) they must defi ne a space 

that will shape the regenerating tissue; (ii) they must provide temporary 

structural function in the implantation site while tissue regenerates; (iii) 

they must stimulate the progressive formation of a functional new tissue 

within the pore structure and; (iv) they must degrade progressively, match-

ing the rate of new tissue growth, without releasing toxic by-products. 

 Since scaffold-based approaches were fi rst proposed in tissue engineer-

ing, a massive research effort has been carried out about the effect of scaf-

fold composition, microstructure and degradation on  in vivo  tissue-induced 

regeneration. Materials from synthetic or natural resources, as well as multi-

phase composites, have been implanted in well-established  in vivo  mod-

els for the repair/regeneration of tissues such as bone, cartilage and skin 

(Staiger  et al ., 2006; Mano  et al ., 2007; Nair and Laurencin, 2007). 

 The presence of the pore structure and the maintenance of suffi cient struc-

tural integrity are critical aspects for  in vivo  implantation. Indeed, porosity 

is necessary for initial cell attachment and migration, and for mass transfer 

of nutrients and metabolites, and provides suffi cient space for development 

and later remodelling of the organized tissue (Karangeorgiu and Kaplan, 

2005). Concomitantly, the structural integrity may permit cell and tissue 

remodelling until achieving stable biomechanical conditions and vascular-

ization at the host site. As the degree of remodelling depends on the tissue 

itself and its host anatomy and physiology, scaffold degradation and con-

comitant evolution of structural properties must be accurately controlled 

for the envisioned application. 

 In general, scaffold implantation triggers a series of body responses which 

are included in the so-called ‘foreign-body reaction’, characterized by non-

specifi c protein adsorption to the scaffold surface and the adhesion of a 

number of different cells to the scaffold, such as monocytes/macrophages, 

leukocytes and platelets. If the infl ammation persists, the macrophages fuse 

together to form giant cells, fi nally leading to the formation of a collagenous 

capsule surrounding the implant (Ratner and Bryant, 2004). It is therefore 

clear that to induce successful tissue regeneration  in vivo  the scaffolds must 

be able to control the biological response induced by them. 

 One of the most investigated strategies to address this issue has been the 

modifi cation of the surface properties of porous scaffolds to guide protein 
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adsorption. Initial protein–material interactions are crucial, as they control 

and guide cell attachment and adhesion processes. Cell adhesion to adsorbed 

proteins is mediated through integrin and other receptors located within the 

cell membrane (Garc í a, 2005). Therefore, it is universally recognized that 

controlling protein adsorption on the surface of biomaterials may be critical 

in controlling and directing cell response to biomaterials. 

 A plethora of techniques has been developed in order to modify surface 

characteristics, including biomaterial chemistry, wettability and morphology 

and to improve  in vivo  tissue-induced regeneration. Bioactivation of poly-

meric scaffolds by means of micro- and nano-metric fi llers incorporation 

represents one of the most used approaches for bone regeneration. Indeed, 

the inorganic phase may improve the deposition of new bone inside the 

implant and the consequent integration of the scaffold with the surrounding 

tissue. A comprehensive account of this topic can be found in the review of 

Rezwan and co-workers (2005). Chemical grafting has been also proposed 

to improve the functionality of implanted scaffolds. This approach involves 

activating the surface with reactive groups followed by grafting the desired 

functionality to the surface. Short oligopeptides exhibiting specifi c binding 

domains, as well as whole proteins such as fi bronectin, vitronectin, laminin 

and collagen, have been attached to the surface of the scaffolds to support 

cells and present an instructive background to guide their behaviour. Zheng 

and co-workers (2012) improved the functionality of polycaprolactone 

vascular graft by means of RGD coating. The obtained implants showed 

decreased occlusion, improved haemocompatibility, enhanced cell infi l-

tration and homogeneous distribution, compared to untreated implants. 

Although this approach still remains popular owing to its comparative sim-

plicity, its effi cacy requires tight control over the composition of the adsorbed 

protein layer to stimulate a constructive cell response, favouring wound 

repair and tissue integration. Conversely, proteins in an unrecognizable state 

may indicate foreign materials to be isolated or removed. Concomitantly, it 

is worth noting that the  in vivo  effi cacy of these approaches has yet to be 

demonstrated. In particular, further efforts and well-characterized animal 

implantation models are necessary to provide a correlation between surface 

functionality and short-term  in vivo  response, as well as to demonstrate that 

this approach can be also effi cacious for the control of long-term  in vivo  

cellular responses. 

 Functional porous biomaterials must also be capable of undergoing an 

active transformation from one state to another in the presence of biolog-

ical systems. For instance, the transformation from an injectable state to a 

solid state is highly benefi cial for use in minimally invasive surgical proce-

dures to alleviate problems associated with implantation of prefabricated 

scaffolds. Injectable materials can also be combined with cells and bioactive 

molecules to improve regeneration. 



24   Biomedical Foams for Tissue Engineering Applications

 The injectability of a scaffold is generally related to the rheological prop-

erties of the formulations, and the setting time of the precursors is deter-

mined by the structure/composition of the formulations and their processing 

conditions (Hou  et al ., 2004). Among the different biomaterials, calcium 

phosphate cements are among the most investigated as injectable foams for 

minimally invasive bone regeneration. Indeed, these materials offer the pos-

sibility of combining bioactivity, injectability and  in situ  self-setting proper-

ties coupled with a macro- and nano-porous structure for bone cell adhesion 

and tissue ingrowth. Calcium phosphate cements can undergo a self-setting 

process within the body after injection, based upon the cementing action 

of acidic and basic calcium phosphate compounds once wet with body fl u-

ids. The setting time can be also adjusted by addition of manipulator com-

pounds to the wetting medium (Hou  et al ., 2004). Injectable scaffolds have 

also been fabricated by using thermally or photochemically activated poly-

mers (Hou  et al ., 2004; Kim  et al ., 2009). Kim and co-workers (2009) devel-

oped a novel pH- and thermo-sensitive hydrogel as an injectable scaffold 

for autologous bone tissue engineering. The pH/thermo-sensitive polymer 

was synthesized by adding pH-sensitive sulfamethazine oligomers to both 

ends of a thermo-sensitive poly( ε -caprolactone-co-lactide)–poly(ethylene 

glycol)–poly( ε -caprolactone-co-lactide) block copolymer. After  in vivo  

implantation in mice, scaffold containing mesenchymal stem cells evidenced 

mineralized tissue formation and high levels of alkaline phosphatase activ-

ity in the mineralized tissue. 

  In vivo  implantation of cell-seeded porous scaffolds belongs to the 

so-called ‘cell therapy’ and has been proposed as a suitable approach 

to improve implant bonding and integration to the surrounding tissue, 

as well as new tissue vascularization. The positive effect of seeding cells 

within porous scaffolds before implantation has been reported for dif-

ferent scaffolds and tissues, such as bone (Savarino  et al ., 2007), cartilage 

(Vinatier  et al ., 2009) and muscle (Levenberg  et al ., 2005). For instance, 

Savarino and co-workers (2007) combined polycaprolactone scaffolds 

with bone marrow-derived mesenchymal stem cells for bone regenera-

tion. Compared to the neat scaffold, the cell-seeded scaffold improved 

new tissue formation into the macropores of the implant and neo-tissue 

vascularization after implantation in rabbits. Similarly, Levenberg and co-

workers (2005) demonstrated that mouse myoblasts and endothelial cells 

can be co-cultured  in vitro  within a polylactic acid scaffold to improve 

the  in vivo  vascularization, blood perfusion and survival of muscle tissue 

constructs after transplantation in mice. It is important to point out that 

scaffold-based cell therapies require appropriate cell culture techniques, 

which are technically demanding, to achieve the desired tissue matura-

tion before implantation.  
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  1.7     Platforms for the controlled delivery of 
bioactive agents 

 Drug delivery systems have already had an enormous impact on medical 

technology, greatly improving the performance of many existing drugs and 

enabling the use of entirely new therapies. Polypeptide growth factors are 

powerful regulators of biological functions. They modulate many cellular 

functions including migration, proliferation, differentiation and survival. 

Therefore, additional direction over cell fate, beyond control of biomateri-

als chemistry, can be achieved through the spatially and temporally con-

trolled incorporation and release of morphogens and growth factors (Sands 

and Mooney, 2007; Biondi  et al ., 2008). 

 The design of biocompatible foams – able to sequester and deliver bioac-

tive molecules in a controlled fashion – is a key issue in tissue engineering 

and the biomedical fi eld, and has been the object of extensive investiga-

tion. Bolus administration of growth factors cannot be effective in several 

approaches because of the uncontrollable diffusion rate and of the enzy-

matic digestion or deactivation (Biondi  et al ., 2008). Conversely, drug deliv-

ery foams can prevent drug inactivation that, conversely, occurs in contact 

with biological environments, during the whole release duration. Moreover, 

local delivery and prolonged exposition of the bioactive molecules is nec-

essary to minimize the release of the agent to non-target sites, and support 

tissue regeneration that normally occurs over long time frames. Some exam-

ples of application of drug delivery biomedical foams are scaffolds for cell 

therapy and tissue regeneration, oral drug administration via microparticles 

and porous nanoparticles for drug/gene delivery and sensing applications. 

 Drug encapsulation can be achieved by simply dispersing the bioac-

tive agent inside the matrix, as widely reported in the case of hydrogels. 

Alternatively, biomaterials can also be modifi ed to interact with bioactive 

molecules, thereby achieving a better control over their release. For instance, 

signals can be released upon degradation of a linking tether or the matrix 

itself that immobilizes the molecule within the biomaterial, as in the case of 

heparin-binding drugs (Jeon  et al ., 2007). The number of binding sites, the 

affi nity of the signal for these sites, and the degradation rate of the scaffold, 

are key parameters controlling the amount of bound signal and its release 

profi le (Biondi  et al ., 2008; Chan and Mooney, 2008). 

 Drug delivery technologies can be of help in designing bioactive porous 

scaffolds in which low or high molecular weight molecules, such as DNA, 

growth factors and regulators of the infl ammation response should be 

locally released in a chrono-programmed fashion (Shea  et al ., 1999; Tayalia 

and Mooney, 2009). Ungaro and co-workers (2006) fabricated drug 

releasing scaffolds by incorporating poly(lactic-co-glycolic acid) (PLGA) 
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microspheres inside collagen and hyaluronic acid hydrogels. By tuning the 

pore structure of both microspheres and the scaffolds, the authors were 

able to adjust the releasing rate as requested by the specifi c application. 

Incorporating drug-loaded microspheres inside a porous matrix also gives 

the opportunity of a multiple sequential delivery of growth factors, thereby 

mimicking naturally occurring processes during tissue regeneration and vas-

cularization (Tayalia and Mooney, 2009). Porous synthetic scaffolds have 

been also fabricated for the controlled release of growth factors able to 

recruit mesenchymal stem cells from the host and limit scar tissue forma-

tion when implanted  in vivo  for cartilage regeneration (Huang  et al ., 2002). 

In principle, this approach can overcome the complex and expensive steps 

of  in vitro  cell seeding within porous scaffolds before implantation. 

 Particulate foams also found large applications for oral administration of 

drugs in medical therapies. Oral ingestion is the predominant, easy route for 

drug delivery because it allows for the immediate release of the desired dos-

age, minimizing the fl uctuations in drug concentrations in the body, reducing 

the administration frequency and, ultimately, leading to improved patient 

compliance. Adequate control of the gastric residence time, combined with 

time-controlled drug release patterns, can signifi cantly increase the bio-

availability of the drug and, thus, the effi ciency of the medical treatment 

(Streubel  et al ., 2006). Particulate foams can be very useful for this purpose, 

because they can be designed to fl oat when in contact with the gastric fl uids, 

thereby increasing the control of resident time. 

 Efforts to miniaturize drug delivery particulate devices from the macro-

scale (> 1 mm) to the microscale (0.1–100  μ m) or nanoscale (1–100 nm) can 

potentially allow for the target delivery of precise dose of the drug, reducing 

the possibility of missing or erring in a dose. 

 Drug releasing nanoparticles are already in use in several areas of drug 

delivery and cosmetics. Usually smaller than 100 nm, nanoparticles are 

obtained by forming nanocrystals or drug–polymer complexes or by creat-

ing nanoscale shells (such as liposomes) that entrap drug molecules. Because 

of their size, they are often taken up by cells, whereas larger particles would 

be excluded or cleared from the body. Small molecules, peptides, proteins 

and nucleic acids can be loaded into nanoparticles that are not recognized 

by the immune system and that can be targeted to particular tissue types 

(LaVan  et al ., 2003). 

 Tailored nanoparticles structures offer unique characteristics to design 

drug delivery carriers for a particular therapy. The  in vivo  use of porous 

nanoparticles as therapeutic and diagnostic agents is of intense interest, 

owing to their unique properties such as large surface areas, tunable pore 

sizes and volumes, and well-defi ned surface properties for site-specifi c deliv-

ery and for hosting molecules of various sizes, shapes and functionalities. 

Magnetic and/or luminescent functionalities can be further incorporated 
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within nanoparticles to combine drug releasing with sensing and diagnos-

tics. Among the different materials for nanoparticle fabrication, a growing 

interest on porous ceramic biocompatible nanoparticles such as silica, tita-

nia and alumina has recently emerged. The mesoporous structure of silica 

nanoparticles can be particularly interesting for drug releasing, because 

the release profi le can be controlled either by the size or the morphology 

of the pores, with no need for additional chemical modifi cation (Slowing 

 et al ., 2007). The rich chemistry of silica also allows for many other possible 

manipulations to yield more complex systems, capable of performing more 

elaborate tasks. An example is the fabrication of mesoporous dye-doped 

silica nanoparticles decorated with multiple magnetite nanocrystals for 

simultaneous enhanced magnetic resonance imaging, fl uorescence imaging 

and drug delivery (Lee  et al ., 2010). 

 Among the various types of nanomaterials, dendrimers and carbon nan-

otubes have also recently attracted increasing attention as drug delivery 

devices in the biomedical research. 

 Dendrimers are a new class of porous polymeric systems characterized by 

an inner core surrounded by a series of functional branches providing high 

specifi c surface and large functional sites for loading drug molecules. The 

high level of control over dendrimers’ size, shape, branching length/density 

and their surface functionality permits the encapsulation of bioactive agents 

directly into the interior of the dendrimers or their chemically attached/

physical adsorption onto the dendrimer surface, with the option of tailoring 

the carrier to the specifi c needs and therapeutic applications. 

 Carbon nanotubes are well-ordered, hollow porous nanomaterials con-

sisting of carbon atoms and can be described as rolled graphene sheets 

held together by van der Waals interactions. Carbon nanotubes possess 

outstanding properties and a unique physicochemical architecture, which 

may serve as an alternative platform for the delivery of various therapeutic 

molecules. 

 For more details about dendrimers and carbon nanotubes for biomedical 

applications and drug delivery, the reader can consult two review papers 

that have been recently reported, by Svenson and Tomalia (2012) and Perez 

and Regev (2012), respectively.  

  1.8     Microscaffolds for  in situ  cell delivery 
and tissue fabrication 

 Porous microparticles have been the subject of intensive research by the 

tissue engineering community in view of their uses, among others, as drug 

and cell delivery carriers and building blocks for bottom-up scaffold design 

and tissue fabrication (Biondi  et al ., 2008; Urciuolo  et al ., 2010; Salerno 
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 et al ., 2012). Indeed, microparticles can be fabricated starting from differ-

ent biomaterials, while their composition, size, shape, microstructure and 

drug releasing capability can be controlled, selecting appropriately the fab-

rication technique and the processing conditions. Furthermore, the recent 

development of microfl uidic techniques holds great promise in both the 

fi elds of drug delivery and tissue engineering, allowing for a very precise 

control, down to a nanoscale resolution, over the biophysical and biochem-

ical properties of microparticles (Marre and Jensen, 2010). 

 Microparticulate foams were originally used as carriers for  in vitro  cell 

expansion and have since recently been serving as cell delivery systems 

for cell therapy to regenerate tissue at the site of trauma with minimally 

invasive procedures (Fig. 1.2). Microparticulate foams can be a substrate 

on which cell populations can attach and migrate, can be implanted with a 

combination of specifi c cell types as a cell delivery vehicle and can also be 

used as a drug carrier system to activate a specifi c cellular function in the 

localized region.      

 Depending on the required application, cells can be encapsulated inside 

the microparticles or seeded on their pore surface. 

 Temporary encapsulation of cells in microparticles may protect the cells 

from short-term environmental effects – such as those associated with the 

delivery to the regeneration site – and avoid the use of immunosuppres-

sive agents, which may potentially have severe toxic effects (Hern á ndez 

 et al ., 2010). Alginate, chitosan and hyaluronic acid are the most investi-

gated hydrogel materials for cell encapsulation and have been used as 

stem cell carriers for  in vivo  bone and cartilage repair (Drury and Mooney, 

2003; Hern á ndez  et al ., 2010). Microparticles can also be used as vehicles 

of growth factor, thus enhancing the therapeutic potential of transplanted 

cells (Hern á ndez  et al ., 2010; Huang and Fu, 2010; Rahman  et al ., 2010). In 

an interesting study, Rahman and co-workers (2010) encapsulated mouse 

embryonic stem cells within VEGF-functionalized agarose particles to 

improve blood vessel formation. 

 In addition to incorporating the living material, some approaches employ 

porous microparticles as microscaffolds, where cells are attached to the sur-

face and inner pore structure. 

 Microscaffolds can be fabricated by use of techniques such as reverse 

templating, gas foaming and emulsion-freeze drying (Kim  et al ., 2006; Hong 

 et al ., 2009; Ambrosch  et al ., 2012; Choi  et al ., 2012). For example, Hong and 

co-workers (2009) have recently reported the fabrication of porous PCL-

bioactive apatite microscaffolds with interconnected tubular pores for bone 

tissue engineering by using camphene as a non-toxic porogen. 

 Several studies have highlighted the importance of the pore structure 

of microscaffolds on their regenerative potential.  In vitro  cell studies with 

human keratinocytes and fi broblasts have demonstrated that microparticles 
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with a multicavity surface seem optimal to facilitate cell attachment and 

proliferation, uniform cell distribution, and ultimately skin regeneration 

(Huang and Fu, 2010). Similarly, chondrocytes cultured on porous PLGA 

microscaffolds enhanced signifi cantly  in vivo  neo-cartilage formation, com-

pared to non-porous ones (Choi  et al ., 2012). In addition to the formation of 

a porous structure, a tight control over microscaffold pore size is also essen-

tial. Indeed, it has been reported that the increase in pore size from 13  μ m 

to 36  μ m increased in turn the viability and infi ltration of fi broblasts (Choi 

 et al ., 2012). 

 Gelatin is the most investigated biomaterials for microscaffold fabrication. 

Indeed, gelatin is highly biocompatible and can be processed to fabricate 

microparticles of controlled size and pore structure as well as degradation 

Microscaffold

In vivo In vitro

Composition
Size/shape

Cell

Cell type
Cell sourcePore structure

Degradation
Drug release

Injection in the
defect site with
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Cell/microscaffold
assembly and tissue

maturation within
bioreactor

Dynamic culture
in spinner flask

Cell/microscaffold
Culture time
Culture medium
Dynamic conditions

 1.2      Microscaffold approaches for  in vitro  and  in vivo  tissue 

regeneration.  
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kinetic. Furthermore, porous gelatin microscaffolds are also available on the 

market (CultiSpher, from Percell Biolytica). 

 One of the most novel and promising applications of microscaffolds is 

their use as building blocks for  in vitro  engineering of viable tissue equiva-

lents (Fig. 1.2). In this ‘bottom-up’ approach, cells are isolated, expanded and 

seeded onto biodegradable microscaffolds in a dynamic culture. The cell-

seeded microscaffolds, named microtissues, are then placed in a dynamic 

culture chamber where they assemble to form a macrotissue (Urciuolo 

 et al ., 2010; Chen  et al ., 2011). Assembling is the result of cell–cell and cell–

ECM interactions across the microtissues. The degradation of the biomate-

rial fi nally provides the formation of a tailor-made biological tissue. 

 Besides offering the possibility of creating  de novo  biological tissues 

with biomimetic composition and architectural features, this approach can 

potentially generate viable 3D tissues with no limitation in size, overcoming 

the drawbacks of classical tissue engineering approaches. Tissue constructs 

resulting from this bottom-up approach include skin (Huang and Fu, 2010), 

derma (Urciuolo  et al ., 2010), bone and cartilage (Sommar  et al ., 2010; Chen 

 et al ., 2011). 

 A critical step towards the optimization of the fi nal properties of the new-

engineered tissue is related to the spatial distribution of the microtissues 

inside the construct and the culture conditions selected for tissue matura-

tion. To date, macrotissue formation has been achieved by simply trans-

ferring a suspension containing the microtissues inside a culture chamber, 

while the possibility to manipulate microtissues for achieving a micrometric 

spatial resolution has not yet been reported in literature. However, the rapid 

development of techniques for the precise building of macrostructures from 

the bottom up, such as microfl uidic devices (Chung  et al ., 2008) and SFF 

fabrication (see paragraph 3 for more details ) can allow for a more com-

plex manipulation of the micro- and macro-environment of the macrotissue. 

For instance, SFF techniques have been recently applied to fabricate tissues 

and organs by printing and assembling tissue spheroids or cells encapsu-

lated inside hydrogels (Norotte  et al ., 2009). Concomitantly, the design of 

bioreactors for dynamic cultures of microtissues and for macrotissue matu-

ration, coupled with the optimal selection of culture conditions, can permit 

the control of the biological fusion of the cell-seeded microparticles and, 

ultimately, the mechanical properties and the composition of the macrotis-

sue (Urciuolo  et al ., 2010).  

  1.9     Three-dimensional tumour models 

 Three-dimensional scaffolds represent highly innovative tools for recreating 

tumour microenvironmental conditions in culture to study the development 

and evolution of cancer and to test suitable chemotherapies. Compared to 
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conventional 2D cultures, tumour cells maintained in 3D scaffold-based 

models exhibit characteristics that are more representative of their behav-

iour  in vivo  (Fischbach  et al ., 2007; Pathi  et al ., 2010). In recent years, 3D 

tumour cell culture approaches have dramatically improved our under-

standing of the role of 3D culture on tumour cells. These newly developed 

tumour models have demonstrated great utility in the investigation of can-

cer progression and are also used as a new test system for antitumour drugs. 

Porous scaffolds prepared starting from natural polymers such as collagen, 

chitosan and alginate have been investigated as 3D templates for tumour 

models. For instance, Mitsiades and co-workers (2000) developed a 3D 

cancer model by co-culturing human osteoblasts and cancer cells within a 

collagen scaffold. The construct was prepared by mixing osteoblasts with a 

collagen solution, followed by scaffold setting and subsequent inoculation 

with cancer cells. In the majority of cases, the inoculation of cancer cells 

induced a blastic reaction, evidenced by an increased osteoblast prolifera-

tion and a higher collagen density. Fischbach and co-workers (2007) used a 

porous PLGA scaffold prepared via gas foaming and salt leaching to study 

the angiogenic characteristics of transplanted cancer cells.  In vitro  culture 

was optimized in order to induce a central hypoxia within the cell/scaffold 

construct to mimic 3D tumour-like tissue context. By correlating  in vitro  

and  in vivo  models, the authors were able to study the angiogenic charac-

teristics of tumour cells and the effect of chemotherapy agents on tumour 

progression. In order to provide a more reliable model to study bone metas-

tasis, Pathi and co-workers (2010) compared the behaviour of cancer cells 

within non-mineralized or mineralized polymeric scaffolds. As a result, the 

authors observed improved tumour cell adhesion, proliferation and secre-

tion of pro-osteoclastic interleukin-8 in mineralized tumour models, demon-

strating the role of hydroxyapatite on neoplastic and metastatic growth of 

cancer cells in bone.  

  1.10     Conclusion 

 This chapter describes the evolution of biomedical foams from tissue substi-

tutions to repair/regeneration applications. 

 Biomedical foams were fi rst used in implantology in order to improve the 

biomechanical performance of orthopaedic and vascular prostheses. Taking 

advantage of the possibility to induce  in vivo  tissue ingrowth at the implant/

tissue interface, these materials provided prostheses with more stable fi xa-

tion and enhanced life. 

 In the 1980s, the development of bioactive and biodegradable materials 

expanded the fi eld of application of biomedical foams, from substitution to 

repair/regeneration. In particular, great efforts were devoted by the tissue 

engineering community to the design of porous biodegradable scaffolds for 
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 in vitro  cell culture and  in vivo  tissue-induced regeneration. Different clas-

ses of materials, of natural and synthetic origins, were selected and processed 

using various manufacturing techniques. These scaffolds were characterized 

to assess the effect of their composition and microstructural properties on 

their biocompatibility. At the same time, biotechnology and mechanobiol-

ogy advances allowed for the design and fabrication of bioreactors able to 

improve  in vitro  cell seeding and cultivation and to provide more reliable 

conditions for tissue regeneration. 

 Finally, during the last decade, the concept of cell guidance in tissue 

regeneration has been extensively discussed and progressively revised as 

new knowledge of the complex features of cell–material interaction has 

been disclosed and elucidated. Biomedical foams able to mimic the bio-

chemical and biophysical cues of native ECM have been designed aim-

ing to improve the biological functionalities of new-engineered tissues. 

This has been possible thanks to the development of high resolution and 

automated scaffold manufacturing, able to recreate cell-niches and to 

test the effect of spatially and temporally controlled signals on cell fate. 

Furthermore, by means of miniaturization techniques and molecularly-

engineered biomaterials, micro- and nano-metric multifunctional foams 

have been obtained, holding promise for use as platforms for  in vivo  diag-

nostic and repair.  
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  Abstract : Over the last decade, there has been a signifi cant progress 
towards the development of foams, or porous scaffolds, for a wide variety 
of biomedical applications. The manipulation of material chemistry and 
processing technologies allows for the design of tailor-made devices with 
peculiar mechanical morphological and functional properties for different 
applications. Here, we propose a complete review of materials recently 
used in the development of biomedical foams highlighting the relevance 
of some properties such as degradability or mechanical properties on the 
suitability of foams for the repair and regeneration strategies. 

  Key words : biomaterials, porous materials, biomedical foams. 

    2.1     Introduction 

 The state-of-the-art in biomaterial design has continuously evolved over 

the last decades to offer a portfolio of innovative devices to support the 

functionalities of natural tissues. In recent years, there has been increasing 

importance attached to materials that might be used in biomedical areas. 

After an early empirical phase of biomaterial selection based on availabil-

ity, design attempts have been primarily focused on either achieving struc-

tural/mechanical performance or on rendering biomaterials inert and thus 

unrecognizable as foreign bodies by the immune system. Traditionally, bio-

materials were used as implants in the form of sutures, bone plates, joint 

replacements, ligaments, vascular grafts, heart valves, intraocular lenses, 

dental implants, and medical devices such as pacemakers and biosensors 

(Griffi th, 2000; H ä rtl  et al. , 2004; Staiger  et al. , 2006). Moreover, biomaterials 

have played a critical role in biomedical applications by acting as synthetic 

frameworks, namely scaffolds, matrices, and foams able to guide the mecha-

nisms of tissue regeneration. 

 Hence, signifi cant advances have been made in 3D porous structures – 

foams and scaffolds – to support the regeneration of various tissues including 
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skin and cartilage (Horch  et al. , 2005), bone and ligaments (Guarino  et al. , 
2007), liver (Allen and Bhatia, 2002), heart valves and arteries (Nerem and 

Ensley, 2004; Leora  et al. , 2005), bladder (Pattison  et al. , 2005), pancreas 

(Kin  et al. , 2008), nerves (Yu and Bellamkonda, 2003), corneas (Doillon 

 et al. , 2003), and various other soft tissues (Guan  et al. , 2005). 

 The main goal in design and developing biomedical devices is to restore 

the function and mobility of the native tissue that is to be replaced. In order 

to select an ideal biomaterial for biomedical applications, specifi c property 

requirements must be fulfi lled. More generally, an ideal biomaterial should 

be biocompatible and bioadhesive, possess adequate mechanical properties 

to tolerate the applied physiological load, be corrosion/wear resistant and, 

fi nally, show good bioactivity to ensure suffi cient bonding at the material/

tissue interface. The criteria for selecting the materials as biomaterials are 

based on their chemistry, molecular weight, solubility, shape and structure, 

hydrophilicity/hydrophobicity, lubricity, surface energy, water absorption 

degradation, and erosion mechanism. 

 Commonly, materials for biomedical use can be divided into fi ve major 

classes: metals, ceramics, natural polymers, synthetic polymers, and compos-

ites (Hench, 1998). Here, it is intended to discuss the main features of bio-

medical foams, describing how the peculiar properties of materials infl uence 

specifi c foam functions, and so directing their use towards different fi elds of 

application.  

  2.2     Metals for biomedical foam fabrication 

 Over the last few decades, a large number of metals and applied materials 

have been developed, with signifi cant improvements of various properties, 

for a wide range of medical applications. Compared to other biomaterials, 

such as ceramics and polymers, the metallic biomaterials offer a wider range 

of mechanical properties (Table 2.1), such as high strength, ductility, fracture 

toughness, hardness, and formability, as well as corrosion resistance and bio-

compatibility. These are required properties for most load-bearing applica-

tions in fracture fi xation and bone replacement (total joint arthroplasty) 

(Breme and Biehl, 1998; Hallab  et al. , 2004). 

 Traditionally, metal implants are made of stainless steel, cobalt alloys, or 

titanium or its alloy nitinol. Stainless steels are preferentially used for frac-

ture fi xation devices because they exhibit high elastic modulus and tensile 

strength, and possess good ductility, which allows them to be cold-worked 

and fairly biocompatible. However, the main disadvantage of using stainless 

steel as biomaterial is still seen to be its fatigue limits and relative expense. 

Meanwhile, cobalt alloys also show high elastic modulus, strength and hard-

ness, and are highly corrosion resistant (Singh and Dahotre, 2007). These 

properties allow cobalt alloys to be chosen to serve as artifi cial joints or 



 Table 2.1     Summary of mechanical properties of alloys and metal foams for biomedical use 

 Materials  Density 

(g/cm 3 ) 

 Elastic 

modulus 

(GPa) 

 Max 

elongation 

(%) 

 Yield stress 

(Mpa) 

 Ultimate 

tensile stress 

(MPa) 

 References 

 Dense bone (Cortical)  1.8–2.0  35–283  –  104–114  5–23  Black and Hastings, 1998 

 Porous bone (Spongy)  1.0–1.4  1.5–38  –  –  0.01–1.5  Black and Hastings, 1998 

 Ti6Al4V  4.43  114  –  760–880  830–1025  ASTM, 2003 

 316L SS  8.0  190  200–300  450–650  ASTM, 2003 

 Pure Mg annealed 

foams 

 1.74  45  –  160  90  ASTM, 2003 

 MgZnMnCa alloy (Cast) 

 Mg, 0.5 Ca, 2.0 Zn, 1.2 

Mn foams 

 1.58  –  9  70  90  ASM, 2005 

 WE43 Mg alloy foams  1.84  44  2  170  220  ASTM, 2001 
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total joint prostheses, and also for dental applications. However, they pos-

sess low ductility, and are diffi cult to process by traditional routes. 

 Alternatively, titanium and its alloys have been used extensively as bone 

substitutes (even under load-bearing conditions), spinal cages, and dental 

implants (Lin  et al. , 2007). In particular, titanium is currently used for the 

production of orthopaedic implants where direct contact occurs between 

bones and implant surfaces (Giannoni  et al. , 2009). Metals are also used 

for spinal fi xation, acetabular hip prostheses, dental implants, permanent 

osteosynthesis plates, and intervertebral discs (Likibi  et al. , 2005; Chaudhari 

 et al. , 2011).      

 Indeed, titanium and some of its alloys provide many advantages, such as 

excellent biocompatibility, high strength-to-weight ratio, low elastic modu-

lus, and superior corrosion resistance, required for dental and orthopaedic 

implants (Ramaswamy  et al. , 2009). Alloying elements, i.e. Zr, Nb, Ta, Sn, Mo 

and Si, would lead to superior improvement in properties of titanium for 

biomedical applications. These alloys may be easily prepared in many dif-

ferent shapes and textures without affecting its biocompatibility (Kasemo 

and Lausmaa, 1988). 

 However, most titanium implants consist of dense components, which 

lead to problems such as bone resorption and implant loosening due to bio-

mechanical mismatch of the elastic modulus (Baril  et al. , 2011). To overcome 

these problems, porous structures are being investigated extensively, since a 

reduction in elastic modulus can be coupled with bone integration through 

tissue in-growth (Spoerke  et al. , 2005). Scientifi c advancements have been 

made to fabricate porous scaffolds that mimic the architecture and mechan-

ical properties of natural bone. The porous structure provides the necessary 

framework for the bone cells to grow into the pores and integrate with host 

tissue, known as osteointegration. In particular, several factors are crucial for 

promoting cell growth, vascularization and the supply of nutrients, includ-

ing pore shape and size – between 100 and 500  μ m – over their intercon-

nectivity and homogeneous spatial distribution into the scaffold. Besides, it 

is well known that bone in-growth into porous structures provides a strong 

implant/bone bond, preferably when pores are three-dimensionally inter-

connected, because the pore interconnection provides enough space for the 

attachment and proliferation of new bone tissues and facilitate the transport 

of body fl uids (Vasconcellos  et al. , 2008). 

 In this context, appropriate mechanical properties, such as lower elastic 

moduli with respect to the bulk metal, also better mimic the bone response 

so minimizing or eliminating the stress-shielding problem. Indeed, the main 

concern regarding the application of bulk (dense) metallic biomaterials 

is their higher stiffness than bone. The magnitude of elastic modulus for 

bulk metallic implant materials overcomes that of cortical bone by far, and 

results in a failed stress transmission from biomaterial to bone, the so-called 
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stress-shielding effect. The stress shielding may lead to bone resorption or 

even fretting, due to micro-motions occurring at the bone/implant interface 

(Kawalec  et al. , 1995). 

 In other words, the traditional metallic bone implants are dense and often 

suffer from the problems of adverse reaction, biomechanical mismatch, and 

lack of adequate space for new bone tissue to grow into the implant. Hence, 

the idea of preparing a porous material arises to bridge this biomechanical 

mismatch. A decrease in elastic modulus (or lowering the stiffness) would 

result in a higher elastic elongation of the cells in the vicinity of the implant, 

thereby stimulating bone formation by producing calcium (Natali and 

Meroi, 1989). In this context, the modulation of metal properties by adapt-

ing specifi c processing routes may offer the opportunity to tailor physical 

and mechanical properties, as well as biocompatibility, of the fi nal device. 

 New processes have recently been developed to synthesize biomimetic 

porous titanium scaffolds for bone replacement through powder metallurgy, 

an effi cient technique for manufacturing these complex shapes with inter-

connected pores without the need for machining steps (Li  et al. , 2006). In 

particular, the space holder sintering method is capable of adjusting the pore 

shape, the porosity, and the pore size distribution, notably within the range 

of 200–500  μ m as required for osteoconductive applications. Moreover, 

the powder metallurgy technique seems to be particularly advantageous 

because of its processing route and cost. In powder metallurgy, pores can 

originate from the particle compacting arrangement or from changes in 

this arrangement, when decomposition of spacer particles causes increasing 

porosity, and from solid-state diffusion in the sintering step (Ramakrishnan, 

1983). Finally, the porous structure must also present adequate mechan-

ical strength, since large pores have a deleterious effect on the scaffold’s 

mechanical properties (Elzey and Wadley, 2001). The gradient of maximum 

porosity must be adjusted adequately with respect to porosity and pore size, 

in order to ensure the scaffold’s acceptable mechanical strength. 

 In this context, porous shape memory alloy (SMA) scaffolds have recently 

achieved a considerable success for the design of new implantable devices, 

due to the combination of their unique mechanical and functional proper-

ties, i.e. shape memory effect and superelasticity, and low elastic modulus 

combined with new bone tissue in-growth ability and vascularization. These 

attractive properties are of great benefi t to the healing process for implant 

applications. 

 The shape memory effect of SMAs provides a possibility of preparing 

self-expanding, self-compressing, and other functional implants (Duerig 

 et al. , 1996); the superelasticity of SMAs can match the mechanical defor-

mation behaviour of bone, which has a recoverable strain of 2% (Zelazny 

 et al. , 2011). The main properties of SMAs are explained by martensitic 

transformation – from austenite to martensite, and vice versa – which can 
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differentially occur as a function of composition and metallurgical treat-

ments, which dramatically affects the phase transition temperatures (Kim 

 et al. , 2008). 

 Among the SMAs, nitinol is a shape memory metal which is strongly 

emerging for use in bone plates, because it provides a compressive force on 

the fracture, resulting in faster healing (Kawaguchi  et al. , 2011). NiTi alloys 

with porous structure have also exhibited excellent bone in-growth ability, 

and elastic modulus similar to natural bone (Drozdov, 1995). In compari-

son with dense NiTi alloys, the mechanical properties of porous NiTi SMA 

can be easily controlled by modulating the porous characteristics, including 

porosity, pore shape, pore size, and aspect ratio (Xiong  et al. , 2008a, 2008b). 

In this case, the high melting temperature of NiTi-based alloys (approxi-

mately 1310 ° C) makes liquid-state foaming processing methods (such as 

foaming of melts with blowing agents – e.g. TiH 2  – or injecting a gas into 

melts) inapplicable due to the extreme chemical reactivity with crucibles 

and atmospheric gases, and the relatively high density of the NiTi (6.45 g 

cm  − 3 )-based alloy. To overcome these diffi culties, researchers have resorted 

to solid-state foaming processing methods, mainly powder metallurgi-

cal techniques including conventional sintering (CS) (Li  et al. , 1998), self-

propagating high-temperature synthesis (SHS) (Biswas, 2005), hot isostatic 

pressing (HIP) (Yuan  et al. , 2004), and spark plasma sintering (SPS) (Zhao 

 et al. , 2005). 

 It has been also demonstrated that shape memory behaviour and super-

elasticity, bone-resembling yield strength and elastic modulus, concur to 

characterize the success of porous NiTi-based SMA in terms of  in vitro  and 

 in vivo  biocompatibility (Prymak  et al. , 2005; Zhu  et al. , 2008). In particular, 

these materials overcome the most common problems of metallic materi-

als, such as corrosion or wear which generally provoke any negative tissue 

reaction, so limiting their employment as biomaterials in the human body 

(Buehler  et al. , 1963). 

 In this context, degradable implants made of metal can be considered as 

a novel concept, which actually opposes the established assumption ‘metal-

lic biomaterials must be corrosion resistant’ (Hermawan and Mantovani, 

2009). In terms of mechanical properties, biodegradable metals are more 

suitable than biodegradable polymers when a high strength to bulk ratio is 

required, such as for internal bone fi xation screws/pins and coronary stents. 

 More recently, biodegradable metals have showed an interesting mechan-

ical property close to that of human bone with tailored degradation behav-

iour, required for porous scaffolds in bone regeneration. Indeed, the major 

challenge in scaffold design is to achieve adequate initial strength and stiff-

ness and to maintain them during the stage of healing or neotissue generation 

throughout the scaffold degradation process (Chen  et al ., 2002). However, 

biodegradable polymers generally show poor mechanical properties, often 
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unable to achieve the required level of strength and Young’s modulus for 

hard tissue applications such as bone. Contrariwise, the inherent strength 

and ductility possessed by metals are the key features that make them 

appealing for hard tissue applications (Farack  et al ., 2011). 

 Magnesium- (Mg-) based and iron- (Fe-) based metals, alloyed with 

other chemical elements including rare earth elements (Witte  et al ., 2005), 

Calcium (Ca) (Zhang and Yang, 2008), pure Fe (Peuster  et al. , 2006), or Mn 

(Schinhammer  et al. , 2010), have been preferentially used for bone replace-

ment scaffolds. Indeed, Mg ions largely found in bone tissue are an essen-

tial element in the human body, and their presence is benefi cial to preserve 

bone strength (Vormann, 2003), while many studies have recognized the 

osteoconductive potential to actively stimulate bone growth (Witte  et al ., 
2005; Guarino  et al.,  2012). Fe ions are also essential elements, playing a 

signifi cant role in the human body as metabolism mechanisms for transport, 

activation, and storage of molecular oxygen, reduction of ribonucleotides 

and dinitrogen, and decomposition of lipid, protein, and DNA damage 

(Mueller  et al ., 2006). Combining their excellent mechanical properties and 

degradability, Mg- and Fe-based alloys are emerging as a potential alterna-

tive to polymer-based composites for making scaffold for bone regenera-

tion application. Their use in orthopaedic implants is mainly due to their 

supportive physical properties to human bones. Indeed, the elastic modulus 

of pure Mg is close to that of cortical and cancellous bones, and can be fur-

ther improved by alloying and thermo-mechanical processes. Moreover, the 

addition of alloying elements such as aluminium, silver, indium, silicon, tin, 

zinc, and zirconium could improve both the strength and elongation of Mg 

alloys (Gu  et al.,  2009) and their ductility (Li  et al ., 2008). Fe alloys show 

higher elastic modulus (211 GPa) than Mg (41 GPa) and its alloys (44 Gpa) 

and 316L stainless steel (190 Gpa) (Ryan  et al ., 2006). 

 However, they showed evidence that pronounced infl ammatory response 

and systemic toxicity were not observed up to 18 months of the study. Hence, 

the use of Fe alloys for the scaffold production is still strongly limited. Only 

recently, Farack (Farack  et al ., 2011) have investigated the use of Fe foams 

coated with calcium phosphate for bone replacement scaffold. They have 

demonstrated that human mesenchymal stem cells proliferated and differen-

tiated preferentially onto hydroxyapatite (HA)-coated Fe foams, confi rming 

the ability of HA to enhance bioactivity despite inhibiting the degradation 

of Fe foams. In this context, the introduction of other metallic elements may 

contribute to optimize the degradation kinetics and mechanical properties of 

Fe foams for bone applications. For example, the addition of phosphorus ele-

ments allows fabrication of open porous Fe-phosphorous, which shows a faster 

 in vitro  degradation than pure Fe, increased compressive yield up to 11 MPa 

(higher than that of pure Fe of 2.4 MPa), and Young’s modulus of 2.3 GPa 

(comparable to that of typical bone) (Quadbeck  et al ., 2010).  
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  2.3     Ceramics and glass for biomedical foam 
fabrication 

 Bioceramics identifi es the subclass of ceramic materials that can be used 

inside the body without rejection, due to their biocompatibility, low density, 

chemical stability, and high wear resistance. They generally show a refrac-

tory behaviour in nature and possess high compressive strength required to 

replace or fi x hard connective tissues such as bones, joints, or teeth. Examples 

of bioceramics are alumina, zirconia, titania, HA, and calcium phosphate 

(CaP) (Minay and Boccaccini, 2005). As for the fabrication of biomedical 

foams, the most common classifi cation of ceramic materials distinguishes 

between CaPs and bioglasses. 

 CaPs are generally preferred for tissue repair applications, mainly for 

their compositional similarity to the mineral phase of bone (Kalita  et al. , 
2007). Indeed, the rationale for the use of CaPs derives from their prom-

ising response in terms of biocompatibility, osteoconductivity, and biode-

gradability. At present, CaPs such as HA produced from natural sources 

(i.e., corals) have been reportedly used for orthopaedic bone-defect recon-

struction (Vaccaro, 2002). These porous coral HA scaffolds are reported to 

exhibit a hydrothermal exchange reaction, thereby converting porous cor-

alline skeletal materials into HA that has similar microstructure as the ini-

tial carbonate skeletal material (Mangano  et al. , 2003). However, the major 

drawback for the use of coralline HA is the inability to control the pore size 

and chemical composition, thereby resulting in unpredictable outcomes. In 

order to take advantage of the CaP biocompatibility, more recently, many 

researchers have turned their attention towards the use of synthetic CaP 

for the engineering of trabecular bone-like scaffolds (Zyman  et al. , 1998). 

The most widely used CaP-based bioceramics are HAP and  β -tricalcium 

phosphate ( β -TCP). HA has the chemical formula Ca 10 (PO 4 ) 6 (OH) 2 , the 

Ca/P ratio being 1.67, and possesses a hexagonal structure, making it the 

most stable phase among various CaPs. Contrariwise,  β -tricalcium phos-

phate ( β -TCP) represented by the chemical formula Ca 3 (PO 4 ) 2 , presents a 

Ca/P ratio equal to 1.5 and X-ray patterns consistent with a pure hexagonal 

crystal structure, although the related  α -TCP is monoclinic. Differences in 

crystal structure and chemical composition infl uence the dissolution rate 

of  β -TCP ceramic, much faster than HA, thus promoting a more effi cient 

bone bonding. 

 Hence, other CaPs particles – not only HA – may be considered for the 

bioactive potential. Besides, the chemical composition of native HA – the 

main mineral component of bone tissue and teeth – differs from that of 

synthetic HA, due to the presence of several ionic substitutions in the 3D 

crystal, (i.e., CO 3  
2 −  , F  −  , Mg  2+ , and Na + ), which play an important role in the 

biological responses of bone cells as a function of their spatial distribution 
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and their concentration in the tissue (Elliott, 1994). For example, many 

authors have demonstrated that carbonates have a strong infl uence on the 

growth of apatite crystals (Ikoma  et al. , 2001), sodium plays a role in bone 

remodelling (Heaney, 2006), and the fl uoride ions prevent the development 

of dental caries (Featherstone, 1999). Recently, other authors have demon-

strated that the presence of metal ions (i.e., Mg 2+ , Zn 2+ , Sr 2+ ) is essential 

to assure a stimulatory effect on bone formation  in vitro  and  in vivo . In 

particular, magnesium-doped HA particles promote osteoblast function, 

actively participate in bone regeneration (Dasgupta  et al. , 2010), and play a 

key role in bone metabolism. This effect is mainly evident during the early 

stages of osteogenesis, with the stimulation of osteoblast proliferation (Bigi 

 et al. , 1992), due to the enhanced osteoconductivity and resorption of ion-

doped particles in comparison to stoichiometric HA (Rude and Gruber, 

2004; Landi  et al. , 2008). 

 Recently, several processes have been optimized to impart a controlled-

pore architecture to bioactive ceramic materials. The method of gel-cast-

ing foams has shown suitability for the manufacture of strong and reliable 

macroporous ceramics that have great potential to replace bone tissue. 

The process yields non-cytotoxic compounds in various porosity fractions, 

optimized strength, and open spherical pores, as shown in earlier work 

(Sepulveda  et al. , 2000a). For bone repair strategies, macropores arranged 

to form a highly interconnected network are required to provide in-growth 

access of surrounding host tissues, facilitating further deposition of newly 

formed tissue in the spherical cavities. Additionally, the intricate shape of the 

walls provides a framework that supports the organization of growing tissue, 

improving biological fi xation, and avoiding drawbacks that may result from 

implant mobility (Kienapfel  et al. , 1999). Therefore, porous HA has been 

also manufactured via foaming of aqueous ceramic suspensions and setting 

via gel casting of organic monomers (Sepulveda  et al. , 2000b). This tech-

nique involves foaming of ceramic suspensions or swelling of ceramic green 

bodies via gas evaporating chemical reactions from organic and inorganic 

sources. Some foaming agents tested were hydrogen peroxide, carbonate 

salt, and baking powder. They were added to the HA slurries while stirring 

to let it foam, and then subjected to polymerization followed by sintering 

(Woyansky  et al. , 1992). The porous HA obtained has pore sizes of 30–600 

 μ m (Aoki  et al. , 2004). 

 Tamai  et al.  (2002) developed a modifi ed version of the ceramics foaming 

method they called ‘ foam-gel ’ technique. This technique involves a cross-

linking polymerization step that gelatinizes the foam-like HA slurry in a 

rapid manner, thus promoting the formation of an interconnected porous 

structure. The wall surface of the device obtained is very smooth, and HA 

particles are aligned closely with one another and bound tightly. With an 

average pore size of 150  μ m, and average interpore connections at 40  μ m, 
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this device is favourable for interpore cell migration or tissue in-growth. 

Gel casting of foams can be applied to produce ceramic scaffolds with high 

mechanical strength. The disadvantage of this technique is that it typically 

results in a structure of poorly interconnected pores and non-uniform pore 

size distribution. For these reasons, porous HA commonly cannot be used 

for load-bearing applications, but is used to fi ll only small bone defects and 

for artifi cial bone substitutes. Besides, a successful development of porous 

bone substitutes with optimal properties requires perfect control of morpho-

logical properties, i.e., pore volume, mean pore, and interconnection sizes. In 

particular, dimension and morphology of pores are crucial factors for an 

excellent osteointegration (Le Huec  et al. , 1995; Gauthier  et al. , 1998). The 

minimum pore size required to enable in-growth of the surrounding bone 

together with blood supply is about 100–150  μ m for macropores (Hulbert 

 et al. , 1972), and even with pores as small as 50  μ m osteoconduction, it is still 

possible (Chang  et al. , 2000). 

 Some reports have stated that it should be 200–500  μ m for colonization 

of osteoblast in the pores, fi brovascular in-growth, and fi nally the deposition 

of the new bone (Flatley  et al. , 1983) In order to match these morphologi-

cal requirements, a useful approach for fabricating porous ceramic foams 

consists in the use of polymers via the replication of a polymeric sponge 

substrate to produce reticulated open-celled porous ceramics. The poly-

meric sponge method, as this method is named, is performed by impreg-

nating porous polymeric substrates (sponges) with HA slurry. Porous HA 

prepared via the polymeric sponge method has shown well-interconnected 

pores but has poor mechanical strength for load-bearing applications. It was 

shown that the polymeric sponge method results in a proper pore size dis-

tribution, as osteoconduction requires. This is characterized by the existence 

of micro/meso/macropores with an adequate degree of interconnection 

(Tampieri  et al. , 2001). This method allows control of rheological properties 

of the ceramics powder suspension by varying the characteristics of start-

ing powders. By varying the characteristics of the starting powders, that is 

powders 20% and 80% of crystallinity degree, the rheological properties of 

the ceramics powder suspension can be controlled (Guicciardi  et al. , 2001). 

Moreover, some authors have demonstrated the possibility of preparing 

HA ceramics with crystallinity and porosity gradients that mimic the physi-

cochemical features of cortical and spongy bones. In this case, the foams 

show tortuous frameworks and large interconnected pores which support 

cell attachment and organization into 3D arrays to form new tissue. Once 

 in vivo , HA foam implants are progressively fi lled with mature new bone 

tissue and osteoid after the period of implantation, without any immune or 

infl ammatory reactions, thus confi rming the high osteoconductive potential 

and high biocompatibility of HA and the suitability of foam network in 

providing good osteointegration. 
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 Alternatively, bioactive glasses are ideal materials because they rap-

idly bond to bone and degrade over time, releasing soluble silica and cal-

cium ions that are thought to stimulate osteoprogenitor cells (Jones  et al ., 
2010). Bioactive glasses have been shown to bond with bone more rapidly 

than other bioactive ceramics (Oonishi  et al ., 1997, 2000) and to stimu-

late human osteoblast cells at the genetic level, which has been attributed 

to soluble silica and calcium ions being released from the glasses after 

implantation (Xynos  et al ., 2001). Their bioactivity is directly related to the 

chemical substitution of silicon (or silicate groups) for phosphorous (or 

phosphate groups) (Patel  et al ., 2002), which led to the development of 

successful clinical products. Indeed, silicon plays an essential role in bone 

formation, because it is involved in the calcifi cation process of young bones 

(Carlisle, 1970). Firstly, the presence of silicon in biological ceramics and 

glasses has a signifi cant effect on the osteogenesis process. Indeed, it has 

been demonstrated that the incorporation of silicon into apatites induces 

the formation of higher amounts of bone tissue than non-doped apatites 

(Patel  et al ., 2002). Moreover, silicon improves materials’ bioactivity by 

leading to the formation of Si–OH groups on the material surface. These 

groups trigger the nucleation and formation of apatite layers on the sur-

face, improving the material–bone bonding. Bioglasses containing SiO 2  

are able to stimulate the tissue regeneration by inducing the formation of 

surface active layers (Anderson and Kangansniemi, 1991; Cao and Hench, 

1996) based on carbonated HA (CHA) similar to the native bone apatite. 

Hence, bioglasses have been successfully used in low load-bearing material 

applications for bone repair in dental and orthopaedic surgery (Schepers 

 et al ., 1991; Stanley  et al ., 1997). 

 Process developments in foaming, solid freeform fabrication, and nano-

fi bre spinning have now allowed the production of porous bioactive glass 

scaffolds from both melt- and sol–gel-derived glasses (Hench  et al ., 1998). 

Initially, melt-derived bioactive glasses, such as the original bioglass compo-

sition, have been commercially available, but several diffi culties have been 

detected to fabricate porous scaffolds, due to crystallization phenomena of 

bioglass and similar compositions crystallize during the sintering process. 

More recently, sol–gel strategies have allowed this problem to be overcome. 

Indeed, they assure the preparation of hierarchical pore structure compris-

ing interconnected macropores with interconnected diameters exceeding 

100  μ m in size that is thought to be needed for vascularized bone in-growth, 

and an inherent nanoporosity of interconnected mesopores (2–50 nm) which 

is benefi cial for the attachment of osteoprogenitor cells. These peculiar mor-

phology features are usually generated by controlled foaming strategy, fur-

ther added to the sol–gel process: in particular, the hydrolysed sol phase can 

be foamed by vigorous agitation in air with the aid of a surfactant. In this 

context, the surfactant lowers the surface tension and temporally stabilizes 
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the foam (Jones  et al ., 2006). The result is a hierarchical pore structure of 

macropores interconnected by nanoporosities which show characteris-

tic size scales of pores independently tailored. Macropores may affect cell 

response and tissue in-growth, while nanoporosity affects surface area, deg-

radation rate, and cellular attachment. Indeed, as they degrade they release 

soluble silica and calcium ions that can stimulate osteogenic cells to bone 

in-growth. However, this does not compromise the mechanical response of 

scaffolds which show characteristic properties falling in the range of cancel-

lous bone (Rainer  et al ., 2008). Hence, the interest in composite bioglasses 

is progressively increasing, to fi ll the mechanical gap of bioglasses alone. 

Tough composites can be produced using a biodegradable polymer matrix 

including polylactide (PLA) and polyglycolide (PGA) and their copolymers 

polyglycolic acid (PLGA) with bioactive glass particles as the fi ller phase 

(Rezwan  et al ., 2006) which concur to increase the stiffness and compressive 

strength of the polymer matrix.  

  2.4     Degradable polymers for biomedical 
foam fabrication 

 General criteria to select a biomaterial for the development of 3D porous 

foams are to match the mechanical properties and the degradation rate. 

Polymers can be classed into degradable and non-degradable. Degradable 

ones will be the focus of this section, as they can be totally removed from 

human bodies as foreign bodies. It is obvious from the recent literature on 

clinical engineering (Ranade, 1990) that there is an increasing interest in 

several degradable and resorbable biomaterials due to their peculiar bio-

logical properties (Rezwan, 2006 ). Much of this interest has been stimu-

lated by recent breakthroughs in tissue engineering techniques, whereby 

resorbable scaffold materials are used as a support matrix or as a substrate 

for the delivery of cultured cells or for three-dimensional tissue reconstruc-

tion (Freed  et al. , 1994; Hutmacher  et al. , 1996). Recently, an equal interest 

has been directed towards the use of biodegradable polymers in controlled 

drug delivery strategies from polymer-based carriers (Langer, 1990). Hence, 

the demand for degradable polymers with improved physical, mechanical, 

chemical, and biological properties is dramatically increasing, thanks to the 

use of multi-component systems with multi-scale degradation kinetics as 

smart solutions for the design of temporary devices for tissue repair and 

regeneration (Holy  et al. , 2003). 

 The term ‘ biodegradable polymer ’ refers to the susceptibility of a poly-

mer to be decomposed by living organisms or by environmental factors. 

According to the American Society for Testing and Materials (ASTM) stan-

dard defi nition, biodegradable means capable of undergoing decomposi-

tion into CO 2 , CH 4 , H 2 O, inorganic compounds or biomass (Smith, 2005). 
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However, in terms of their use in tissue engineering, biodegradable poly-

mers could be decomposed into biologically acceptable molecules (with-

out the production of harmful intermediates) which could be metabolized 

and removed from the body via natural pathway (metabolism or excre-

tion) (Vert, 2005). In this context, different degradable and non-degradable 

polymers have been widely investigated as biomaterials because of their 

ease of manufacturability, low cost, and adequate mechanical and physical 

properties. Among them, two types of polymers can be distinguished: natu-

ral and synthetic polymers (Yang  et al. , 2001; Guarino  et al. , 2007). Natural 

polymers, i.e., collagens, starch, chitin, and chitosan, are totally recognized 

by the biological microenvironment, thus making them useful in the regen-

eration of several tissues (i.e., nerve, skin, cartilage, and bone). Despite 

many advantages offered by materials from natural sources, notably bio-

logical recognition, synthetic polymers offer greater advantages than natu-

ral ones, in that they can be tailored to give a wider range of properties. In 

particular, some drawbacks in terms of mechanical properties often require 

the use of synthetic polymers which combine improved chemical stability 

and tailored degradation histories, ensuring a higher durability  in vivo . The 

use of synthetic material has been extensively exploited for two important 

reasons. First, the immunogenic and purifi cation issues relating to natural 

biomaterials are only partially overcome by recombinant protein technolo-

gies. Secondly, there is a relevant interest in controlling the material proper-

ties, and to tailor performance in terms of tissue response. Hence, synthetic 

materials satisfy this demand thanks to their highly chemically programma-

ble and reproducible properties. 

 However, some limitations in terms of cell recognition impose the need 

to improve their physical and chemical performance, by modifi cation or 

combination with natural source materials to generate their semi-synthetic 

counterparts (Langer and Tirrell, 2004). Due to these peculiar degradation 

properties, several polymers have been designed in the form of 3D foams by 

various processing strategies, such as CO 2  foaming (Salerno  et al.,  2008). 

  2.4.1      Natural polymers 

 Natural polymers may be defi ned as the biodegradable biomaterials clini-

cally used ‘ par excellence ’ (Nair and Laurencin, 2007). Indeed, natural mate-

rials, owing to their bioactive properties, have better interaction with the 

cells, which allows them to enhance the cells’ performance in a biological 

system. In order to perform a rough classifi cation, it is possible to distin-

guish between proteins (silk, collagen, gelatin, fi brinogen, elastin, keratin, 

actin, and myosin), polysaccharides (cellulose, amylose, dextran, chitin, and 

glycosaminoglycans), and polynucleotides (DNA, RNA) (Yannas, 2004). 



Properties of biomedical foams for tissue engineering applications   53

Polysaccharides, in particular, have some excellent properties which make 

them a polymer group with important features for widest medical applica-

tion (Hon, 1996), including non-toxicity (monomer residues are not hazard-

ous to health), water solubility or high swelling ability by simple chemical 

modifi cation, stability to pH variations, and a broad variety of chemical 

structures. This versatility makes these materials able to overcome disad-

vantages such as low mechanical, temperature and chemical stability, and 

proneness to microbial and enzymatic degradation, which can generally 

limit their use as three-dimensional foams. 

 Alginates are naturally produced polysaccharides that have been fi nding 

increasing applications in the biotechnology fi eld. They belong to a family 

of linear copolymers of  β -D-mannuronic acid and  α -L-guluronic acid resi-

dues, which can be arranged in different proportions and sequences along 

the polymer chain (Smidsrod and Draget, 1996; Gombotz and Wee, 1998). 

Sodium alginate and most other alginates from monovalent metals are 

soluble in water, forming solutions of considerable viscosity. Due to their 

suitable rheological properties, alginates have long been used in the phar-

maceutical industry as thickening or gelling agents, as colloidal stabilizers, 

and as blood expanders. More recently, alginate foams are attracting most 

attention, due to many new possibilities for overcoming today’s biomed-

ical challenges in areas such as tissue engineering, wound management, 

anti-adhesion,  in vitro / in vivo  cell support, medical implants, and controlled 

drug release  in situ . This is assured by their peculiar properties in terms of 

fl exibility and pliability which preserve the structural integrity and tensile 

strength required for  in vitro  and  in vivo  applications. Unlike other foams, 

alginate foams are biocompatible, do not exhibit handling brittleness, can be 

manufactured by inexpensive methodologies, and sterilized using common 

sterilization techniques. 

 The most common technique for production of alginate foams is freeze 

drying. Ionically-gelled alginate foams with interconnected pores can be 

made with controllable pore size, pore-wall thickness, and elasticity by 

changing formulation and processing parameters (Shapiro and Cohen, 

1997). Frequently, this technique is combined with the use of porogen salts 

or gas expansion through covalently cross-linked gels in order to create a 

macroporous architecture. Moreover, alginate may be easily blended with 

other natural polymers such as gelatin in bead form, or cationic polymers 

such as chitosan (Barbetta  et al. , 2009; Hwang  et al. , 2010). 

 Recently, alginate foams provided several benefi ts as immobilization 

matrices (Melvik and Dornish, 2004) able to entrap drugs, particulates and 

living cells within the tailored pores of the foam, so allowing cell prolifera-

tion in three dimensions (Hegge  et al. , 2010). Moreover, they really imitate 

the natural environment needed to support differentiated cells by the possi-

bility of modulating the elasticity/stiffness of the foam. 
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 Among polysaccharides, hyaluronic acids or hyaluronan have been alter-

natively used in biological context due to large availability  in vivo  in the 

form of polyanion and not in the protonated acid form (Liao  et al. , 2005). 

Hyaluronan is a naturally occurring non-sulphated glycosaminoglycan and 

a major macromolecular component of the intercellular matrix of most con-

nective tissues such as cartilage, vitreous of the human eye, umbilical cord, 

and synovial fl uid (Liao  et al. , 2005). From chemical point of view, it is a lin-

ear polysaccharide consisting of alternating disaccharide units of  α -1,4-D-

glucuronic acid, and  β -1,3-N-acetyl-D-glucosamine, linked by  β (1 → 3) bonds 

(Laurent  et al. , 1995) and plays many physiological roles including tissue and 

matrix water regulation, structural and space-fi lling properties, lubrication, 

and a number of macromolecular functions (Liao  et al. , 2005). The pecu-

liar viscoelastic properties of hyaluronan enable its use as a lubricant and 

shock absorber in synovial fl uid (Nishinari and Takahashi, 2003). Moreover, 

several hyaluronan formulations have been mainly studied for drug deliv-

ery, implantable delivery devices, and for gene delivery (Liao  et al. , 2005). 

More recently, hyaluronan has been successfully used to develop foams in 

the form of benzyl ester of hyaluronic acid (HYAFFs) to engineer synthetic 

cartilage or menisci (Kon  et al. , 2008), and to regenerate bone at the osteo-

chondral level (Guarino  et al. , 2010). 

 It is recognized that the type and extent of chemical esterifi cation of 

hyaluronan considerably affect the biological properties of these materi-

als, offering a range of polymers either favouring or, conversely, inhibiting 

the adhesion of certain types of cell (Campoccia  et al ., 1998). An advan-

tage of HYAFF-based scaffolds is their good cell adhesiveness, even in the 

absence of any coating or surface conditioning treatment often required 

by other widely used support matrices, such as those made of polyglycolic 

and polylactic acid (Solchaga  et al. , 2005). They are suffi ciently stable in 

aqueous solution to allow incubation with cells for over 3 weeks. Once wet, 

the benzyl ester loses part of its mechanical strength, more so than other 

completely synthetic materials. However, under  in vitro  cell culture condi-

tions, the material maintains its structural integrity, can easily be handled, 

and does not contract as some collagen-based materials do in  in vitro  studies 

on hyaluronic-acid-based membranes (Chiari  et al. , 2008). 

 However, one of the drawbacks of the natural-origin polymers still con-

sists in their possible batch variation. To prevent these issues, recombinant 

protein technologies have recently been used to fi nely control monodisper-

sity and precisely defi ne polymer properties in terms of crosslinking groups, 

binding moieties at specifi c sites along the polypeptide chain or their pro-

grammable degradation rates, thus providing the opportunity to bioengineer 

protein-based polymers of well-defi ned and complex structure (Rodr í guez-

Cabello  et al. , 2005). In particular, recombinant polymers, also termed 

‘Recombinamers’ in recent publications (Rodr í guez-Cabello  et al. , 2009), 
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are macromolecules produced using recombinant DNA technology by intro-

ducing a desired gene into the genetic content of a host organism such as 

micro-organisms, plants or other eukaryotic organisms. Elastin-like recombi-

nant polymers (ELR), which form a subclass of protein-based recombinant 

polymers, are composed of the pentapeptide repeat Val-Pro-Gly-Xaa-Gly 

(VPGXG), which mimics the sequence of hydrophobic domains of tro-

poelastin, where X represents any natural or modifi ed amino acid except 

proline. This peculiar composition allows mimicking functional properties 

of natural proteins with an absolute control of the amino-acid sequence and 

a complete absence of randomness (Patel  et al. , 2006). Recently, ELRs have 

been foamed by freeze-drying strategies in combination with collagen to 

realize scaffolds for tissue regeneration (Garcia  et al. , 2009). The enzymatic 

chemical crosslinking with mTGase assures optimal  in vitro  biocompat-

ibility of the device. Meanwhile, the introduction of elastic-like elements 

coupled to collagen macromolecules signifi cantly enhances the mechanical 

response of the scaffold as required for load-bearing applications. Lastly, 

this concurs to improve the ultimate response of cells, thus making this scaf-

fold an attractive platform for the regeneration of different tissues.  

  2.4.2      Synthetic polymers 

 An alternative solution to the use of natural polymers is represented by 

synthetic polymers, which can be produced under controlled conditions to 

exhibit in general predictable and reproducible mechanical and physical 

properties such as tensile strength, elastic modulus, and degradation rate. 

Possible risks, such as toxicity, immunogenicity, and favouring of infections, 

are lower for pure synthetic polymers with constituent monomeric units 

having a well-known and simple structure (Rezwan  et al. , 2006). The most 

used biodegradable synthetic polymers for 3D foaming scaffolds in tissue 

engineering are saturated polyhydroxyesters, including poly(lactic acid) 

(PLA) and poly(glycolic acid) (PGA), as well as poly(lactic-coglycolide) 

(PLGA) copolymers (Jagur-Grodzinski, 1999; Seal  et al. , 2001). Due to 

their properties, PLA and PGA have been used in products and devices, 

as being degradable they have been approved by the US Food and Drug 

Administration. PLA and PGA can be processed easily and their degrada-

tion rates, physical and mechanical properties are adjustable over a wide 

range by using various molecular weights and copolymers. Indeed, the 

chemical properties of these polymers allow hydrolytic degradation through 

de-esterifi cation. Once degraded, the monomeric components of each poly-

mer are removed by natural pathways. The body already contains highly 

regulated mechanisms for completely removing monomeric components of 

lactic and glycolic acids. However, these polymers undergo a bulk erosion 
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process, such that they can cause scaffolds to fail prematurely. In addition, 

abrupt release of these acidic degradation products can cause a strong 

infl ammatory response (Bergsma  et al. , 1993; Martin  et al. , 1996). Polyester 

degradation occurs by uptake of water followed by the hydrolysis of esters. 

This mechanism is generally affected by several factors, including chemical 

composition, processing history, molecular weight and polydispersity (Mw/

Mn), environmental conditions, crystallinity and porosity, especially in the 

case of 3D foams (Heidemann  et al. , 2001). 

 In the light of these considerations, aliphatic polyesters can therefore 

exhibit quite distinct degradation kinetics. PGA, for example, is a stronger 

acid and is more hydrophilic than PLA, which is partially hydrophobic due 

to its methyl groups. Moreover, PLA can be cleared through the tricarboxy-

lic acid cycle while PGA is converted to metabolites or eliminated by other 

mechanisms, further explaining why PGA degrades faster than PLA. Hence, 

PLGA, a copolymer of PLA and PGA, may show intermediate degradation 

rates that can be modulated as a function of the relative fraction of hydro-

phobic/hydrophilic phases, crystallinity, and composition of chains (i.e. con-

tents in L-LA and D-LA, and/or GA units) (Andrew  et al. , 2001). Indeed, 

the amount of D- or mesolactide present in the L-PLA polymer changes 

the properties signifi cantly in terms of melting temperature, crystallization 

rate and therefore processability and properties of foams. For example, the 

higher the D-isomer content in the polymer, the lower are the crystalliza-

tion rate and the melting point. All these parameters are fundamental to 

balance the process conditions during the foaming process. Of particular 

signifi cance for applications in tissue engineering are debris and crystalline 

by-products, as well as particularly acidic degradation products of aliphatic 

polyesters, such as PLA, PGA, polycaprolactone (PCL) and their copoly-

mers that have been implicated in adverse tissue reactions (Yang  et al. , 2001). 

This is the result of the heterogeneous degradation of these polymers, which 

occurs faster inside than at the exterior by the competition of the next two 

phenomena: the easier diffusion of soluble oligomers from the surface into 

the external medium than from inside, and the neutralization of carboxylic 

end groups located at the surface by the external buffer solution ( in vitro  or 

 in vivo ). The combination of these events contributes to reduce the acidity 

at the surface, instead enhancing the degradation rate by autocatalysis due 

to carboxylic end groups in the bulk (Jagur-Grodzinski, 1999). It is evident 

that the advance of hydrolysis reactions is strictly related to the ease of fl uids 

to diffuse into the polymer chains, which is mainly determined by the rela-

tive fraction of amorphous/crystalline regions. Indeed, crystal segments are 

chemically more stable than amorphous segments and reduce water perme-

ation into the matrix in combination with ionic strength, temperature, and 

pH of the medium. In this context, other compounds, i.e., CaPs or bioactive 

glasses, may be further incorporated to stabilize the environment conditions 
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surrounding the polymer in order to control its degradation. This counteract-

ing effect of the acidic degradation of biodegradable polymers represents 

one of the main reasons to move towards the design of composite materials.   

  2.5     Polymer-based composites for biomedical 
foam fabrication 

 Development of composite foams is currently attractive, as advantageous 

properties of two or more types of materials can be combined to better 

suit the mechanical and physiological demands of the host tissue. Lee  et al.  
(2006) showed the optimization of process preparation of 100% open-

pore foams in a wide range of gas-foaming processing conditions by mixing 

softer/harder immiscible phases of few microns into the polymeric matrix. 

Soft phases concur to the mechanism of pore opening by decreasing the 

pore-wall strength, also increasing the foam expansion ratio. Likewise, the 

presence of a harder second phase also facilitates the pore-wall opening, 

because of the different deformation behaviour with respect to the matrix 

(Lee  et al. , 2005). 

 Similar approaches based on composite materials have been successfully 

applied in scaffold design for tissue engineering. Indeed, taking advantage 

of the formability of polymers by most recognized foaming and scaffold 

manufacturing processes, the addition of bioactive polymers of ceramic 

phases allows improving the ultimate mechanical and biological perfor-

mance of the device. For instance, the integration of CaP particles, such as 

HA within PCL matrix, currently represents one of the most effective strat-

egies to make PCL implants more ‘biologically informative’ (Guarino  et al. , 
2012). Indeed, CaPs traditionally used in a range of orthopaedic and dental 

applications (Marcacci  et al. , 1999) more recently, may be advantageously 

used to design bioactive scaffolds in bone tissue engineering because of 

their inherent bioactivity, namely the ability to form chemical bond with 

bone (Habibovic  et al. , 2008) and osteoconductivity, namely the capability 

of supporting bone growth (LeGeros, 2002). 

 As for the bioactive 3D porous foams, ceramic fi ller may act also as a rein-

forcement system that is able to signifi cantly improve mechanical properties 

(Guarino  et al. , 2008a). Meanwhile, PCL matrix, as a binder, plays a protec-

tive function of ceramic particles, so preventing any problems associated 

with brittleness and diffi culties in shaping hard ceramic materials to fi t bone 

defects (Coombes and Meikle, 1994). 

 However, it can often impair bioactive potential by reducing particle 

exposure at the interface (Rizzi  et al. , 2001). Moreover, addition of bioac-

tive phases to bioresorbable polymers can also alter the polymer degrada-

tion behaviour, by allowing rapid exchange of protons in water for alkali 
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in the ceramic glasses (Li and Chang, 2005). In particular, the inclusion of 

bioactive glasses has been shown to modify surface and bulk properties of 

composite scaffolds by increasing the hydrophilicity and water absorption 

of the hydrophobic polymer matrix, thus altering the scaffold degrada-

tion kinetics (Lu  et al ., 2003). For example, Boccaccini  et al . have demon-

strated that the inclusion of 45S5 bioglass particles allows for the increase 

of water absorption compared to pure polymer foams of poly-DL-lactide 

acid (PDLLA) (Boccaccini and Maquet, 2003) and PLGA (Maquet  et al. , 
2004). Other studies have reported that polymer composites, fi lled with HA 

particles, hydrolysed homogeneously, due to water penetrating the interfa-

cial regions (Li and Chang, 2005). Ideally, the degradation and resorption 

kinetics of composite scaffolds are designed to allow cells to proliferate and 

secrete their own extracellular matrix, while the scaffolds gradually vanish, 

leaving space for new cell and tissue growth. In this context, the physical 

support provided by the 3D foam has to be maintained until the engineered 

tissue has suffi cient mechanical integrity to support itself (Niemela  et al ., 
2005). However, the most synthetic matrices generally show hydrophobic 

surfaces which makes unfavourable basic cell interaction mechanisms (i.e., 

adhesion, proliferation) than on hydrophilic surfaces (Vandiver  et al. , 2005). 

The inclusion of bioactive solid signals into the polymer matrix may allow 

supporting the creation of a strong bond with the living host bone at the 

scaffold/implant interface thanks to an improved wettability ascribable to 

the presence of the apatite particles (De Aza  et al. , 2003). Hence, synthetic 

polymer matrices made of biocompatible polyesters (i.e., polycaprolactone, 

polylactide acid) have generally demonstrated a tendency to be inert and to 

promote the formation of encapsulated fi brous tissues, thereby resulting in 

signifi cant bone formation. Contrariwise, the inclusion of CaP particles into 

biodegradable porous foams may concur to promote the bone osteogenesis, 

as studied in the case of porous PCL/HA foams obtained by phase inversion 

and salt leaching techniques (Guarino  et al. , 2008a). The presence of stoi-

chiometric HA particles enhances the scaffold bioactivity and human oste-

oblast cell response, evidencing their role as ‘ bioactive solid signals ’ in the 

promotion of surface mineralization and, consequently, on the cell–material 

interaction. 

 In particular, the biological study performed on foams with different 

PCL/HA volume ratio, double scale of pore sizes and fully interconnected 

porosities, has shown that stromal cells from bone marrow (bMSC) were 

able to adhere and grow on PCL-based scaffolds at any HA content, so 

demonstrating their ‘ nature ’ as a precursor with high replicative potential. 

Indeed, even though cultured  in vitro  in static conditions, without additional 

stimulants (e.g., growth factors), bMSC adhered during the fi rst four weeks 

of culture, showing a cuboidal appearance on the polymer surface, which is a 

typical feature of mature osteoblasts. However, in some cases, the presence 
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of HA into PCL scaffolds only slightly affects the biological response so 

that the viability and MSC differentiation seem to be not directly related 

to the amount of HA in the porous matrix (Russias  et al. , 2006). Beyond 

the osteoconductive enhancement, the relative amount of HA is relevant in 

affecting the intrinsic mechanical response of the composite scaffolds and 

their degradation properties. 

 Several papers have demonstrated the active role of CaP fi llers on  in vitro  

degradation mechanisms by the simultaneous assessment of the infl uence 

of scaffold morphology and its physicochemical properties (Guarino  et al. , 
2009). The addition of HA particles was found to slightly modify the pore 

morphology with a small reduction of the average pore size. More interest-

ingly, other studies on the scaffold mass losses have evidenced that the pres-

ence of apatite phases embedded in the PCL matrix drastically increases 

the polymer crystallinity degree, promoting the formation of more densely 

packed crystalline phases within the composite with a lower amount of amor-

phous regions which are potentially more susceptible to hydrolytic attacks 

due to a better accessibility of the ester linkage (Guarino  et al. , 2009). In 

this case, the increase in crystallinity of polymer matrix in HA-loaded scaf-

folds hinders the degradation of the composites, preferentially defl ecting 

the fl uids at the polymer/ceramic interface, which are more susceptible to 

hydrolytic attack. 

 Meanwhile, the use of rigid bone-like particles embedded into a polymer 

matrix evidently improve the mechanical properties, as recommended in 

the use of composite scaffolds as a substrate for hard tissue replacement 

(Kikuchi  et al. , 1997; Khan  et al. , 2004). 

 However, the contribution of mechanical response due to the ceramic 

phase may be partially hindered by the presence of macro- and micro-

structured pores, which even represent a basic requirement to induce the 

regeneration mechanisms in tissue engineering applications. For this rea-

son, the further integration of biodegradable PLA fi bres into the PCL 

matrix allows improving the mechanical response of the scaffolds, provid-

ing spaces required for cellular in-growth and matrix production. Added 

bioactive apatite-like particles generating needle-like crystals of calcium-

defi cient HA similar to natural bone apatite also interact with the fi bre-

reinforced polymer matrix, further enhancing the mechanical response 

in compression by up to an order of magnitude (Guarino and Ambrosio, 

2008b). However, HA-loaded polymer matrices have recently shown an 

adverse reaction due to a non-homogeneous distribution of ceramic par-

ticles in the polymeric matrix which dramatically compromises both the 

mechanical performance and the bioactive potential of the composite scaf-

folds (Guarino  et al. , 2007). 

 The polymer matrix degradation, for example, causes a faster escape of 

HA particles, creating voids within the polymeric structure (Guarino  et al. , 
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2009). This evidently affects the mechanical response of the scaffolds, infl u-

encing their integrity at longer times of the  in vitro  culture. 

 Alternatively, chemically inspired approaches based on the sol–gel 

transition and colloidal precipitation of CaPs may effi ciently improve the 

particles’ dispersion, directly controlling the sizes of precipitated grains 

through the interaction between calcium and phosphate precursors under 

controlled temperature and pH conditions (Huang  et al. , 2000). The sol–gel 

reaction allows fi nely dispersing CaP nanoparticles into a polymer such as 

polycaprolactone (PCL) matrix, with an expected improvement of the func-

tional features (i.e., mechanical response, bioactivity) as reported in previ-

ous work (Raucci  et al. , 2010a). Moreover, this technique assures a more 

effi cacious compensation of acidosis, due to the acidic release from the poly-

mer matrix through the alkaline CaP, minimizing the undesired phenomena 

of pH decay during the  in vitro  (Raucci  et al. , 2010b) or  in vivo  experiments 

(Martin  et al. , 1996).  

  2.6     Conclusions and future trends 

 In recent years, the world of biomaterials has been extended from purely 

synthetic materials to synthetic/biological material hybrids, whose 

design and engineering simultaneously have encompassed bioactivity 

and biodegradability. In particular, this recent biomaterial progress is 

ascribable to the growing requirement of controlling increasingly com-

plex biological responses, in terms of ion interactions and growth factor 

incorporation. 

 In this chapter, innovative materials among metals, ceramics, polymers, 

and composites have been reviewed to fabricate 3D porous foams for tissue 

repair and regeneration. As for the repair, new discoveries in the materials 

fi eld mainly concern implantable devices with tailored chemical and physi-

cal properties as well as smart mechanical behaviour which has to adapt to 

the native properties of surrounding tissue during the healing (i.e., shape 

memory foams). As for tissue engineering, polymer and composite materi-

als currently represent the most interesting strategy for fabricating repro-

ducible bioactive and bioresorbable 3D foams with tailored porosity and 

pore structure, which are able to maintain their structure and integrity for 

predictable times, even under load-bearing conditions and to incorporate 

biomolecules to support specifi c cellular events (Guarino  et al ., 2007). This 

is also permitted by recent improvement in process technologies which con-

cur to better control shapeability, bioactive behaviour and biodegradation 

kinetics. Moreover, they provide the opportunity to modulate specifi c prop-

erties of different material classes in the case of composites, so obtaining 

optimum performance in terms of porosity and structure interconnection. 

However, many different approaches are continually looking to satisfy all 
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the complex requirements regarding structure and function of biomedical 

foams. Today, a fruitful way could consist of identifying suitable processes 

able to really control pore structure, mechanical and degradation proper-

ties in order to understand the cell regeneration and degradation product 

transport in the porous structure. From a materials point of view, biodegrad-

able metals are currently emerging as a valid alternative for scaffolds in 

tissue engineering. The integration of biodegradable polymers or ceramics 

and drugs could be another interesting direction to explore. Future trends 

should be inspired from mechanically superior metals and the excellent bio-

compatibility and biofunctionality of ceramics and polymers to obtain the 

most desirable clinical performance of the implants.  
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  Abstract : To date, the scaffold-based approach represents one of the most 
promising tissue engineering strategies for the repair/regeneration of 
damaged biological tissue. The goals of this chapter are (1) to provide the 
reader with an overview of current approaches to design and manufacture 
tissue engineering scaffolds with highly structured pore architectures; 
and (2) to illustrate experimental and theoretical evidence which should 
be taken into account in designing the pore structure of the scaffolds to 
trigger appropriate  in vitro  cell responses and promote  in vivo  new tissue 
regeneration. 

  Key words:  biomimetic, cell colonization, pore structure, scaffold, 
vascularization. 

    3.1     Introduction 

 Tissue engineering (TE) is a challenging and increasingly growing research 

fi eld holding the promise to develop novel therapeutic treatments for organ 

and tissue loss or failure, which represent two major human health prob-

lems. The approach of TE is highly multidisciplinary, as it requires the inte-

gration of emerging knowledge in the physical and life sciences with frontier 

engineering and clinical medicine to learn how to trigger the regeneration 

of failed human organs and tissues (Stupp, 2005). 

 One of the most promising approaches in TE involves the combination 

of cells (such as stem cells, osteoblasts, chondrocytes and fi broblasts), scaf-

folds and molecular cues (Yang  et al ., 2001; Lutolf and Hubbell, 2005; Ma, 

2008). The underlying concept of this approach is the belief that cells iso-

lated from a patient can be expanded in a cell culture system and seeded 
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within a scaffold for successful tissue regeneration. In particular, the scaffold 

must be characterized by biophysical and biochemical properties suitable to 

promote and guide cell adhesion, migration, proliferation and extracellular 

matrix (ECM) deposition in three dimensions. The new tissue development 

is induced by maintaining the cell-seeded scaffold in appropriate bioreac-

tors ( in vitro  strategy) before implantation into the patient, or grafted back 

directly into the patient to function as the introduced replacement tissue ( in 
vivo  strategy) (Hutmacher, 2001). 

 In both approaches, the scaffold plays a pivotal role in the new tissue 

regeneration process, enhancing the ability of cells to induce appropriate 

 in vitro  tissue regeneration and  in vivo  restoration of a diseased tissue func-

tion by providing all of the functions of the native ECM. This is because, 

as observed in natural tissues, cells act in synergy with the ECM. The cells 

in natural tissues are connected to the ECM which provides, for instance, 

three-dimensionality, direct cell-to-cell communications and multiple bio-

physical and biochemical stimuli for cell adhesion, migration, proliferation 

and differentiation (Lutolf and Hubbell, 2005). 

 The principles of biomimetic and bioactive scaffold design and fabrication 

are derived from the natural processes which they intend to imitate. When 

biological tissue is injured, the normal healing response is initiated through a 

cascade of complex events that include acute infl ammation, the formation of 

granulation tissue and eventual scar formation. Then, in a natural situation of 

regeneration and healing of damaged tissues, cells release a macromolecular 

network (mainly composed of proteins and polysaccharides) that serves as pro-

visional three-dimensional matrix for the regeneration process. The ECM pro-

vides the necessary initial biophysical and biochemical milieu which regulates 

the cascade of events underlining the process of tissue repair/regeneration. 

 The design and development of biomimetic and bioactive scaffolds for 

regenerative medicine have to consider, consequently, the need to fabri-

cate scaffolds that are able to provide all of the complex functions of native 

ECM, regulating the cell/ECM cross-talking and, ultimately, new tissue 

repair/regeneration (Lutolf and Hubbell, 2005; Stupp, 2005; Ma, 2008). 

 Since Langer and co-worker pioneered the concept of reconstructing bio-

logical tissues by using cells transplanted on synthetic scaffolds in the early 

1990s, research in the fi eld of scaffold design and fabrication has evolved 

greatly. Indeed, based on the extensive knowledge accumulated on materi-

als design and processing, as well as characterization of scaffold/cell interac-

tions, researchers have identifi ed some important requirements for the  in 
vitro  cell culture and  in vivo  implantation as guidance for restoring tissue 

function (Hutmacher, 2001). These include:

   1.     providing a physically and chemically bioactive surface to promote cell–

material interactions and the biological recognition by the host  
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  2.     supporting the development of a three-dimensional tissue by providing 

a pore structure suitable for cell adhesion, proliferation, migration, dif-

ferentiation and ECM deposition  

  3.     inducing functional construct vascularization and development via the 

correct presentation of topological and biochemical cues  

  4.     providing a mechanical function stimulating cell differentiation and bio-

synthesis, as well as ensuring a temporary support for growing tissue 

development.   

 Apart from the properties of the materials, mainly in terms of biocompat-

ibility, biodegradation and bioactivity, the 3D architecture of the scaffold 

is very important when attempting to mimic the structure and functions of 

native ECM. Controlling cell behaviour and tissue regeneration by tailoring 

the scaffold’s pore structure is consequently a critical step in the develop-

ment of the next generation of bioactive TE scaffolds. 

 Several fabrication processes have been developed to imprint 3D porous 

structures within biocompatible and biodegradable materials as scaffolds for 

TE. Most of these techniques have been implemented taking into account 

the parameters that have been identifi ed as crucial in infl uencing cell organi-

zation and tissue regeneration. Examples of these properties are surface-to-

volume ratio, pore size distribution, and pore geometry and interconnection 

(Yang  et al ., 2001; Guarino  et al ., 2008; Salerno  et al ., 2009a). 

 The goal of this chapter is to provide the reader knowledge of the cur-

rent approaches and technologies to design and fabricate porous scaffolds 

for TE. Furthermore, special emphasis is devoted to describing the basic 

aspects and experimental evidence regarding the optimal design of the scaf-

fold pore structure to induce appropriate  in vitro  cell responses and to guide 

 in vivo  new tissue regeneration.  

  3.2     Micro-structure of biomedical foams 
and processing techniques 

 Scaffold design and manufacturing are key steps in defi ning scaffolds with 

prescribed mechanical, mass-transport and surface characteristics that can 

be used to test initial hypotheses regarding  in vitro  cells culture and  in vivo  

tissue regeneration models. Furthermore, design and manufacturing tech-

niques must be used to translate scaffold-based TE from concept to, ulti-

mately, potential clinical applications. 

 In natural tissues, cells and ECM are organized into three-dimensional 

structures from the sub-cellular to the tissue level. Consequently, to engineer 

functional tissues and organs successfully, the scaffolds have to be designed 

with a micro-architecture able to facilitate cell distribution and guide tissue 

regeneration in three dimensions (Lutolf and Hubbell, 2005; Guarino  et al ., 
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2008). Furthermore, recent development in nano-technology have demon-

strated that the presence of controlled nano-structures on the surface of 

biomaterials and scaffolds is essential to promote and guide cellular pro-

cesses involved in new tissue regeneration, such as cell adhesion, migration 

and differentiation (Lim and Donahue, 2007; Ma, 2008; Wang  et al ., 2011). 

 A number of fabrication technologies have been applied to process bio-

compatible and biodegradable materials into three-dimensional porous 

scaffolds with controlled nano- to micro-structures, and to ultimately tailor 

the fi nal biological response. By considering the wide range of biomaterials 

and processing techniques for scaffold design, this section will discuss the 

most relevant aspects related to the processing-pore structure relationships 

of the scaffolds prepared by some of the most used techniques. 

 There are different techniques that can conceivably be used to process 

biomaterials for porous scaffold development. Traditional TE scaffold design 

strategies employ a ‘top-down’ approach to generate three-dimensional pore 

structures within biocompatible and biodegradable materials. The porogen 

leaching technique is one of the most investigated. This technique is based 

on the use of porogen agents, typically micro-particles of sodium chloride, 

sugar, paraffi n or gelatin, which are dispersed within the biomaterial by melt 

or solution mixing. Once the setting of the mixture has been obtained, the 

particles are selectively extracted, leaving a porous network (Thomson  et al ., 
1996; Capes  et al ., 2005; Zhang  et al ., 2005; Guarino  et al ., 2008). The main 

advantages of particulate leaching are that the porosity of the scaffolds is 

directly correlated to the porogen concentration, while the pore size distri-

bution and pore shape are dependent on the size distribution and shape of 

the particles, respectively. Most importantly, pore interconnectivity, which is 

a key scaffold design and manufacturing parameter, depends on the contact 

points between adjacent porogen particles which, in turn, is dependent on 

concentration, size and shape (Zhang  et al ., 2005). Although scaffolds pre-

pared via the particulate leaching technique are basically satisfactory and 

widely used for several applications, it is rather diffi cult to achieve by this 

technique an independent and precise control over porosity and intercon-

nectivity. Furthermore, the achievement of a highly interconnected porosity 

requires high porogen concentration, leading to a drastic reduction of the 

mechanical properties of the fi nal scaffold. 

 The selective polymer extraction from a co-continuous blend is a tech-

nique that belongs to the class of the porogen leaching and has been pro-

posed as a suitable alternative to overcome the intrinsic limitations of 

particulate porogens. This technique involves the melt processing of two or 

more immiscible polymers, followed by the selective dissolution of one or 

more phases to create the porous network (Washburn  et al ., 2002; Salerno 

 et al ., 2009b; Virgilio  et al ., 2010). As a fi nal achievement, the scaffolds 

obtained by this approach evidenced tube-like and highly interconnected 
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porous networks, overall porosity that can be lowered down to 30% and, 

consequently, mechanical response that may be tailored in a wide range, 

spanning from soft to hard tissue regeneration requirements (Washburn 

 et al ., 2002; Salerno  et al ., 2009b). 

 Thermodynamic-based processing of polymeric solutions, such as phase 

separation and gas foaming, are also widely used for scaffold fabrication. 

 The phase separation technique involves the preparation of a homo-

geneous solution of the polymeric biomaterial within an appropriate sol-

vent, such as dioxane and tetrahydrofuran. The solution is then brought 

into a thermodynamically unstable state by exposure to a non-solvent or 

by the decrease of the temperature down to a binodal solubility curve or 

down the crystallization temperature of the solvent. This step leads to 

the formation of a heterogeneous morphology characterized by polymer-

rich and polymer-lean phases. Later, the removal of the solvent within 

the polymer-lean phase by solvent evaporation, sublimation or solvent/

non-solvent exchange, allows achieving an interconnected porous net-

work within the crystallized polymer-rich phase (Nam and Park, 1999; 

Guarino  et al ., 2008; Ma, 2008). The main advantage of this technique is 

that the pore structure of the scaffold can be adequately modulated at the 

micro-metric and nano-metric scales by controlling the thermodynamic 

and kinetic of the phase separation process. An interesting example is 

the fabrication of nano-fi brous scaffolds resembling the fi bre structure of 

the native collagen (Ma, 2008). On the other hand, the use of organic sol-

vents, potentially harmful to cells and biological tissues, and the diffi culty 

of creating interconnected macro-pores of the order of several hundreds 

of microns, represent the most limiting aspects of this technique (Guarino 

 et al ., 2008). 

 Gas foaming has been proposed as a suitable alternative to overcome 

the above mentioned limitations for scaffold design. This technique is 

based on the high pressure solubilization of a non-toxic blowing agent, 

mainly CO 2 , N 2  or a mixture of these gases, within a polymeric biomaterial. 

The system is then brought into a supersaturated state either by increasing 

temperature or by reducing pressure, with the consequent nucleation and 

growth of gas bubbles. Finally, the decrease of the temperature and the vit-

rifi cation of the polymeric matrix stabilize the pore structure (Montjovent 

 et al ., 2005; Salerno  et al ., 2009a, 2010a, 2011a). The gas foaming technique 

allows fi ne control over the extension of the porous network of the scaf-

folds by the selection of the proper operating conditions, mainly the blow-

ing agent type and concentration, foaming temperature and pressure drop 

profi le. Furthermore, the absence of organic solvents may also allow for 

the simultaneous processing of biomaterials, cells and growth factors, aim-

ing to produce bioactive porous scaffolds in a one step process (Hile  et al ., 
2000; Ginty  et al ., 2006). Such limitations of gas foaming are the presence of 
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closed pores entrapped within the scaffold, as well as the diffi culty of pro-

cessing polar molecules and highly crystalline polymers at low temperature 

(Salerno  et al ., 2011a, 2011b). 

 Solid free form fabrication techniques have been developed holding the 

promise of allowing simultaneous and independent control over crucial 

scaffold micro-structural features, mainly pore size distribution, pore inter-

connectivity and mechanical functionality (Sachlos and Czernuszka, 2003; 

Hollister, 2005). Furthermore, as compared to previously cited techniques, 

solid free form fabrication approaches allow for a more predictable and 

precise control of scaffold consistency, design reproducibility and complex 

internal architecture and macro-scale morphological features (Sachlos and 

Czernuszka, 2003; Hollister, 2005). 

 Rapid prototyping is a solid free form fabrication process which creates 

a three-dimensional object through repetitive deposition and processing of 

material layers. Each layer is constructed based on 2D cross-sectional data 

obtained from slicing a computer-aided design model of the object. Among 

rapid prototyping strategies, three-dimensional printing and fused deposi-

tion modelling are the most used. 

 Three-dimensional printing produces porous scaffolds by ink-jet print-

ing a binder into sequential powder layers (Seitz  et al ., 2005; Williams  et al ., 
2005). Firstly, a thin distribution of powder is spread over the surface of a 

powder bed. From a computer model of the part, and by using a technol-

ogy similar to ink-jet printing, a binder material is ejected onto the powder 

where the object is to be formed. A piston is then lowered so that the next 

layer of powder can be spread and selectively bonded. This layer-by-layer 

process repeats until the scaffold is completed. The packing density of the 

powder particles has a profound impact on the results of the adhesive bond-

ing, which in turn affects the topography and mechanical properties of the 

scaffold (Seitz  et al ., 2005; Williams  et al ., 2005). 

 In the fused deposition modelling approach, a thermoplastic polymer is 

loaded within a temperature-controlled extrusion head, where it is heated 

to a semi-liquid state. The head extrudes and deposits precisely the material 

in ultra-thin layers onto a base. After a layer is completed, the height of the 

extrusion head is increased and the subsequent layers are built to construct 

the scaffold (Zein  et al ., 2002; Shor  et al ., 2007). 

 Because of the computer controlled processing, scaffold fabrication by 

these techniques is highly reproducible in terms of scaffold geometry and 

internal architecture. Furthermore, porous scaffolds obtained by these 

approaches are characterized by 100% pore interconnectivity. Finally, a 

wide range of mechanical properties, spanning from soft to load-bearing 

applications, may be achieved depending on both material and geometrical 

parameters selection. The advance of these techniques in controlling scaf-

fold properties is directed toward developing high resolution fabrication 



Optimal design and manufacture of biomedical foam pore structure   77

tools able to achieve tight control of the composition, nano-structure and 

drug releasing capability of the scaffolds.  

  3.3     Improving control of scaffold pore 
structure by combined approaches 

 To date, various methods have been used for the preparation of porous scaf-

folds for biomedical applications, such as porogen leaching, phase separa-

tion, gas foaming and solid free form fabrication. Although these techniques 

have demonstrated great advantages over the control of scaffold property, 

namely volume-to-surface ratio, pore size distribution and interconnectivity, 

each one is characterized by intrinsic limitations. More specifi cally, several 

investigations on particulate leaching techniques reported the fabrication of 

scaffolds with intact pore walls with few interconnection points, due to the 

contact between adjacent particles in the polymer network (Guarino  et al ., 
2008). This is also one of the most important drawbacks for gas foamed 

scaffolds, where the presence of closed pores along the inner and the outer 

surfaces is remarkable (Salerno  et al ., 2009a). On the other hand, by using 

only one of these techniques, it is very diffi cult to fabricate scaffolds with 

spatially controlled and multi-scaled pore distribution and nano- and micro-

metric pore feature resolution. 

 Advances in TE have revealed that scaffolds characterized by multi-scaled 

pore structures are very promising for the regeneration of complex three-

dimensional tissues, such as bone and cartilage (Silva  et al ., 2006; Guarino 

 et al ., 2008; Salerno  et al ., 2009c). Indeed, different pore scale structures at 

the micro-metric size range are useful to (1) appropriately control the three-

dimensional localization of cells and support the correct deposition of the 

ECM, (2) promote the development of a functional network of capillaries 

for tissue vascularization, and (3) ensure the transport of fl uid and oxygen 

necessary for cell survival and new tissue synthesis in three dimensions. It 

is also important to point out that controlled topographies, at both micro- 

and nano-metric scales, on the pore surface of a biomaterial scaffold are 

essential to promote the adsorption of proteins, to guide specifi c cell/scaf-

fold interaction, and to stimulate cell migration, differentiation, phenotypic 

expression and the deposition of ECM (Ma, 2008; Wang  et al ., 2011). 

 One of the most effi cient approaches to design and fabricate porous scaf-

folds with multi-scaled pore structures is based on the appropriate combi-

nation of different processing techniques, each characterized by different 

nano- and/or micro-metric resolution of pore features. As an example, 

Fig. 3.1 shows the processing scheme that is usually used for the fabrica-

tion of highly interconnected porous scaffolds with multi-scaled pore struc-

ture by the combination of gas foaming and porogen leaching techniques 

(Salerno  et al ., 2009a, 2011c).      
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 The gas foaming/porogen leaching combined process involves the mixing 

of the biomaterial with the porogens, typically sodium chloride or gelatin 

particles (Step 1) followed by the foaming of the polymer/particles system 

(Step 2). Once the foaming step is completed, the selective removal of the 

porogen agent from the foamed matrix allows the achievement of the fi nal 

multi-scaled pore structure. 

 The microstructure of the scaffolds that can be designed and fabricated 

with this combined technique strongly depends on several factors, related to 

the materials and the processes involved. For instance, in the case of the use 

of NaCl particles as porogens, the macro-porosity is controlled by selecting 

the NaCl concentration and size, usually in the range of 85–95 wt.% and 

100–500  μ m, respectively. Furthermore, the micro-porosity depends on the 

nucleation and growth of gas bubbles within the polymeric phase during the 

gas foaming process, in turn affected by the blowing agent composition and 

porogen concentration (Salerno  et al ., 2011c). 

 Figure 3.2a and 3.2b report scanning microscope images of porous poly-

caprolactone scaffolds prepared by using 90% of 300–500  μ m size NaCl 

particles, with or without the foaming step. As shown in Fig. 3.2a, scaffolds 

prepared by using NaCl particles as templating agent are usually character-

ized by a mono-modal distribution of cubic-shaped pores and intact pore 

walls. On the other hand, by the foaming of the PCL/NaCl mixture before 

NaCl leaching, porous scaffolds with multi-scaled micro-metric pore size 

distributions and improved interconnectivity can be fabricated (Fig. 3.2b). 

These scaffolds are characterized by cubic-shaped macro-pores created by 

means of NaCl leaching, and rounded open micro-pores, of the order of ten 

microns, uniformly distributed through the macro-pore walls. Furthermore, 

depending on the desired application, by controlling the weight fraction of 

NaCl and the composition of the blowing agent mixture, different macro-

porosity/micro-porosity fractions and micro-porosity dimensions may be 
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 3.1      Scheme of the combined approach based on gas foaming and 

porogen leaching suitable for the design and fabrication of multi-scaled 

porous scaffolds for TE. ( Source : From Salerno  et al ., 2009a.)  
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acquired (Salerno  et al ., 2011c). It is a matter of fact that the addition of 

micron-sized fi llers to a polymer melt infl uences its fl ow properties. Several 

factors, such as particle size and shape, fi ller content and interactions 

between the phases, have complex infl uences on the viscoelastic behav-

iour of the composite. The foamability of a polymeric material is strongly 

affected by its fl ow behaviour, which then requires performing rheological 

investigations upon the polymer/fi ller composites in order to optimize the 

fi nal scaffolds pore structure (Salerno  et al ., 2008). Indeed, a decrease of 

the micro-porosity of the scaffolds is typically observed with increase of the 

NaCl concentration. This effect is ascribable to the decrease of the polymer 

amount and to the increase of the stiffness of the system with the NaCl 

concentration which, in turn, restricts the growth of the pores inside the 

polymeric matrix. As a direct consequence, high foaming temperatures and 

more plasticizing blowing agents are often required to produce appropri-

ate micro-porosity fractions at high porogen concentrations (Salerno  et al ., 
2011c).      

 The possibility of preparing highly interconnected scaffolds with well-

controlled anisotropic architectures is also highly desirable in designing 

TE scaffolds (Salerno  et al ., 2008, 2012b; Harley  et al ., 2010). Scaffolds 

 3.2      Morphology of porous polycaprolactone scaffolds fabricated by the 

combination of the techniques of gas foaming and porogen leaching: 

(a) mono-modal scaffold obtained by the selective dissolution of 

300–500  μ m NaCl particles from a 10/90 polymer/NaCl mixture; 

(b) bi-modal scaffold obtained by combining gas foaming and 300–500 

 μ m NaCl particles leaching; (c) graded scaffold produced by foaming 

a polymeric composite with a stepwise gradient of micronized NaCl 

particles distribution; (d) mono-modal scaffold obtained by the 

selective polymer extraction from a co-continuous blend; 

(e) mono-modal and (f) bi-modal scaffolds obtained by combining 

gas foaming and selective polymer extraction. ( Source : Adapted from 

Salerno  et al ., 2008, 2009b, 2009c, 2010, 2012.)  
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characterized by gradients of porosity and pore size offer the great advan-

tage of reproducing the spatial organization of cells and extracellular matrix 

of highly complex three-dimensional tissues, such as bone and cartilage 

(Harley  et al ., 2010). The combination of gas foaming and NaCl leaching 

may also offer the possibility of designing and fabricating graded biomi-

metic scaffolds for osteochondral TE. Indeed, as previously discussed, the 

foaming behaviour of polymer/NaCl micro-composites is strictly corre-

lated to the concentration of the inorganic fi ller; higher fi ller concentra-

tions resulted in lower foaming. Consequently, by creation of a composite 

with a gradient of NaCl micro-particles concentration, it is possible to pro-

duce scaffolds with anisotropic pore structures. In Fig. 3.2c the morphology 

of a porous polycaprolactone scaffolds with a stepwise gradient of porosity 

91–83% and pore size 71–24  μ m (Salerno  et al ., 2008) is reported. This scaf-

fold has been obtained by gas foaming of a PCL/NaCl composite with a 

60/30% stepwise NaCl concentration gradient. To produce this type of scaf-

fold, micronized 5  μ m NaCl particles have been used as particulate poro-

gen and CO 2  as blowing agent. The biomimetic character of this scaffold 

for osteochondral defect treatment may be also improved by the selective 

incorporation of bioactive fi llers, such as hydroxyapatite particles, within 

the scaffold (Salerno  et al ., 2012b). 

 As shown in Fig. 3.2d–3.2f, completely different scaffold pore struc-

tures may be achieved by combining gas foaming and selective poly-

mer extraction techniques. In particular, by using a continuous porogen 

agent, the formation of open macro-porous polymeric scaffolds, char-

acterized by networks of elongated pores, is possible (Washburn  et al ., 
2002; Salerno  et al ., 2009b). The scaffolds obtainable by this approach 

have shown low porosity fractions, in the range of 30–60%, mono-modal 

pore size distribution and full interconnectivity (Fig. 3.2d). Furthermore, 

as shown in Fig. 3.2e and 3.2f, by combining gas foaming and selective 

polymer extraction techniques, mono-modal or bi-modal porous scaffolds 

with completely different pore structures are achievable. These scaffolds 

have been fabricated by foaming a co-continuous blend of polycapro-

lactone and thermoplastic gelatin, a thermoplastic polymer prepared by 

mixing gelatin powder and glycerol, and selecting different foaming tem-

peratures. In particular, by performing foaming at a temperature of 70 ° C, 

higher than polycaprolactone melting point, a mono-modal scaffold may 

be obtained because of the foaming and collapse of polycaprolactone at 

the interface with gelatin (Fig. 3.2e). Conversely, by performing the foam-

ing step at 44 ° C, below the melting temperature of polycaprolactone, a 

homogeneous and highly open porosity is formed, because of the ability 

of the polymer to crystallize and stabilize its pore structure. As a direct 

consequence, after the leaching of the gelatin it was possible to fabri-

cate polycaprolactone scaffolds with a bi-modal pore size distribution of 
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elongated macro-pores inside a micro-porous structure (Fig. 3.2f) (Salerno 

 et al ., 2009b, 2009c, 2012). As described in the following paragraph, this 

multi-scaled pore structure may be very interesting in order to improve 

the three-dimensional colonization of cells and, concomitantly, ensure an 

adequate transport of fl uids, as nutrients and metabolic wastes, through 

the entire cell/scaffold construct. 

 The ability of a porous scaffold to provide needed mechanical support 

is a critical issue. In general, proper tissue regeneration requires suffi cient 

mechanical strength to maintain integrity until the new tissue regener-

ates. This biomechanical support is necessary  in vitro  to allow for adequate 

cell ingrowth and fl uid transport, and to give the cells proper biomechani-

cal cues they would normally receive in their native environment. Indeed, 

biomechanical cues are able to control the arrangement of cell cytoskel-

eton, affecting cell shape and structure and, ultimately, guiding important 

processes involved in new tissue morphogenesis, such as cell adhesion and 

migration. Furthermore, this crosstalk is mutual, as cells can also modify the 

mechanical properties of the biomaterial. It is important to consider that, 

when seeded within porous scaffolds with pore sizes larger than the cell size, 

the mechanical stimulus transmitted to the cell mainly depends on the indi-

vidual scaffold strut where the cell is attached and not on the stiffness of the 

entire scaffold network. For example, Levy-Mishali and co-workers (2009) 

have recently demonstrated that, when cultured within 3D polylactic acid/

polylactic-co-glycolic acid porous scaffolds of varied elasticity, myoblast 

cells evidenced different organization, myotube formation and cell viability. 

This effect was also dependent on the different scaffold shrinkage and pore 

area reduction by cell forces. 

 In the case of scaffolds for  in vivo  implantation, the biomechanical func-

tionality must also provide a secure and stable fi xation on or to the host 

tissue, and support physiological loadings which naturally occur in the body 

(Leong  et al ., 2008). In designing the biomechanical properties of a porous 

scaffold, it must be also taken into account that scaffold degradation pro-

gressively induces a decrease of the mechanical functionality and, therefore, 

degradation must be tailored to match the rate of new tissue growth until 

the regenerated tissue provides suffi cient load-bearing support and stress 

dissipation (Hutmacher, 2001). 

 The mechanical properties of porous scaffolds not only depend on the 

constituent material, but are also directly correlated to micro-structural 

features, mainly porosity and pore size distribution. In particular, a high 

porosity fraction, which is often desirable to facilitate cell infi ltration and 

tissue ingrowths, results in a reduction in mechanical properties. A similar 

trend is also achieved with the increase of the mean pore size, because of 

the enhance tendency of pore wall bending and structure instability during 

compression. 
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 Regarding multi-scale scaffold fabrication preparation, the optimal selec-

tion between micro-particulate porogens and continuous porogens is also 

related to the mechanical properties required for each specifi c application. 

Indeed, scaffolds prepared using particulate porogens are of high porosity, 

of the order of 90%, and then have limited capability to sustain mechanical 

stress during  in vivo  load-bearing applications. This aspect is very critical, 

especially when using soft polymeric biomaterials, because of their intrinsic 

low stiffness. Conversely, the lower porosity obtainable by using continuous 

porogens may result in scaffolds with a higher mechanical response. This 

aspect is clearly shown in Fig. 3.3, which shows the stress vs. strain curves 

obtained by static compression test performed on bi-modal scaffolds pre-

pared by using different types of porogens. It can be observed that the scaf-

fold prepared by using NaCl micro-particles is characterized by the typical 

stress vs. strain curve of highly porous materials, with a linear-elastic region 

followed by a plateau of roughly constant stress leading into a fi nal region 

of steeply rising stress (Salerno  et al ., 2009a). Conversely, the bi-modal scaf-

fold prepared starting from a co-continuous blend of polycaprolactone and 

gelatin is characterized by higher stress values throughout the deforma-

tion range, with no evidence of the plateau region. As shown in the inset 

of Fig. 3.3, the enhanced mechanical properties of this scaffold may allow 

achieving one order of magnitude higher elastic modulus ( E ) values, from 

1 to 11.4 MPa. The mechanical response of this scaffold, characterized by 

 E  values higher than 10 MPa, may ensure suffi cient temporary mechanical 
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 3.3      Comparison of the stress vs. strain curves obtained by static 

compressive tests of bi-modal porous polycaprolactone scaffolds 

prepared by using a micro-particulate (NaCl) or a continuous (gelatin) 

porogen. The inset shows the elastic region of the stress versus strain 

curves of the scaffolds and correspondent elastic compressive moduli. 

( Source : Adapted from Salerno  et al ., 2009a.)  
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support to withstand  in vivo  stresses and loading and to avoid excessive new 

tissue deformation (Hollister, 2005).      

 The research in the fi eld of the design and fabrication of porous scaf-

folds with complex multi-scaled pore structure is continuously growing, and 

numerous combinations of processing techniques have been reported. Such 

examples are the use of particulate leaching combined with solid free form 

fabrication to design polylactic-co-glycolic scaffolds with a highly ordered 

and orientated macro-porosity and micro-porous struts (Taboas  et al ., 2003). 

Recent work has also investigated the fabrication of multi-scaled scaffolds 

with nano-structured pore surfaces, by combining phase separation with 

porogen leaching or gas foaming (Ma, 2008; Reverchon  et al ., 2008; Wang 

 et al ., 2011). Because of the simultaneous presence of a macro-porous net-

work for cell colonization and a nano-fi brous pore wall topography which 

may mimic the collagen fi bres of the native biological tissues, these scaffolds 

have been investigated for several applications, including bone and carti-

lage regeneration. Along the same research line, porous scaffolds with an 

interconnected macro-porosity to promote cell colonization and prolifera-

tion, and an interwoven nano-fi brous network to improve cell entrapment 

and differentiation, have been obtained by combining electrospinning with 

leaching of particulate porogens, such as NaCl and ice crystal templating, 

(Kim  et al ., 2008; Leong  et al ., 2009), or by integrating electrospinning and 

solid free form fabrication processes (Park  et al ., 2008).  

  3.4     Pore structure versus  in vitro  cell culture 

 The  in vitro  culture of cells within porous scaffolds is an important step 

in the understanding of the cell/scaffold interaction and in characterizing 

the effect of the scaffold properties on its biological response  in vivo . This 

approach involves the use of appropriate seeding and culture conditions to 

allow for cell/scaffold construct development and maturation. Concerning 

the actual techniques in cell culture, the stimulation of cellular proliferation 

and the formation of two-dimensional sheet tissues such as skin are widely 

performed and generally allow obtaining an implantable and functional tis-

sue for clinical applications. The process becomes more complex for the for-

mation of organized three-dimensional tissues for which it is necessary to 

culture cells within porous scaffolds. Indeed, in this case, the issues of cell 

distribution and ECM deposition in three dimensions, as well as nutrient 

transport within the cell/scaffold construct and during the entire new tissue 

development, are extremely important (Karande  et al ., 2004). 

 Depending on the specifi c application, scaffolds can be fabricated from 

different materials; they must also possess some essential characteristics, 

including biocompatibility, and certain physical, mechanical, chemical and 

structural/architectural properties (Hollister, 2005). Architectural features, 
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namely pore size and shape, surface-to-volume ratio, pore wall morphol-

ogy and pore interconnectivity are probably the most critical parameters, as 

these have been shown to directly impact cell seeding, cell migration, tissue 

differentiation, transport of oxygen, nutrients and wastes, and new tissue 

formation in three dimensions (Karande  et al ., 2004; Pamula  et al ., 2008; 

Lien  et al ., 2009; Jeong and Hollister, 2010; Salerno  et al ., 2010b). 

 The fi rst important aspect in designing the architectural properties of 

porous scaffolds for  in vitro  cell culture is that the diameter of cells in sus-

pension dictates the minimum scaffold pore size, which varies from one cell 

type to another (Ranucci  et al ., 2000; Yang  et al ., 2001). 

 As summarized in Table 3.1, the investigation of optimal scaffold micro-

architecture for different  in vitro  culture models has also found a direct cor-

relation between pore size distribution and cell adhesion, morphogenesis, 

proliferation and differentiation.      

 Regarding scaffolds for bone TE, Pamula and co-workers (2008) have 

studied the effect of the mean pore size of poly(L-lactide-co-glycolide) scaf-

folds, in the range from 40 to 600  μ m, on the adhesion and colonization 

of osteoblast-like MG 63 cells in a conventional static culture system. The 

results of their study indicated that the higher surface of the 200 and 600 

 μ m pores enhanced cell infi ltration and allowed a more uniform cell distri-

bution in the interior of the pore structure. Conversely, the scaffolds with 

40  μ m mean pore size allowed cell colonization prevalently on the seeding 

surface, therefore resulting in an inhomogeneous cell/scaffold construct. 

 Although several studies report static cell cultures within porous scaf-

folds, in this case transport issues in three dimensions are very diffi cult to 

achieve, especially at long culture times and when cell proliferation and 

ECM deposition start to occlude scaffold pores. Overcoming this limitation 

may be possible with a dynamic environment, which can be obtained by the 

use of a bioreactor (McCoy  et al ., 2012). The bioreactor (1) must provide 

control over the initial cell distribution, (2) must ensure effi cient and con-

tinuous transport of fl uid, such as oxygen, nutrient and metabolic waste, as 

well as regulatory factors to tissue-engineered constructs and, ultimately, 

(3) must expose the developing constructs to controlled mechanical stimuli. 

Bioreactors provide the ideal means to study in detail the effect of culture 

parameters, namely nutrient supply and mechanical stimuli, in combination 

with scaffold pore structure on tissue growth and development. 

 In dynamic culture conditions, optimal growth of a tissue  in vitro  not only 

depends on the appropriate scaffold pore structure, but is also correlated 

to the culture parameters. Then, in the design of TE scaffolds, parameters 

including pore size, shape and interconnectivity, mechanical and trans-

port properties should be optimized concomitantly to perfusion conditions 

in order to maximize fl uid diffusion and cell stimulation for a successful 

inducement of tissue ingrowth. 



 Table 3.1     Overview of the optimal scaffolds pore size for different TE applications 

 Application  Cell type  Pore size 

( μ m) 

 Material scaffold  Fabrication 

technique 

 Comments  Reference 

 Cartilage  Chondrocytes  900  Polycaprolactone 

 Polyglycerolsebacate 

 Polyoctanediol-co-citrate 

 Solid free form  Polyoctanediol-co-citrate 

scaffold resulted in better 

results 

 Jeong and 

Hollister, 

2010 

 Chondrocytes  400  Collagen  Porogen 

leaching 

 Pore size tested: 180, 400 or 

720  μ m 

 Lu  et al ., 

2010 

 Chondrocytes  70–120  Chitosan  Freeze-drying  Pore size tested: < 10  μ m, 

10–50  μ m and 70–120  μ m 

 Griffon  et al ., 

2006 

 Chondrocytes  250–350; 

 350–500 

 Gelatin  Freeze-drying  Pore size tested: 50–150, 

100–200, 250–350 and 

350–500  μ m 

 Lien  et al ., 

2009 

 Chondrocytes  400  Hyaluronic acid coated 

chitosan 

 Woven fi bres  Pore size tested: 100, 200 and 

400  μ m 

 Yamane 

 et al ., 2007 

 Adipose stem 

cells 

 370–400  Polycaprolactone  Centrifugation/ 

freeze-

drying 

 Pore size tested: from 90 to 

400  μ m 

 Oh, 2010 

 MC3T3-E1 

mouse cells 

 95.9  Collagen-

Glycosaminoglycans 

copolymer 

 Freeze-drying  Pore size tested: from 95.9 to 

150.5  μ m 

 O’Brien 

 et al ., 2005 

 Bone  Mesenchymal 

stem cells 

 112–224; 

 400–500 

 Silk fi broin  Porogen 

leaching 

 Static and dynamic culture 

conditions 

 Hoffmann 

 et al ., 2007 

 Mesenchymal 

stem cells 

 200  Coralline 

hydroxyapatite 

 Hydrothermal 

treatment 

 Pore size tested: 200 and 500 

 μ m 

 Mygind, 

2007 

 Human foetal 

osteoblasts 

 330  Polylactic-co-glycolic 

acid 

 Porogen 

leaching 

 Pore size tested: 100, 200 and 

330  μ m 

 Cuddihy and 

Kotov, 

2008 

 MG63 human 

osteoblasts 

 600  Polylactic-co-glycolic 

acid 

 Porogen 

leaching 

 Pore size tested: 40, 200 and 

600  μ m 

 Pamula, 2008 

(Continued)



 Application  Cell type  Pore size 

( μ m) 

 Material scaffold  Fabrication 

technique 

 Comments  Reference 

 Calvarial 

osteoblasts 

 150–300; 

500–

710 

 Polylactic-co-glycolic 

acid 

 Porogen 

leaching 

 Similar results among the 

scaffolds tested 

 Ishaug-Riley 

 et al ., 1998 

 Primary rat 

osteoblasts 

 100  High internal phase 

emulsion polymer 

(PolyHIPE polymer) 

 Emulsion 

polymeri-

zation 

 Pore size tested: 40, 60 and 

100  μ m 

 Akay  et al ., 

2004 

 Human primary 

osteoblasts 

 400  Polylactic acid 

 Polylactic acid 

composites 

 Gas foaming  Improved response of 

composite scaffolds 

 Montjovent 

 et al ., 2005 

 Liver  Hepatocytes  82  Collagen  Freeze-drying  Pore size tested: 10, 18 and 

82  μ m. 

 Ranucci 

 et al ., 

2000 

 Hepatocytes  100  Chitosan-gelatin  Rapid 

prototyping 

 Freeze-dried scaffold was 

used as control 

 Jiankang 

 et al ., 2009 

 Muscle  Myogenic cell 

line C2C12 

 20–50  Collagen  Freeze-drying  Parallel orientated pores 

to guide myotubes 

alignment 

 Koehne, 

2008 

 Cardiac cells  100  Alginate  Freeze-drying  Scaffolds functionalized with 

adhesion peptide and 

heparin 

 Sapir  et al ., 

2011 

 Blood vessel   Human smooth 

muscle cells 

 110  Poly(trimethylene 

carbonate) 

 Porogen 

leaching 

 Tubular scaffold with a 

central channel 

 Song  et al ., 

2010 

  Vascular smooth 

muscle cells 

 50–100  Poly(L-lactide-co-

caprolactone) 

 Porogen 

leaching 

 Tubular scaffold with a central 

channel 

 Park  et al ., 

2009 

Table 3.1 (Continued)
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 Mygind and co-workers (2007) cultured mesenchymal stem cells up to 

21 days within coralline hydroxyapatite scaffolds with pore sizes of 200 

and 500  μ m, and compared cell colonization and osteogenic differentiation 

in static and dynamic culture conditions. As a result, these authors found 

that 200  μ m pore scaffolds exhibited a faster rate of osteogenic differentia-

tion. Conversely, the 500  μ m pore scaffolds increased cell proliferation and 

accommodated a higher number of cells. Furthermore, compared to static 

cultures, dynamic culture conditions enhanced the proliferation, differentia-

tion and distribution of cells in both scaffolds, fi nally indicating that scaffold 

pore structure act in synergy with culture conditions during cell culture and 

new tissue formation. 

 Over recent years, computational analysis has held great promise to allow 

fi nding the optimal scaffold and culture conditions for  in vitro  bone tissue 

regeneration, avoiding the use of highly expensive clinical experiments. 

Furthermore, this modelling approach may allow for a clearer interpreta-

tion and understanding of the biological mechanisms involved in new tissue 

genesis and growth aided by the scaffolds. Along this direction, Melchels and 

co-workers (2011) used computational fl uid dynamic simulations to demon-

strate the ability of the pore structure to transfer hydrodynamic forces dur-

ing  in vitro  perfusion culture and to fi nd the optimal fl ow rate conditions to 

improve cell adhesion and colonization. Two scaffold types, both with gyroid 

pore architectures, were designed and built by stereolithography: one with 

isotropic pore size (412  ±  13  μ m) and porosity (62  ±  1%), and another with a 

gradient in pore size (250–500  μ m) and porosity (35–85%). Computational 

fl uid fl ow modelling showed the highest densities of cells correlated with 

regions of the scaffolds where the pores were larger, and the fl uid velocities 

and wall shear rates were the highest. Under the applied perfusion condi-

tions, cell deposition is mainly determined by local wall shear stress, which, 

in turn, is strongly infl uenced by the architecture of the pore network of the 

scaffold. Similar work has been also reported by Guarino and co-workers 

(2012), which compared experimental and theoretical mesenchymal stem 

cell culture parameters,  aiming to fi nd the optimal conditions to improve 

stem cell differentiation within porous polycaprolactone scaffolds. As pre-

dicted by computational simulation model, the authors verifi ed that, when 

cultured within their scaffolds, a perfusion rate of 0.05 mL/min is the opti-

mum to stimulate stem cell differentiation. Finally, all these results demon-

strate the potential advantages of combining computational approaches and 

experimental culture models for optimal  in vitro  cell culture within porous 

scaffolds. 

 As reported in Table 3.1, great effort has been directed in the search for the 

optimal scaffold pore structure for a large variety of applications, such as the 

regeneration of bone, cartilage, liver, muscle and blood vessels. Regarding 
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scaffolds for cartilage regeneration, Lien and co-workers (2009) cultured 

chondrocytes within gelatin scaffolds with pores in the range of 50–600  μ m, 

and observed that cells infi ltrated and proliferated within the pore struc-

ture of all of the scaffolds up to 3 weeks of  in vitro  culture. However, as the 

pores became larger, the rate of cell growth and the amount of glycosamino-

glycans as well as collagen Types I, II and X increased. Furthermore, the 

chondrocytes in the smaller pores often showed a dedifferentiated form, 

while the phenotype of the cells was maintained better in larger pores. The 

authors fi nally concluded that chondrocytes prefer the group of scaffolds 

with pore size between 250 and 500  μ m for better proliferation and ECM 

production, demonstrating that the size of the space for cell growth is a key 

factor for cell metabolism. The results of Lien and co-workers have been 

also confi rmed by those reported by Oh and co-workers (2010) for chondro-

cytes cultured within polycaprolactone scaffolds. In particular, in their work 

the authors fabricated polycaprolactone scaffolds characterized by gradu-

ally increasing pore size, from 90 to 400  μ m, along the longitudinal direc-

tion by centrifugation and thermal fi bril-bonding process. Although it could 

be expected that different scaffold biomaterials may require different pore 

size distribution for optimal chondrocytes culture, as previously reported 

for gelatin scaffold, the polycaprolactone scaffold section having a pore size 

range of 370–400  μ m was found to be better for chondrogenic differentia-

tion than other pore size groups. 

 Several reviews also indicate that, besides mean pore size, the pore size 

distribution and pore shape are also important architectural scaffold param-

eters in determining the  in vitro  biological outcomes (Silva  et al ., 2006; 

Koehne, 2008; Lu, 2010; Salerno  et al ., 2010b). Recent studies have reported 

the incorporation of aligned channels into the general porous structure of 

the scaffold enhanced cell, and subsequent tissue formation throughout the 

scaffold. This has been demonstrated using combined fabrication methods 

such as porogen templating and gas foaming (Silva  et al ., 2006; Salerno  et al ., 
2010b), freeze-drying and ice particulate templating (Lu  et al ., 2010) as well 

as by unidirectional freezing process (Koehne, 2008). Indeed, compared 

to scaffolds with random porosity, those with the aligned pores evidenced 

improved cell colonization and infi ltration as well as deposition of the ECM 

into the interior (Silva  et al ., 2006; Salerno  et al ., 2010b). This effect is related 

to the fact that, during seeding, the aligned pores improved the diffusion 

of cell suspension inside the interior of the scaffolds and, consequently, a 

more uniform cell adhesion and proliferation can be achieved. Confocal 

microscopic observation of the cell/scaffold construct allowed comparison 

of the colonization/infi ltration of mesenchymal stem cells when statically 

seeded within polycaprolactone scaffolds with mono-modal or bi-modal 

pore size distribution. As shown in Fig. 3.4a, up to 90% of cells inoculated 

within the mono-modal scaffold adhered to the region close to the seeding 
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surface. Conversely, an almost uniform cell infi ltration was obtained along 

the depth of the scaffold when both random and elongated pores were pres-

ent (Fig. 3.4b). As previously discussed, this effect can be explained by con-

sidering the ability of the elongated macro-pores to accommodate larger 

volumes of fl uid compared to the rounded micro-pores and, therefore, 

allowing a faster drainage of the cell seeding suspension into the interior 

(Salerno  et al ., 2010b). As a direct consequence, stem cell colonization and 

proliferation occurred preferentially within the macro-pores of the scaffolds 

(Fig. 3.4c).      

 The effect of the pore structure on cell adhesion and infi ltration also had a 

direct impact on the rate of cell proliferation and osteogenic differentiation. 

In particular, it was observable that cells cultured within the mono-modal 

scaffold proliferated quickly in the fi rst two weeks of culture (Fig. 3.5a), 

preferentially on the seeding surface. A marked decrease in the number of 

viable cells in the third week of culture was obtained for the mono-modal 

scaffold, because of the occlusion of the pores on the seeding surface and 

cell death and detachment at high culture times. Conversely, the number of 

viable cells within the bi-modal scaffold increased up to three times from 

day 1 to day 21, and cell proliferation occurred within the entire construct.      
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 3.4      Effect of scaffold pore structure on mesenchymal stem cells 

adhesion and infi ltration  in vitro : cell infi ltration at day 1 within (a) 

mono-modal and (b) bi-modal polycaprolactone scaffold; (c) cell 

distribution within the large, elongated macro-pores of the bi-modal 

polycaprolactone scaffold. ( Source : Adapted from Salerno  et al ., 2010b.)  
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 The different pore structure of the mono-modal and bi-modal scaffolds 

also affected mesenchymal stem cell differentiation. In particular, the alka-

line phosphatase activity, which is an early osteogenic differentiation marker, 

of cells cultured within mono-modal polycaprolactone scaffold, had a maxi-

mum at 14 days, followed by a decrease at later culture times (Fig. 3.5b). 

Conversely, the alkaline phosphatase activity of cells cultured within the 

bi-modal scaffold progressively increased up to four times from day 7 to 21 

of culture. This is because cells on the seeding surface were exposed directly 

to the osteogenic medium and then, for the mono-modal scaffold cells, 

expressed earlier differentiation markers. A higher osteogenic differentia-

tion was conversely obtained for cells cultured within the bi-modal scaffold. 

Similar amounts of deposited Ca 2+  were quantifi ed for both scaffold types 

up to 28 days (Fig. 3.5c), even if the more homogeneous cell organization 

within the bi-modal scaffold may allow us to speculate about its ability to 

induce a more homogeneous ECM deposition in three dimensions. 

 As discussed in the previous section, with the advent of solid free form 

fabrication techniques it has been also possible to design and fabricate 

porous scaffolds with highly sophisticated architectures and highly complex 

internal and external geometries. These scaffolds have been then used over 

recent years to test accurately the effect of parameters such as pore geom-

etry and uniformity on cell behaviour. 

 The effect of pore size and channel geometry of 3D porous scaffolds on 

the osteogenic signal expression and subsequent differentiation of a trans-

planted cell population have been studied by Kim and co-workers (Kim 

 et al ., 2011). In particular, the authors cultured mesenchymal stem cells 

within porous photocrosslinked poly(propylene fumarate) scaffolds with 

random and highly ordered architectures fabricated by means of porogen 

leaching and stereolithography, respectively. Results showed that cells 

cultured within stereolithographic scaffolds with highly permeable and 

porous channels have signifi cantly higher expression of fi broblast growth 
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factor, transforming growth factor and vascular endothelial growth factor 

than those cultured within the porogen leaching scaffold. Subsequent 

alkaline phosphatase activity expression and osteopontin secretion had 

also signifi cantly increased in stereolithographic scaffolds, because of the 

continuous open channel geometry and a more favourable environment 

to facilitate early osteogenic signal expression and subsequent osteoblastic 

differentiation. 

 By means of solid free form fabrication Van Bael and co-workers (2012) 

fabricated titanium scaffolds with varying pore shape, more specifi cally tri-

angular, hexagonal and rectangular, and two different pore sizes, 500 and 

1000  μ m, respectively. The scaffolds were obtained through selective laser 

melting and were used to test the effect of pore size and geometry on cell 

adhesion, growth and differentiation  in vitro . Interestingly, it was observed 

that cell growth was affected by pore size but not pore shape. Conversely, 

the higher values of alkaline phosphatase activity of cell cultured within 

titanium scaffolds with 500  μ m triangular pores demonstrated that cell dif-

ferentiation was dependent on the synergistic effect of pore shape and size. 

In particular, as also previously discussed, the authors ascribed this effect 

to the dense cell distribution in the corners of the pores of this scaffold as 

induced by the different penetration of the seeding suspension. 

 Mimicking nano-scale topography of natural ECM is also advantageous 

for the successful  in vitro  cell culture. Indeed, most components of the natu-

ral ECM, such as collagen and hydroxyapatite, have structural features in 

the nano-metre dimensions, and the organization of cells and the corre-

sponding tissue properties is highly dependent on the architecture of the 

ECM. Nano-fi brous polylactic acid scaffolds were fabricated to emulate the 

architecture of collagen fi bres, demonstrating superior biological proper-

ties if compared to solid-wall scaffolds (Ma, 2008; Wang  et al ., 2011). For 

instance, Wang and co-workers (2011) optimized the phase separation of a 

polylactic acid solution in dioxane/methanol mixture solvent and containing 

gelatin micro-spheres, to fabricate macro-porous scaffolds with solid-walled 

or nano-fi brous architecture. Human dental pulp stem cells have then been 

cultured within the two scaffolds to investigate the role of pore wall structure 

on cell odontogenic differentiation. Compared to the solid-walled scaffold, 

the nano-fi brous scaffold enhanced the  in vitro  attachment and proliferation 

of stem cells and also improved alkaline phosphatase activity, calcium depo-

sition and expression of genes such as collagen I, osteocalcin and dentin 

sialophosphoprotein. Among the factors that might explain the observed 

results, the greater adsorption of cell adhesion proteins, such as fi bronectin, 

on the nano-fi brous scaffold has been indicated as the predominant one. 

Indeed, in dentin tissue, fi bronectin enhances the differentiation of odon-

toblasts and dentine formation and, may also serve as a reservoir of growth 

factors, which participated in the differentiation of odontoblasts.  
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  3.5     Pore structure vs.  in vivo  new tissue regeneration 

 Although many TE scaffold-based investigations currently focus on devel-

oping techniques appropriate for synthesis of tissues and organs  in vitro , 

such scaffolds must eventually be implanted in the appropriate host site to 

promote tissue repair/regeneration. 

  In vivo  regeneration of injured or excised tissue by a scaffold-based 

approach can be idealized as a process taking place within a bioreactor 

(the organism) with its complex biological mechanisms. The scaffold must 

be able to block wound contraction and scar tissue formation which occur 

after the surgical implantation procedure, while inducing regeneration of 

physiological tissue by the host. 

 To date, the goal of achieving  in vivo  scaffold-induced regeneration for 

a variety of tissues and organs, such as bone, cartilage and nerve, remains 

at the forefront of current TE investigations. In clinical settings, the nature 

of the wounds typically varies on a case-by-case basis, making it more diffi -

cult to understand the applicability of each treatment methodology to the 

range of injuries encountered, compared to  in vitro  evidence. This aspect, 

coupled with the wide range of materials and processing techniques for 

scaffold fabrication, is probably mainly responsible for the diffi culty of 

defi ning the optimal pore structure properties for each specifi c tissue. It is 

therefore critical to standardize the wound site where  in vivo  studies are 

performed to ensure the presence of a consistent anatomical and physico-

chemical environment. 

 As discussed in the previous section, pore structure is an essential consid-

eration for the design and fabrication of scaffolds for TE. As for  in vitro  cell 

culture, pores must be suffi ciently interconnected to allow for cell growth, 

migration and nutrient fl ow  in vivo . If pores are too small, cell migration 

and surrounding tissue infi ltration are limited, resulting in the formation of 

a cellular capsule around the edges of the scaffold. This, in turn, can limit dif-

fusion of nutrients and removal of waste, resulting in necrotic regions within 

the construct (Karande  et al ., 2004; Cao  et al ., 2006; Jones  et al ., 2009; Jeong 

 et al ., 2011). After implantation of tissue constructs, the transplanted cells’ 

survival, as well as that of the native host cells that migrate into the scaffold, 

will depend on the transport of nutrients and waste products between cells 

and host tissue. Fluids transport in the fi rst stage is exclusively carried out 

by diffusion processes that can supply the cells with nutrients only at a small 

distance, typically lower than 200  μ m from the nearest capillary in the sur-

rounding tissue. Consequently, the transplanted cells in central area of the 

scaffold frequently either fail to engraft, or die rapidly due to oxygen defi -

ciency, lack of nutrient and inadequate removal of waste products. So, it is 

very important for implanted tissue-engineered constructs, especially larger 

implants, to develop suffi cient vasculature rapidly  in vivo . 
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 To investigate the effect of the pore structure parameters on scaffold vas-

cularization, Bai and co-workers (2010) fabricated b-tricalcium phosphate 

scaffolds with accurately controlled pore parameters by using assembled 

organic micro-spheres as templates combined with casting technique. Using 

this technique, the authors produced a series of scaffolds with variable 

pore sizes, in the range of 300–700  μ m and variable interconnections, in the 

range of 70–200  μ m, to evaluate the infl uence of the size and interconnec-

tion throat of the pores on the  in vivo  vascularization after implantation. 

The authors founded that both size and number of the blood vessels grow-

ing into the porous structure of the scaffolds when implanted in the rabbit 

model were strongly dependent on the pore structure parameters. In par-

ticular, the increase in pore size resulted in an increase in size of the growing 

blood vessels, while with the increase in size of interconnection, both the 

size and number of the blood vessels formed within the pore structure of 

the scaffold increased. On the other hand, there was no signifi cant differ-

ence in scaffold vascularization with pores size above 400  μ m, and there was 

no marked increase in the extent of vascularization with further increase in 

pore size above 400  μ m, indicating that, in this case, the upper limit of pore 

size for vascularization is 400  μ m. 

 In terms of pore interconnectivity and new tissue formation, bone tissue 

has been the most investigated. Various authors have suggested a minimum 

interconnection size, below which bone ingrowth cannot occur. Lu and co-

workers (1999) reported that a minimum interconnection size of 50  μ m is 

recommended for marked mineralized ingrowth. 

 The importance of scaffold pore size and interconnection on  in vivo  tis-

sue formation has been also reported by Mastrogiacomo and co-workers 

(2006), which considered two hydroxyapatite bioceramics with identical 

microstructures but different surface areas, pore size distributions and pore 

interconnection pathways. These scaffolds had been fabricated by means 

of two different procedures, sponge matrix embedding and foaming. In the 

fi rst case, the scaffold was characterized by surface area and pore inter-

connection pathway equal to 1.63 m 2 /g and 100  μ m, respectively, while in 

the second case these parameters were 0.87 m 2 /g and 200  μ m, respectively. 

Bone ingrowth within the two scaffolds was investigated using an estab-

lished model of  in vivo  bone formation in mice by exogenously added 

osteoprogenitor cells. The histological analysis of specimens at different 

times after implantation revealed in both materials similar extents of bone 

matrix deposition, while different rates of bone formation and construct 

vascularization were observed. In particular, the presence of a more regular 

pore structure in the case of the foamed scaffold resulted in a faster occur-

rence of bone tissue, already after 4 weeks of implantation. Conversely, the 

wider and less tortuous pore interconnectivity of the scaffold prepared by 

the matrix embedding technique resulted in the formation of larger blood 
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vessels. These results clearly demonstrate that surface area and pore inter-

connection of osteoconductive scaffolds can infl uence the overall amount 

of bone deposition, the pattern of blood vessels invasion and, fi nally, the 

kinetics of the bone neo-formation process. 

 The continuous growth of 3D patterning technologies for developing 

scaffolds have allowed over the last years the systematic investigation of 

several micro-structural parameters of the scaffold, such as pore shape and 

geometry, on  in vivo  new tissue regeneration. Jeong and co-workers (2011) 

investigated the effect of three-dimensional poly(1,8-octanediol–co-citrate) 

scaffold pore shape on  in vivo  chondrogenesis using primary chondrocytes. 

Porous scaffolds with 900  μ m interconnected spherical or cubical pores 

were designed using rapid prototyping technique. A signifi cantly greater 

increase in cartilage matrix formation over 6 weeks  in vivo  implantation 

was observed for the scaffold with spherical pores, as evidenced by the 

higher ribonucleic acid expression for cartilage-specifi c proteins and matrix 

degradation proteins as well as glycosaminoglycans retained. The authors 

ascribed this effect to the lower permeability of the spherical-pore scaffold, 

which allowed keeping the ECM and maintaining a chondrocytic pheno-

type around pore necking areas better than the cubic-pore one. 

 In addition to the experimental techniques, computational simulation 

could be a helpful technique for evaluating the new tissue growth and the 

change in micro-structural properties of the scaffold during the regen-

eration process. Furthermore, the computationally predicted quantitative 

information may help to design an optimal scaffold microstructure to fulfi l 

the desired conditions. For instance, Jones and co-workers (2009) compared 

computational approaches with  in vivo  implantation to assess the biocom-

patible properties of two types of hydroxyapatite scaffolds. One scaffold 

type has been fabricated via pressing and fi ring, and has a disordered pore 

structure, while the second scaffold type, based on fused depositional mod-

elling, has a regular, lattice type architecture. The results of their work evi-

denced that the pore throat has a strong correlation with bone ingrowth. 

In particular, all pores with pore throat lower than 50  μ m exhibit no bone 

ingrowth. Overall, a preference for bone ingrowths are based on the acces-

sible pore radius with the cut-off radius around 100  μ m for early implanta-

tion time points. Finally, a strong enhancement of bone ingrowth has been 

observed for pore diameters higher than 100  μ m, while little difference in 

bone ingrowth has been measured with different scaffold design.  

  3.6     Conclusion 

 In this chapter we have provided an overview of the basic requirements of 

the pore structure of the scaffold for TE applications. 
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 The processing techniques that are currently used for the fabrication of 

three-dimensional porous scaffolds are reviewed, with particular attention 

on the processing-pore structure–properties relationship. Furthermore, 

special emphasis is placed on design and fabrication of porous scaf-

folds with multi-scaled and highly complex pore structures by combined 

approaches. 

 Based on the wide literature investigation about porous scaffolds design 

and characterization of its biological performance  in vitro  and  in vivo , the 

optimal design of scaffold pore structure is strongly required to trigger its 

biological response with precision. In particular, scaffold pore size, shape 

and interconnectivity have key roles in  in vitro  cell adhesion, proliferation 

and differentiation. Furthermore, multi-scaled pore structures provided by 

elongated macro-pores within a random micro-porosity may promote the 

formation of a homogeneous cell/scaffold construct and improve diffusion 

of oxygen and nutrients in three-dimension. Concomitantly,  in vivo  reports 

indicate that, along with pore size, new tissue ingrowth and vascularization 

are also modulated by pore interconnection pathway. 

 Finally, all of the results reported in this chapter evidence that the devel-

opment of processing techniques able to improve the control of scaffold 

pore structure at both nano- and micro-metric size scales may represent the 

basis for the ultimate success of the  in vitro  and  in vivo  TE scaffold-based 

strategies.  
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  Abstract : Porosity is a key parameter in the design of tissue engineering 
scaffolds, as bioactivity can be controlled and tailored to the synthesis of 
the target tissue by fi nely tuning the porous structure of the scaffolding 
biomaterial. This chapter discusses the effect of structural parameters, 
such as pore volume fraction, pore size and distribution, pore shape, pore 
interconnectivity and pore orientation, on the performance of sponge-like 
scaffolds, with a special focus on those directed to nerve regeneration. 

  Key words:  scaffold, porosity, nerve regeneration, pore orientation, nerve 
guidance conduits. 

    4.1     Introduction 

 Porous foam- or sponge-like scaffolds are essential in promoting and con-

trolling the regeneration of adult human tissues in large defects. The scaf-

fold itself is needed at the defect site, in order to provide both mechanical 

stability and an initial framework for cells to migrate within the lesion (and 

the latter is especially important for avascular tissues, where a fi brin scaf-

fold/clot does not form in the wound bed). The bioactive role played by 

porosity is clearly multiple, as pores can potentially: (a) allow and control 

cell attachment, migration and infi ltration; (b) provide improved nutrient 

and metabolite transport to and from the cells respectively, thus improving 

cell survival, especially in the centre of the defect (or device); (c) facilitate 

vascular infi ltration; and (d) control the orientation of extracellular matrix 

(ECM) molecules produced and laid down by cells. The bioactive potential 

of porosity thus depends on how carefully pore size and shape, pore volume 

fraction, pore interconnectivity and pore orientation are designed, keeping 

in mind the ‘gold standard’ architecture of the native ECM of the target tis-

sue or organ. In particular, assuming pore interconnectivity as a fundamen-

tal requirement, although diffi cult to measure (Li  et al. , 2003; Karande  et al. , 
2004), size, volume fraction and orientation of pores are the key variables 
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to be tuned to adjust the bioactivity of the scaffold. The direct effect of pore 

shape on cell behaviour has not been completely elucidated yet, although 

recent studies suggest that pore shape plays an important role in control-

ling cell differentiation (Jeong  et al ., 2011; Van Bael  et al ., 2012). However, 

the effects of porosity (pore shape included) on both the mechanical prop-

erties and the biodegradation rate of the scaffold should be evaluated, as 

those properties might have a huge impact on the outcome of the scaffold 

implant. 

 Porous foam scaffolds are widely used for nerve regeneration, at least 

at a research level, both for peripheral nervous systems (PNS) and cen-

tral nervous systems (CNS). Whereas for CNS a porous scaffold alone (i.e. 

without exogenous molecular regulators and/or cells) is not expected to 

induce a signifi cant regeneration, due to the intrinsic complexity of CNS 

microenvironment, there is evidence suggesting that a porous scaffold alone 

in the PNS might be suffi cient for at least partial regeneration and a certain 

functional recovery, following neurotmesis (i.e. nerve transection) (Yannas, 

2001). The surgical insertion of a ‘graft’ between the nerve stumps (either a 

nerve autograft, when available, or an engineered porous scaffold) is needed 

to stimulate axonal regrowth and distal reinnervation. Nerve autograft is 

currently the ‘gold standard’ for nerve regeneration, although the functional 

recovery achievable with this technique is unfortunately far from optimal, 

probably due to the use of a sensory nerve to replace either a sensory or 

a motor nerve. When implanting a porous scaffold, for given defect size 

and location, the quality of nerve regeneration and the extent of functional 

recovery depend on the scaffold properties, i.e. surface/bulk chemistry, bio-

degradation rate, mechanical stiffness and porous structure. 

 It is worth noting that, in order to mimic the cylindrical and aligned 

arrangement of peripheral nerves, two types of scaffolds can be used for 

PNS regeneration: a tubular scaffold with a porous wall, also called a nerve 

guide or guidance conduit, and a cylindrical scaffold with longitudinally or 

axially orientated pores. Even though most studies report the use of conduits 

alone for PNS regeneration (the so-called entubulation strategy) (Yannas, 

2001), the combined use of tubular and cylindrical scaffolds is likely the best 

operative option, since the two types of devices are expected to perform dif-

ferent but complementary functions, once implanted  in vivo  (Fig. 4.1).      

 The tubular device is envisaged to provide a chamber environment 

where a fi brin-based, longitudinally orientated matrix can form, in order 

to direct axons from the proximal to the distal stump, and where growth 

factors released by injured nerve cells can be retained at the defect site. 

The chamber is also expected to prevent the infi ltration of surrounding soft 

tissue and to limit the contractile activity of myofi broblasts, which is respon-

sible for scar formation (i.e. neuroma) in the physiological nerve response 

to injury. The design of the tubular scaffold wall should thus foresee specifi c 
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microporous patterns which would allow the conduit to perform all of the 

above-mentioned functions. 

 Conversely, the cylindrical matrix is expected to possess axially orien-

tated pores mimicking the structure of the fi brin cable formed between the 

nerve stumps and originating from the nerve exudate. The scaffold is thus 

meant to work as luminal fi ller of the chamber, providing an immediate sup-

port for the migration of Schwann cells and for elongating axons, in order 

to accelerate the reinnervation of the distal stump. Indeed, especially in the 

case of large defects (such as those found in clinical practice), the distal 

stump might undergo chronic degeneration before reinnervation occurs, 

i.e. the basement membrane making up the distal endoneurial tubes is dis-

rupted, thus inhibiting Schwann cell migration and further reinnervation 

(Höke, 2006). 

 This chapter deals with the importance of scaffold porosity in periph-

eral nerve regeneration. Firstly, the most widely employed materials and 

techniques for the fabrication of porous scaffolds are presented, with focus 

on the specifi c design criteria needed for tubular and cylindrical scaf-

folds, respectively. The quality of nerve regeneration achieved by means of 

Nutrients and
proteins

Myofibroblasts in
the tube wall

Schwann cell
migrating along
fibrin matrix or
luminal filler

 4.1      Role of conduit and luminal fi ller in PNS regeneration. The conduit 

is expected to provide a chamber permeable to nutrients and proteins, 

where an aligned fi brin-based matrix can form to allow Schwann cell 

migration. The conduit wall should also be able to host myofi broblasts. 

The luminal fi ller is expected to mimic the aligned fi brin cable, to 

accelerate the regenerative process in larger gaps.  
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foam- or sponge-like scaffolds (with pore sizes usually in the range 5–100 

 μ m) is then briefl y discussed, pointing out the diffi culties of translating PNS 

regenerative medicine to clinical practice. With regard to hydrogel-based 

scaffolds, possessing pore sizes in the range 10–100 nm and obtained through 

chemical or physical crosslinking of aqueous solutions, and fi brous scaffolds, 

characterized by the assembly of nanometric fi bres and usually produced 

by means of electrospinning, the readers are directed to further and recent 

reviews discussing their bioactivity in PNS regeneration (Jiang  et al ., 2010; 

Daly  et al ., 2012; Spivey  et al ., 2012).  

  4.2     Materials for foam scaffold fabrication 

 Although non-biodegradable scaffolds might be useful to induce a mod-

est tissue regeneration, as demonstrated in PNS for silicone-based nerve 

guides (Lundborg  et al ., 1991, 1994), their sustained presence in the long 

term causes a foreign body reaction, which requires a second surgical inter-

vention to remove the permanent scaffold (Mackinnon  et al ., 1984; Merle 

 et al ., 1989). A true regenerative medicine approach thus aims at using bio-

degradable polymers only, either synthetic or natural, for the scaffold fab-

rication. The scaffold performance is clearly affected by the nature of the 

degradation mechanism and the products that are released into the host 

site as resorption occurs, since those substances, even though not cytotoxic, 

might deeply change the local cell environment and have a negative effect 

on tissue regeneration. 

 Several biomaterials have been investigated for the production of nerve 

guides or axially orientated luminal fi llers. The degradation rate and mechan-

ical properties of synthetic polymers are more easily controllable, compared 

to those of naturally derived biomaterials, which, on the contrary, suffer 

from large batch-to-batch variations. However, those properties for natu-

ral polymers can be adjusted to a certain extent by means of several cross-

linking methods (Lee  et al ., 2001; Itoh  et al ., 2002; Harley  et al ., 2004; Pek 

 et al ., 2004). Among the most widely employed synthetic polymers, several 

polyesters have been reported in the last two decades, including poly(lactic 

acid) (PLA), poly(glycolic acid) (PGA), poly- ε -caprolactone (PCL) and 

their copolymers (Dellon and Mackinnon, 1988; den Dunnen  et al ., 1993; 

Aldini  et al ., 1996; Bryan  et al ., 2000). Such polymers are degradable  in vivo  

via hydrolysis of the ester linkage, and are approved by the US Food and 

Drug Administration (FDA) for use as sutures, surgical meshes and fi xation 

components. Although their degradation rate can be easily adjusted and 

tailored to the specifi c application by changing their hydrophobicity and 

crystallinity degrees (Yang  et al ., 2001), their use as scaffolds in the clinical 

practice remains controversial, due to their unfavourable combination of 

degradation process (burst or ‘bolus’ degradation) and release products at 
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the implant site. Indeed, since the process of hydrolysis starts eroding the 

bulk polymer in a random manner, the total mass of the scaffold remains 

essentially the same for a relatively long time, until the molecular weight 

of the fragments formed is small enough to make them soluble. When this 

occurs, the bulk polymer is rapidly solubilized, causing a deep decrease in 

the local pH (Muschler  et al ., 2004), before the degradation products can be 

further metabolized or excreted via normal physiological pathways (lactic 

and glycolic acids are eliminated from the body via Kreb’s cycle as CO 2  and 

in urine as water (Sinha and Trehan, 2003)). However, for highly porous 

implants, the effects of the degradation products might not be pronounced, 

since the polymer is only a small amount of the total volume of the scaffold, 

and the released products might be readily cleared by extracellular fl uids 

(Muschler  et al ., 2004). 

 Intuitively porosity, i.e. the amount of void space within the volume of 

the scaffold is expected to lead not only to a higher rate of clearance of 

the degradation products from the graft site, but also to a higher degra-

dation rate, since a larger surface of the bulk polymer comes into con-

tact with biological fl uids (Muschler  et al ., 2004; Dellinger  et al ., 2006). 

However, a few exceptions exist to this general rule, depending on the 

degradation products. Some studies have reported that scaffolds made up 

of poly(lactic-co-glycolic) acid (PLGA) degrade faster as their porosity 

decreases or their pore size increases, probably due to the slow diffusion 

and higher concentration of degradation products within the scaffold, 

which cause a stronger acid-catalysed hydrolysis (Agrawal  et al ., 2000; 

Wu and Ding, 2005). 

 Polyphosphoesters and polyurethanes have also been used for the fab-

rication of nerve guidance conduits, but their fast degradation rate is 

unlikely to match the rate of tissue regeneration desired for therapeutic use 

(Borkenhagen  et al ., 1998; Wang  et al ., 2001). 

 Natural polymers used to produce porous scaffolds for nerve regener-

ation are mainly macromolecules derived from the mammalian ECM, 

which are easily recognized by cells and thus allow for cell–ECM inter-

actions. Moreover, such polymers are susceptible to enzymatic digestion, 

which implies that the material or scaffold is locally resorbed, when specifi c 

enzymes secreted by cells meet its surface. Among ECM components, Type 

I collagen has been largely exploited to mimic the native ECM of periph-

eral nerve tissue. Other molecules which might be useful for stimulating 

PNS regeneration are laminin, fi brin, fi bronectin and vitronectin (Martini, 

1994; Fu and Gordon, 1997). It is important to note that the animal origin 

of such biopolymers, in addition to posing challenges in maintaining their 

activity during the extraction and processing, might raise questions about 

their immunogenicity and the risk of disease transmission. Collagen has 

been shown to be safe for clinical use, as its immunogenicity is particularly 
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low (Friess, 1998), and several medical-grade collagens of different origin 

are currently available on the market (Table 4.1).      

 Instead of processing ECM macromolecules to produce porous ECM-

mimicking scaffolds, a relatively simple and alternative approach consists in 

borrowing ECMs from mammalian organs and using them as scaffolds for 

the synthesis of new tissues. Decellularized matrices, obtained from animal 

or human donor tissues, have been thus investigated as scaffolds for nerve 

regeneration (e.g. acellular muscle, vein and nerve grafts) (Kim  et al ., 2004; 

 Table 4.1     Main worldwide manufacturers/suppliers of Type I collagen derived 

from animal tissues 

 Manufacturer  Type I collagen form  Origin 

 Aesculap AG & Co. KG. (B. Braun) 

  Tuttlingen, Germany 

 Solution  Bovine 

 Devro PTY Ltd 

  Bathurst, NSW, Australia 

 Dry fi bre, solution  Bovine 

 SYMATESE Biomateriaux 

  Chaponost, France 

 Dry fi bre  Bovine/porcine 

 INTEGRA lifesciences Co. 

  Plainsboro, NJ, USA 

 Dry fi bre  Bovine 

 Kensey-Nash Co. 

  Exton, PA, USA 

 Dry fl akes  Bovine 

 Collagen Matrix 

  Oakland, NJ, USA 

 Powder/particles  Bovine 

 Innocoll (Syntacoll GmbH) 

  Athlone, Ireland 

 Dry fi bre, gel  Bovine/equine 

 Invitrogen Co. (Life technologies Co.) 

  Carlsbad, CA, USA 

 Solution  Bovine/rodent 

 Advanced biomatrix Inc. 

  San Diego, CA, USA 

 Dry fi bre, solution  Bovine 

 SunMax biotechnology Co. Ltd. 

  Taiwan, RC 

 Solution  Porcine 

 Collagen solutions LLC 

  San Jose, CA, USA 

 Powder, gel  Bovine 

 KOKEN Co. Ltd. 

  Tokyo, Japan 

 Solution  Bovine 

 Southern lights biomaterials 

  Napier, New Zealand 

 Fibre/powder  Bovine 

 Orthovita Ltd. 

  Malvern, PA, USA 

 Powder/solution  Bovine 

 EnColl Co. 

  Newark, CA, USA 

 Powder/solution  Bovine 

 Angel biomedical Ltd. 

  Cramlington, England 

 Powder/solution  Bovine 

     Note : The list was derived from keyword Web searches, and includes only manu-

facturers that supply medical-grade Type I collagen, not derived from marine 

sources.    
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Stang  et al . 2009; Barnes  et al ., 2011). Although concerns exist about their 

reproducibility and sterilization, and their regenerative potential seems to 

be lower than that of nerve autografts, some decellularized nerve allografts 

are available for clinical use (Kehoe  et al ., 2012). 

 Among other natural polymers investigated as porous templates for nerve 

regeneration, there are several polysaccharides, such as chitosan, alginate 

and agarose. Chitosan, a polymer, derived from crustacean shells, which can 

be digested  in vivo  by lysozyme, has been reported for the fabrication of 

nerve guides, often in combination with synthetic polymers, such as PLA 

(Xie  et al ., 2008). Sponges of alginate and agarose, two polymers derived 

from seaweed, have also been investigated as scaffolds for nerve regenera-

tion (Kataoka  et al ., 2001; Zmora  et al ., 2002; Stokols and Tuszynski, 2006). 

Chitosan, alginate and agarose are also employed in the hydrogel form, 

either chemically or physically crosslinked. With regard to hydrogels, it is 

worth mentioning keratin, a protein derived from animal or human hair, 

which has the ability to self-assemble in hydrogel networks and has been 

recently proposed as a suitable substrate for Schwann cell migration (Apel 

 et al ., 2008; Sierpinski  et al ., 2008). Keratin-based sponges have been also 

proposed as scaffolds for tissue engineering (Katoh  et al ., 2004). For some 

physically crosslinked materials, such as alginate and agarose gels, dissolu-

tion is a possible mechanism of  in vivo  degradation. Dissolution is usually a 

slow, uncontrolled process, although the degree of physical crosslinking, to 

which the degradation rate is inversely proportional, can be modulated to 

some extent (Drury and Mooney, 2003).  

  4.3     Design and fabrication of foam scaffolds 
for nerve regeneration 

 A variety of fabrication techniques, and several combinations of them, have 

been developed to produce tubular and cylindrical scaffolds of given sizes 

and with well-defi ned porous structures. Once the ‘bulking’ biomaterial is 

chosen, the choice or development of a suitable fabrication method should 

take into account not only the specifi c material’s processability (e.g. dena-

turing proteins such as collagen require low-temperature handling), but 

also the envisaged porous structure, which signifi cantly affects the regen-

erative performance of the scaffold  in vivo . In order to fi nely tune and/or 

optimize the fi nal porosity, the current trend is to combine two or more 

pore-forming ‘traditional’ strategies. Furthermore, translational research 

requires the processing to be repeatable, susceptible of easy scale-up and 

biocompatible. 

 In the following, the design of porosity for both tubular and cylindrical 

scaffolds adopted in PNS regeneration is discussed. Hints as to traditional 
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and/or combined fabrication methods, useful to obtain the desired porosi-

ties, are also provided throughout the discussion. 

  4.3.1      Nerve guidance conduits 

 In addition to pursuing the optimization of the degradation rate and the 

mechanical properties of a nerve guide, the design of the conduit should 

include the tuning and the evaluation of the following properties affecting 

the quality of induced nerve regeneration: protein/cell permeability, surface 

area and contact guidance. It is clear that such properties are dependent on 

the macro- and micro-structure of the conduit, which in turn can be con-

trolled by the processing method adopted. 

 With regard to protein/cell permeability, the tube wall is expected to be 

porous enough to allow an effi cient transport of nutrients and oxygen from 

the surrounding environment, while preventing formation of fi brous tis-

sue at the wound site (Fig. 4.1). Therefore, the tube wall should be at least 

protein-permeable (i.e. with pores larger than 50 nm, for large proteins) 

(Yannas, 2001). As for cell permeability (i.e. tube should possess a wall with 

pores approximately equal to or larger than 20  μ m), a gradient of poros-

ity along the tube wall appears a promising design criterion, in an attempt 

to meet two counter-acting requirements for the conduit: (a) the need to 

host myofi broblasts, in order to limit scar tissue formation at the wound 

site, as suggested for collagen conduits (Chamberlain  et al ., 1998a, 2000); 

and (b) the need to inhibit fi brous tissue infi ltration from the surrounding 

environment. Whereas (a) requires cell-permeable pores, (b) can be met by 

designing cell-impermeable pores. Recent studies have thus focused on the 

development of fabrication techniques which lead to a gradient in pore size 

along the tube wall (Chang and Hsu, 2006; Harley  et al ., 2006; Oh and Lee, 

2007). Two of these studies, in particular, have focused on the control of 

pore orientation, in addition to pore size. 

 Collagen-based tubes with radially aligned porosity, cell-permeable 

pores at the inner wall and cell-impermeable pores at the outer wall, 

show the potential to regulate myofi broblast attachment and migration, 

and have been synthesized by means of a spinning technique, combined 

with a freeze-drying process (Harley  et al ., 2006). The described spin-

ning technique is a centrifugal casting process, in which a collagen slurry 

contained in a plastic tube is subjected to an ultra-centrifugation regime, 

which can be modelled to predict the collagen concentration profi les 

resulting from specifi c processing parameters (i.e. spinning time and 

velocity) (Sannino  et al ., 2010). Freeze-drying, also termed ‘lyophiliza-

tion’, is a low-temperature, low-pressure process which consists of remov-

ing a liquid phase (usually water or aqueous solution) from a given 

suspension, via freezing and subsequent sublimation of ice. The removal 
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of ice via sublimation leaves behind a porous, sponge-like material, 

whose porosity is a negative replica of the ice crystal structure formed 

during the freezing (Fig. 4.2). Smaller pores are thus yielded by higher 

undercooling (i.e. lower temperatures of freezing) (O’Brien  et al ., 2004), 

whereas orientated pores can be obtained by establishing a directional 

gradient of temperature during the solidifi cation process (Kuberka  et al ., 
2001; Stokols and Tuszynski, 2004). The concentration of solid in the 

initial aqueous suspension might also affect the growth of ice crystals 

and the resulting pore size, with smaller pores obtained from suspen-

sions with higher solid concentration (smaller pore volume fractions are 

also obtained). The combination of the spinning technique with rapid 

freezing of the spun collagen slurry (in liquid nitrogen) and subsequent 

freeze-drying thus yield porous tubular scaffolds, which show: (a) radi-

ally orientated pores, resulting from the radial freezing process; and (b) 

a gradient of pore sizes along the tube wall, with increasing pore sizes 

from the outer to the inner wall, resulting from the concentration profi le 

of collagen established during the spinning.      

 Conversely, PLGA–pluronic composite tubes, possessing radial pores 

with a cell-impermeable inner wall and a cell-permeable outer wall, 

have been developed by means of a modifi ed immersion precipitation 

method, to allow a good nutrient transport while isolating the defect 

from external fi brous tissues (Oh and Lee, 2007). The fabrication method 

described therein is one of the multitude of phase separation techniques, 

Ice
sublimation

Ice crystals

Polymer
suspension Porous

scaffold

 4.2      Schematization of the freeze-drying process. Ice crystals nucleate 

and grow by diffusion of water into a polymer suspension or solution 

(e.g. collagen slurry). The following sublimation of ice leaves the 

polymer struts or walls created during the solidifi cation process, 

yielding a porous scaffold.  
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either non-solvent or thermally induced, employed in the literature. In 

particular, the method involves a non-solvent induced phase separation 

(NIPS), which is based on contacting a polymer solution, previously cast 

into a mould, with a non-solvent. As the non-solvent penetrates the solu-

tion, the polymer precipitates, forming a solid phase. By evaporating the 

non-solvent, a porous scaffold is left behind. In that study, an alginate 

hydrogel rod was immersed in a PLGA–pluronic solution, and the diffu-

sion of water (i.e. the non-solvent) from the rod to the solution caused 

the precipitation of a polymeric layer around the rod. Pluronic was used 

in addition to PLGA in order to increase the hydrophilic character of the 

device. The resulting polymeric tube showed a wall thickness dependent 

on the immersion time, whereas the gradient of pore sizes along the wall, 

with nanosized pores (50 nm) at the inner surface and cell-permeable 

pores at the outer one (50  μ m), was related to the concentration profi le 

of PLGA–pluronic generated by water diffusion. The pore volume frac-

tion was also tunable, by changing the solvent/non-solvent ratio. 

 Regardless of the different biomaterials used, the implantation of con-

duits with micropatterned porosity in animal models could help in under-

standing the effect of tube wall porosity (in terms of both pore size and 

orientation) on the quality of nerve regeneration, which is still unclear. 

 In addition to the conduit permeability, fi ndings from a number of inde-

pendent investigations suggest that the surface area of the tube wall should 

be optimized, as better nerve regeneration is achievable with increased sur-

face area (Chew  et al ., 2007; Vleggeert-Lankamp  et al ., 2007; Wang  et al ., 
2007; Yang  et al ., 2007). The specifi c surface area of a scaffold, or surface 

area per unit volume (SAV), defi nes the area of the scaffold available for 

cell adhesion, and is strictly related to its porosity. The surface area can be 

assessed, at least approximately, if the pore volume fraction (P), pore size 

and pore shape are known (O’Brien  et al ., 2004), with SAV being inversely 

proportional to the pore diameter, and directly proportional to the solid vol-

ume fraction S (S = 1 − P) of the scaffold. The existence of an optimal pore 

size range for the regeneration of different tissue types (Yang  et al ., 2001; 

Yannas, 2001) suggests that an optimal surface area is needed for improved 

cell binding. For PCL tubes with a macroporous outer wall, a microporous 

inner wall (pore size 1–10  μ m) was found to be more advantageous for nerve 

regeneration than non-porous and macroporous inner walls (Vleggeert-

Lankamp  et al ., 2007), and this might be ascribed to the existence of an opti-

mal surface area for nerve regeneration. However, it is worth stressing that 

the effective interaction of cells with the substrate should be considered for 

the estimation of the true surface area. For polymers that do not mimic the 

mammalian ECM, like synthetic ones, the effective SAV for a given porosity 

might be diffi cult to assess. Moreover, it should be considered that increased 
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porosity of the conduit wall might have a detrimental effect on its mechani-

cal properties (Meek and den Dunnen, 2009), which are important for its 

protective chamber role as well as for proper handling and suturing. 

 Microfabrication by means of soft lithography is largely exploited for 

the production of microgrooved conduits, which possess increased surface 

area available for cell interaction and may also provide contact guidance 

to Schwann cells and axons (Hsu  et al ., 2009). Contact guidance is the abil-

ity of the matrix to provide cells with directional cues, in order to guide 

their migration along specifi c patterns. The orientation of the matrix pores 

(or fi bres) has been shown to affect also the maturation of Schwann cells 

(Chew  et al ., 2008). In this perspective, it is clear that fi brous tubular scaf-

folds, produced, for example, by means of electrospinning (Subramanian 

 et al ., 2011), might be extremely advantageous compared to foam-like ones, 

as they intrinsically combine permeability, high surface area and increased 

contact guidance (Jiang  et al ., 2010). 

 Whether the surface area of the conduit is a more important design crite-

rion than its contact guidance is still matter of investigation. A recent study 

shows that aligned poly(acrylonitrile-co-methacrylate) electrospun fi bres 

deposited onto the inner wall of a polysulfone nerve conduit are funda-

mental to elicit nerve regeneration, compared to non-aligned ones (Kim 

 et al ., 2008). Conversely, an independent investigation on the effect of dif-

ferent electrospun fi bres on the inner surface of synthetic conduits seems 

to suggest that increasing the surface area of the conduit may improve its 

regenerative capacity more signifi cantly than the contact guidance, at least 

in the long term (Chew  et al ., 2007). Obviously, the quantitation of the true 

surface area available for cell interaction (which depends on the specifi c 

biomaterial used) would be helpful for a deeper understanding of its effects 

on nerve regeneration. 

 Considering the overall bioactive role played by the scaffold microstruc-

ture, the choice of a suitable fabrication method should be based on the 

processing variables that allow the modulation of porosity of the resulting 

scaffold, especially in terms of pore size, orientation and volume fraction. 

The larger the number of such variables, the higher is the potential of the 

fabrication method for the scaffold design. Among novel fabrication meth-

ods, it is worth mentioning rapid prototyping techniques as emerging tools to 

produce customized tissue engineering scaffolds, including nerve conduits. 

Unfortunately, to date only a limited number of materials can be processed, 

although recent investigations have shown the applicability of rapid proto-

typing techniques to collagen-based composites for nerve regeneration (Cui 

 et al ., 2009). Moreover, the spatial resolution of rapid prototyping methods 

is currently limited to tens of microns, which might represent a drawback for 

many tissue engineering applications.  



112   Biomedical Foams for Tissue Engineering Applications

  4.3.2      Axially orientated cylindrical matrices 

 As discussed previously, luminal sponge-like fi llers with axially orientated 

pores can improve PNS regeneration by providing prompt contact guidance 

to Schwann cells and axons, in an attempt to mimic what basement mem-

brane endoneurial tubes physiologically do in response to axonotmesis. This 

is extremely important when bridging large defects, as accelerating axonal 

regrowth might impede distal denervation. 

 At this stage, it is worth highlighting what the expression ‘large defects’ in 

PNS regeneration stands for. Since the fi rst studies on nerve entubulation, 

gap length has been considered the most limiting factor in regeneration. 

For gaps shorter than the critical length size, which is related to the animal 

species, the frequency of reinnervation obtained through the entubulation 

technique is usually high, regardless of the specifi c device used. This is why 

the regenerative potential of a nerve guide should be determined in gaps 

larger than the critical size (Yannas, 2001). However, it has been recently 

hypothesized that the overall volume of the nerve chamber, determined by 

length and diameter of the defect, is the true limiting factor in nerve regen-

eration (Moore  et al ., 2009). This assumption is based on the fact that, even 

when encouraging animal data have been provided for a given device, clin-

ical studies on relatively large human nerves, such as the ulnar and median 

nerves (which have a diameter of approximately 3–4 mm), have mostly led 

to unsuccessful results (Stanec and Stanec, 1998; Weber  et al ., 2000; Meek 

and Coert, 2008). A possible explanation for a critical chamber volume lies 

in the inability of a larger chamber to provide a suffi cient concentration of 

neurotrophic factors and/or a crossing fi brin cable. It is clear that, in such 

cases, the presence of a luminal fi ller with axially orientated pores within 

the chamber might be particularly helpful in promoting nerve regeneration, 

also considering that the porous matrix might serve as a delivery vehicle 

for exogenous cells (which are invaluable sources of growth factors) and/or 

growth factors. 

 As discussed above for nerve guidance conduits, surface area and con-

tact guidance are key properties to consider when designing porous luminal 

fi llers. As shown for different tissues, an optimal scaffold pore size exists 

for nerve regeneration. For instance, orientated collagen matrices, inserted 

into a collagen tube, provided results comparable to the ones achieved by 

the nerve autograft only with a pore size of 20  μ m, in a 10 mm gap in the rat 

sciatic nerve model (Chang  et al ., 1988, 1990; Chamberlain  et al ., 1998b). In 

addition to the surface area, more recent studies seem to suggest that the 

contact guidance in the longitudinal direction is the key element for success-

ful nerve regeneration (Yao  et al ., 2010), as non-orientated scaffolds might 

hamper nerve regeneration by obstructing axonal elongation (Evans  et al ., 
2002; Stang  et al ., 2005). 
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 Combined unidirectional freezing and freeze-drying are probably the 

most widely exploited techniques to produce orientated foam-like matrices, 

starting from natural biomaterials such as collagen (Chang  et al ., 1990; Schoof 

 et al ., 2000, 2001; Kuberka  et al ., 2002), agarose (Stokols  et al ., 2004) and 

alginate (Kataoka  et al ., 2001). Two different uniaxial freezing methods can 

be adopted to obtain orientated pores. An aligned porous structure can be 

obtained by freezing a polymer solution or suspension via slow immersion 

into a cooling bath, and subsequent freeze-drying. For a given polymer 

concentration, the velocity of immersion and the temperature of the freez-

ing bath can signifi cantly affect the pore size and the pore orientation of 

the resulting matrices, as shown for collagen-glycosaminoglycan scaffolds 

(Loree, 1996). For those matrices, only particular combinations of immers-

ing velocity and freezing temperature were found to yield axially orientated 

pores for cylindrical scaffolds with diameters ranging from 1.5 to 3.8 mm 

(Loree, 1988; Louie, 1997; Chamberlain  et al ., 1998a; Spilker  et al ., 2001). 

 Alternatively, a solution or suspension of the selected biomaterial can be 

injected into a cylindrical mould, made of an insulating material, and the 

bottom of the mould can be placed in contact with a ‘freezing’ metal plate or 

shelf. Whereas pore orientation can be controlled by the longitudinal tem-

perature gradient induced during the freezing, with ice crystals growing uni-

directionally from the bottom to the top of the matrix, the pore size depends 

on polymer concentration and local freezing temperature (with the former 

affecting also the pore volume fraction). Indeed, the main limitation of the 

technique is that a pore size gradient is established throughout the length of 

the matrix, as a result of the longitudinal gradient of freezing temperature. 

This difference in pore size, which can be neglected for ‘short’ matrices, i.e. 

with lengths up to a few mm (Stokols  et al.,  2004; Madaghiele  et al ., 2008), 

should be carefully evaluated when designing axially orientated matrices 

for bridging long nerve gaps, as pore size difference between the two sides 

of the matrix might be signifi cant. Moreover, it might be also diffi cult to 

control the axial orientation of pores, considering that a certain radial freez-

ing can be established near the wall of the mould, resulting from a minimal 

radial heat conduction (Madaghiele  et al ., 2008). Both pore size gradient 

and radial freezing might contribute to the non-continuity of pore channels 

along macroscopic lengths (Fig. 4.3).      

 Other fabrication techniques reported to date for the production of scaf-

folds with longitudinally orientated pores include fi bre templating (Flynn 

 et al ., 2003), porogen leaching (Lin  et al ., 2003), injection moulding and sol-

vent evaporation (Moore  et al ., 2006), microfi lament alignment (Cai  et al ., 
2005) and wire-heating (Huang  et al ., 2005). Most of these manufacturing 

methods are based on the use of additional chemicals and/or polymeric 

fi bres or metal wires, which are incorporated into the scaffold architecture 

and then removed, e.g. through solvents or thermal separation processes, to 
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obtain the desired pore structure. However, the use of additional chemicals 

and/or complex fabrication methods is not recommended in terms of device 

safety and biocompatibility. 

 Aligned fi brous matrices, instead of foam-like ones, have also been 

investigated, based on collagen (Okamoto  et al ., 2010), polyesters (Wang 

 et al ., 2005; Hu,  et al ., 2008) and silk (Yang  et al ., 2007; Radtke  et al ., 2011). 

With regard to collagen fi laments used to bridge a rat sciatic nerve defect, 

a higher number of fi laments was found to enhance the number of regen-

erated axons (Yoshii  et al ., 2003), probably due to increased surface area 

and contact guidance. However, the packing density of fi bres (i.e. the pore 

volume fraction of the fi brous fi ller), as well as their spatial distribution 

within the conduit, affects nerve regeneration (Ngo  et al ., 2003). It has been 

recently argued that sponge-like matrices, with aligned microchannels over 

the entire length, might be more suitable for nerve regeneration than fi brous 

scaffolds (Spivey  et al ., 2012). This hypothesis is based on the consider-

ation that, regardless of fi bre packing, fi bres cannot be aligned over macro-

scale distances, thus do not provide continuous channels able to mimic the 
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 4.3      Synthesis of cylindrical collagen-based scaffolds with uniaxially 

orientated pores. (a) Schematization of the ideal uniaxial freezing 

process. (b) Real freezing process. A certain radial component 

of pore orientation can be obtained if the collagen slurry is not 

perfectly insulated along the radial direction, during the freezing (left: 

photograph of the non-ideal freezing process of a collagen slurry, by 

means of liquid nitrogen; right: resulting microstructure visualized by 

electron microscopy).  
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morphology of the fi brin cable and/or the endoneurial tubes accommodat-

ing Schwann cells. A pioneering comparative study by Toba and colleagues 

(Toba  et al ., 2001) attempted to analyse nerve regeneration achieved by 

either collagen fi bres or an orientated collagen sponge, used as luminal fi ll-

ers for PLA conduits along a 80 mm gap in a canine peroneal nerve. The 

study showed that there was no difference in regenerative effi cacy between 

the two fi llers, although in both cases axonal regeneration in the distal end 

was poor and functional recovery was not assessed.   

  4.4     Methods of assessing nerve regeneration and 
overview of porous scaffolds 

 As discussed above, the implant of a graft between the stumps of a transected 

nerve might suffi ce to induce a certain axonal regeneration. However, the 

quality of induced nerve regeneration is deeply affected by the following: 

(a) the properties of the graft, such as permeability, surface area, contact 

guidance, degradation rate and mechanical stiffness; and (b) the gap size 

(i.e. graft length and diameter), since, for a given animal model with critical 

defect length and for a selected device, the quality of nerve regeneration is 

found to decrease as the gap increases. 

 In order to analyse and compare the regenerative capability of different 

devices, a gap value equal to or larger than the critical size should be fi xed, 

and nerve regeneration achievable in the distal end (if any) should be eval-

uated, together with reinnervation of the target muscle. In this section, after 

presenting the methods by which nerve regeneration can be assessed, we 

focus on the use of porous scaffolds in PNS regenerative medicine, stressing 

the reasons for the existing gap between experimental and clinical settings. 

  4.4.1      Evaluation methods 

 Nerve regeneration should be evaluated both morphologically and func-

tionally, by comparing specifi c properties of the regenerated nerve graft 

with those of a normal or intact nerve. Some morphological and functional 

evaluation methods are briefl y presented in the following, with the aim of 

providing a few basic elements for a correct interpretation of PNS regenera-

tion data encountered in the literature. 

  Morphological analysis 

 Nerve histology is traditionally orientated to the assessment of nervous tis-

sue regeneration. To this aim, key parameters to be evaluated are the num-

ber and diameter of myelinated axons, the thickness of the myelin sheath 

(expressed in terms of G-ratio, i.e. the ratio of the axon diameter to the 
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myelinated fi bre diameter), and the ratio of the total myelinated fi bre area 

to the total nerve tissue area (i.e. the so-called N-ratio). Experimental evi-

dence suggests that axon remyelination during regeneration is impaired, 

leading to thinner myelinated axons (Dyck  et al ., 2005), even though some 

myelinated tissue remodelling occurs in the long term (Archibald  et al ., 
1995; Chamberlain  et al. , 2000). Values of G-ratio of about 0.7 are reported 

for normal rat nerves (Raimondo  et al ., 2009), and G-ratios of regenerated 

nerves are usually far below the normal values (Dyck  et al ., 2005). Even 

when normal values of G-ratios have been reported for the regenerated 

nerve trunk in the long term (den Dunnen  et al ., 1993), functional recov-

ery remains poor. This fi nding suggests that morphological analysis only of 

nerve tissue is not suffi cient to demonstrate proper and full nerve regenera-

tion, and functional analysis is thus additionally required. 

 From a morphological point of view, it is worth pointing out that regener-

ated and normal nerves differ also in their stromal tissues. Clear evidence of 

 in vivo  regeneration of physiological endoneurium and epineurium has not 

been shown (Yannas, 2001). The absence or improper formation of those 

tissues might explain, at least in part, the poor functional outcome of the 

regenerated nerve. Histology should thus be orientated to the assessment of 

regeneration of non-neuronal tissues as well. 

 Non-invasive magnetic resonance neurography can be implemented to 

evaluate nerve damage and/or regeneration, in addition to histology and 

electrophysiology (Cudlip  et al ., 2002; Bendszus  et al ., 2004; Hsu  et al ., 
2011).  

  Functional analysis 

 Electrophysiological measurements, which include sensory and motor nerve 

conduction, electromyography, spinal refl ex tests, and motor and sensory 

evoked potentials (SEP), provide quantitative analysis of nerve function. 

Non-invasive methods, in particular, allow serial assessments of nerve regen-

eration and are directed to the evaluation of the compound muscle action 

potential (CMAP), which records the function of the target muscle follow-

ing nerve stimulation, and the nerve conduction velocity (NCV). In the rat 

sciatic nerve model, the targets frequently used are the gastrocnemius, tibial 

or plantar muscles. Most studies show signifi cant differences between the 

normal and regenerated nerves, with normal nerve usually having shorter 

latency and higher amplitude of CMAP (the latency and amplitude are often 

expressed as the ratio of the experimental side to the contralateral side) 

(Yannas, 2001). The NCV, measured along the nerve graft, is calculated as 

the ratio of the conducting distance and the latency time to the peak of the 

maximal action potential (Navarro and Udine, 2009). The NCV of a regen-

erated nerve is typically lower than that of normal nerves (Chamberlain 
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 et al ., 1998b). However, NCV values are strongly dependent on temperature 

and on evaluation time for the same animal, thus CMAP measurement is 

considered more meaningful than NCV one (Navarro and Udine, 2009). 

 Functional recovery can be evaluated also by kinematic gait analysis, 

which has been well established in the last decades, especially for the rat 

model. Sciatic functional index (SFI) calculation is based on the measure-

ments of rat footprints in a walkway (de Medinaceli  et al ., 1982; Varejão  et al ., 
2001). Video analysis and computerized technologies have been developed 

to allow for the measurement of dynamic and static gait parameters.   

  4.4.2      Current and ‘next generation’ porous scaffolds 
in peripheral nervous system (PNS) regenerative 
medicine 

 Although no tubular device has shown superior effectiveness compared to 

the nerve autograft, several guidance conduits, based either on natural or 

synthetic biomaterials, are currently available for clinical use (Kehoe  et al ., 
2012), with inner diameters up to 10 mm and lengths up to 40 mm (with the 

longest size usually available for the smallest inner diameter). Conduits are 

indeed adopted for the treatment of small defects in small-diameter nerves 

(e.g. digital and radial sensory nerves). Good functional recovery has 

been reported so far for specifi c devices, at least in some treated patients 

(Bushnell  et al . 2008; Farole and Jamal, 2008; Meek and Coert, 2008). A 

comprehensive review on the clinical applications and outcomes of avail-

able conduits for PNS regeneration has been recently published and is sug-

gested for further reading (Kehoe  et al ., 2012). In this context, the focus is 

on the optimization of biomaterial-based scaffolds for an effective clinical 

outcome of nerve regenerative medicine. First, it is worth highlighting that 

no specifi c tube wall microstructure is reported for the ‘fi rst generation’ 

devices that are currently available (Fig. 4.4). The Neuragen® tube, which 

is the one with the largest number of prospective and retrospective clinical 

studies, is a collagen-based device with a random, cell-impermeable poros-

ity in the tube wall, which shows a comparable effi cacy to autograft for 

gaps up to 20 mm. The choice of a tubular scaffold, among those currently 

available for clinical use, should thus be based on the reported clinical 

results, when these are available, and/or on the evaluation of their degrada-

tion rate and mechanical properties. Although being widely employed, the 

Neuragen® tube requires 36–48 months to fully degrade, which is prob-

ably too long a time for optimal nerve regeneration and can make other 

‘fast’-degrading tubular devices more appealing (other resorbable nerve 

guidance conduits, currently available, show residence times  in vivo  rang-

ing from 3 to 16 months).      
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 As discussed above, relatively recent studies show that a more accu-

rate design of conduit porosity and/or topography can potentially lead to 

improved nerve regeneration, in terms of axon remyelination and func-

tional recovery, resulting from optimized surface area and contact guidance. 

Such ‘second generation’ devices are still matter of experimental investiga-

tion. Even when the positive effect of specifi c porous nano- and/or micro-

patterns in the tube walls has been demonstrated in animal models, further 

optimization of the fabrication methods is indeed required for translation 

to the clinical practice. In addition to the choice of a biocompatible material 

suitable for medical use, the fabrication method should be adjusted to fulfi l 

the strict regulatory requirements concerning the production of implantable 

medical devices. 

 With specifi c regard to the design of conduits with luminal grooves for 

improved contact guidance, it is reasonable to hypothesize that orientated 

luminal fi llers, instead of empty grooved conduits, are more capable of induc-

ing nerve regeneration with functional recovery. Currently, no luminal fi llers 

are used in clinical practice, in spite of the number of studies reporting their 

effi cacy in enhancing nerve regeneration. In animal models, the bridgeable 

gap length has increased dramatically, when using a nerve conduit fi lled with 

either fi bres or an aligned matrix, in the absence of any other exogenous 
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 4.4      Scheme of current and next generation scaffolds for PNS 

regeneration. Second generation conduits differ from the current ones 

as they include specifi c porous patterns for optimized surface area 

and contact guidance. Third generation devices combine conduits and 

longitudinally orientated luminal fi llers. Fourth generation devices 

include also exogenous molecules and/or cells.  
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factor (i.e. cells and/or soluble molecular regulators). For example, a gap of 

30 mm in the dog sciatic nerve has been bridged by using PGA fi laments 

within a chitosan conduit, leading to a degree of functional recovery com-

parable to that of the autograft control (Wang  et al ., 2005). Matsumoto and 

colleagues reported that a 8 cm long gap could be bridged in a dog model, 

with functional recovery, by using a PGA conduit fi lled with laminin coated 

collagen fi bres (Matsumoto  et al ., 2000). However, despite the encouraging 

animal results, the true evidence of the clinical effi cacy of such ‘third gener-

ation’ devices seems hard to achieve. 

 First of all, translational research in PNS regeneration seems to be limited 

by the lack of standardization of experimental design. Very often, investiga-

tors choose arbitrarily the main variables of their experiments (i.e. animal 

species, gap length, time and location of observation along the regenerat-

ing nerve trunk). Moreover, many studies are performed without consid-

ering the presence of both a negative (i.e. silicone tube) and a positive (i.e. 

autograft) control, which can lead to erroneous or limited evaluations of 

the actual regenerative capability of a device. More importantly, in cases 

of complex device confi gurations (e.g. tubes with luminal fi llers), the study 

of the effi cacy of each part of the combined device is often missing, thus 

the evaluation of the effective contribution of a tube design or tube fi lling 

to regeneration cannot be performed. These limitations hinder the compre-

hension of the regenerative mechanisms induced by a specifi c device and 

make a comparison among different devices particularly challenging. 

 Finally, it is worth pointing out that the choice of the animal model seems 

to be extremely important and might explain, at least partially, the strik-

ing difference in PNS regeneration reported for animal and human nerves 

respectively, for given devices. The use of small animals (e.g. rat, mouse) for 

PNS injury is debatable, for both the much smaller gap sizes involved, com-

pared to humans, and the superior neuroregeneration activity of rodents 

compared to higher mammals. Even if assuming that the speed of axonal 

growth in humans is comparable to that found in rodents, i.e. 1–4 mm/day 

(Williams  et al ., 1983; Höke, 2006), such a speed would be unable to cover 

the entire gap length of the human nerve, before chronic denervation occurs 

in the distal stump (Höke, 2006). This observation confi rms the importance 

of accelerating nerve regeneration along large gaps by means, for example, 

of porous luminal fi llers inside a nerve guidance conduit, or by means of 

electrical stimulation (Gordon  et al ., 2009).   

  4.5     Future trends 

 In spite of the conduits already available on the market for enhancing nerve 

regeneration, the poor clinical results suggest that there is yet a long way to 

go to achieve successful PNS regeneration with good functional recovery. 
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The intrinsic regenerative complexity of human nerves, which relates to the 

large gap volume to be bridged, highlights the need for an accurate design 

of both scaffolds and animal experiments. 

 The evolution from fi rst generation guidance conduits to nano- or micro-

patterned second generation ones appears feasible in the near future, if bio-

compatible fabrication methods are used and clear evidence of their safety 

and effi cacy can be demonstrated in suitable animal models. With regard to 

the choice of the animal model, it has been recently suggested that rodent 

models would probably provide more reliable data for the development of 

novel therapies on humans if the evaluation of nerve regeneration was per-

formed at relatively early time points, when differences between positive and 

negative control groups are still signifi cant. Alternatively, the animal model 

could account for denervation of the distal segment before repair, i.e. a 

delayed repair (Shi  et al ., 2010). The timing of outcome measurement is thus 

an experimental variable that deeply affects the evaluation of PNS regenera-

tion. This is why a standardization of observation times both in the short and 

in the long term, for given animal models, would be helpful for a deeper com-

prehension of nerve regeneration achieved by means of different devices. To 

the same aim, proteomic or genomic studies characterizing the response of 

PNS to the scaffold implant show promise for highlighting any key regenera-

tive processes occurring within a given implant and/or undesired molecular 

patterns induced by the device (Jiménez  et al ., 2005; Bosse  et al ., 2006). 

 The experimental fi nding that no conduit has been so far superior to 

autograft seems to confi rm that improvements in the scaffold design need 

to be addressed, including the possible use of biological stimuli, together 

with biomaterials, to restore nerve morphology and function. The use of 

orientated luminal fi llers within guidance conduits, which would repre-

sent a third generation, assembled device for PNS regeneration, is prob-

ably a good strategy to follow and translate into the clinics especially for 

the treatment of large gaps, provided that the unique contribution of the 

fi ller to the regenerative capability of the entire device is clearly provided. 

The orientated matrix could also be used as a delivery vehicle for exog-

enous biological factors (i.e. cells and molecular regulators). As reported 

above, nerve conduits may indeed be unable to bridge large defects, due to 

a lower local concentration of soluble growth factors released by the nerve 

stumps. The delivery of exogenous molecules and/or cells to the injury site is 

thus expected to improve nerve regeneration and early functional outcome. 

According to the classifi cation here presented, fourth generation devices 

for PNS regeneration are those that include exogenous bioactive agents in 

their design. Being very complex, the implementation in the clinical setting 

of such hybrid devices appears quite challenging and much more time con-

suming than that foreseen for biomaterial-only-based devices. Their clinical 

use for PNS regeneration thus seems unlikely in the near future.  
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  4.6     Conclusion 

 PNS regeneration following nerve transection can be enhanced by implant-

ing porous tubular scaffolds, either singularly or combined with cylindri-

cal sponge-like or fi brous matrices with axially orientated pores. Although 

no device confi guration has been found so far to lead to better regenera-

tion compared to the nerve autograft, reported evidence suggests that an 

accurate design of scaffold porosity, aimed at optimizing surface area and 

contact guidance, can improve the functional outcome of next generation 

devices. Suitable animal models accounting for the larger defect size of 

human nerves might then help to predict a reliable clinical outcome, based 

on animal results.  
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  Abstract : Synthetic polymers are versatile materials that can be processed 
into biomedical foams with a wide range of mechanical, thermal, and 
degradation properties. Tailoring of these properties can be achieved by 
using different polymeric families such as polyesters, polyurethanes, and 
tyrosine-derived polymers. Final properties also depend on the porous 
structure achieved. Foaming techniques such as porogen leaching, gas 
foaming, emulsion templating, and thermal induced phase separation 
each offer different ways to control pore structure. The current chapter 
focuses on polymeric biomedical foam formulations based on synthetic 
polymers with macropores and offers perspectives on future directions in 
the advancement of polymeric biomedical foam formulations. 

  Key words : synthetic polymer foams, macropores, polymer foaming, 
biomedical foams, foam characterization. 

    5.1     Introduction 

 As tissue engineering constructs evolved from inert materials that offered 

support to bioactive scaffolds that degrade as new tissue is developed, syn-

thetic polymers have been widely studied as matrix materials for different 

biomedical applications. Resorbable polymers degrade in the body and 

can be processed using various techniques (Liu and Ma, 2004). In order 

to promote tissue regeneration, polymeric scaffolds must be biocompatible, 

degrade into nontoxic products at a rate matching that of new tissue deposi-

tion, have mechanical properties in the range of the surrounding host tissue, 

and allow the diffusion of nutrients to the interior of the scaffold to sup-

port cellular infi ltration (Nair and Laurencin, 2007). Polymeric foams with 

interconnected pores provide continuous channels with increased surface 

area through which cells can migrate and infi ltrate the material. According 

to the foaming technique used, different processing times and fi nal porous 

structures can be obtained. This versatility has allowed polymeric foams to 

be developed for different biomedical applications such as skin, cartilage, 
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and bone scaffolds, each of which has different requirements. In addition, 

polymeric foams have also been used as delivery vehicles for growth factors 

or cells. The release mechanism of biologics can be controlled by encapsula-

tion, tailored polymeric degradation, or attachment of signaling molecules 

to the polymer surface. 

 The scope of this chapter includes polymeric biomedical foam formula-

tions based on synthetic polymers with macropores (pore size > 50  μ m). A 

summary of polymers used extensively in foam formulation is presented, 

which discusses chemical compositions, synthesis routes, as well as thermal 

and degradation properties of the materials. The chapter continues with a 

review of current foaming and characterization techniques, a summary of 

applications in tissue engineering, and perspectives on future trends that 

will continue to advance the fi eld.  

  5.2     Aliphatic polyesters used for porous 
scaffold fabrication 

 Polyesters are among the most studied biodegradable materials for bio-

medical applications (Agrawal and Ray, 2001; Liu and Ma, 2004; Nair 

and Laurencin, 2007; Pan and Ding, 2012). The degradation profi les and 

mechanical properties of polyesters can be tailored according to the fi nal 

application by modifying the backbone composition. Due to this versatility, 

polyester foams have been developed as scaffolds for bone, cartilage, and 

meniscus, among other applications (Farng and Sherman, 2004; Nair and 

Laurencin, 2007). 

 Polylactic acid (PLA), polyglycolic acid (PGA), and PLA-PGA copolymer 

(PLGA) can be synthesized from the appropriate  α -hydroxy acids through 

polycondensation, or from cyclic esters using ring opening polymerization 

(ROP) (Vaca-Garcia, 2008). ROP is often preferred since it generates higher 

molecular weights required to achieve target properties. Figure 5.1 shows 

cyclic monomers commonly used to synthesize PLA, PGA, and polycapro-

lactone (PCL) through ROP. Although there are several ROP catalysts that 

control the kinetics of the opening of cyclic esters, the most commonly used 

for biomedical applications are stannous octoate and stannous chloride, due 

to the minimal toxicity that they elicit at the doses found in biomaterials 

(Jamiolkowski and Dormier, 2006). ROP initiators usually contain hydroxyl 

active groups and can have different functionalities. The molecular weight 

of the fi nal polymer is infl uenced by the amount of initiator used, not by its 

functionality, and higher concentrations of initiator generate lower molec-

ular weight (Jamiolkowski and Dormier, 2006). Polyesters with increased 

branching are produced when an initiator with higher functionality is used.      

 The main degradation mechanism of polyesters is hydrolytic chain scis-

sion of the ester bonds in the backbone (Brannon-Peppas and Vert, 2000; 
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Agrawal and Ray, 2001; Nair and Laurencin, 2007; Vaca-Garcia, 2008). This 

process is a combination of diffusion–reaction–dissolution steps (Brannon-

Peppas and Vert, 2000). As water diffuses into the scaffold it hydrolyzes 

accessible ester bonds. As a result, new carboxyl ends are generated, which 

in turn continue to catalyze the hydrolytic degradation. The molecular 

weight of the polymeric chains decreases until the fragments are capable 

of dissolving into the surrounding medium. Once dissolved, the fragments 

start diffusing toward the surface of the scaffold as they continue to degrade. 

At this stage the mechanical properties of the scaffold decrease and signifi -

cant changes in weight loss are identifi ed (Pan and Ding, 2012). The specifi c 

polyester formulation infl uences the rate of degradation by modifying the 

diffusion coeffi cient of water into the scaffold, the hydrolysis rate constant 

of the ester bonds, the diffusion coeffi cient of the polymeric fragments, and 

the solubility of the degradation products (Brannon-Peppas and Vert, 2000). 

Higher carboxylic acid concentration present in the interior of the scaffold 

accelerates the degradation rate of the bulk material compared to that of 

the surface. As a result, polyester foams have been reported to degrade 

more slowly than solid fi lms (Pan and Ding, 2012). 

  5.2.1      Polyglycolide 

 PGA is a crystalline polymer (45–55%) with a glass transition temperature 

close to body temperature (35–40 ° C) and melting temperature between 
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 5.1      Cyclic monomers for the production of polyesters using ROP: 

Lactide (for PLA), Glycolide (for PGA),   ε  -Caprolactone (for PCL).  
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225 ° C and 230 ° C depending on the molecular weight (Vaca-Garcia, 2008). 

Its high crystallinity provides PGA with excellent mechanical properties as 

well as low solubility in organic solvents (Nair and Laurencin, 2007; Vaca-

Garcia, 2008). PGA has been processed into scaffolds for biomedical appli-

cations using extrusion, injection, compression molding, solvent casting, and 

specifi cally into foams using particulate leaching (Gunatillake  et al ., 2006) or 

fi ber bonding (Mikos  et al ., 1993) techniques. 

 PGA is highly susceptible to the action of water and can also be degraded 

by esterases (Vaca-Garcia, 2008). Degradation studies have shown that the 

polymer loses its strength due to hydrolysis in 1–2 months, and loses mass 

within 6–12 months (Nair and Laurencin, 2007). Glycolic acid is the result-

ing degradation product, and it can be secreted in urine or as carbon dioxide 

and water after being processed in the tricarboxylic acid cycle (TCA) (Nair 

and Laurencin, 2007; Vaca-Garcia, 2008). Although glycolic acid is a natural 

metabolite, high acidic concentrations generated during PGA degradation 

can adversely affect the surrounding tissue.  

  5.2.2      Polylactide 

 Given the chirality of lactic acid, lactide monomer exists in three optically 

active forms:  d -lactide,  l -lactide, and meso-lactide (Fig. 5.1). Depending on 

the monomers used for polymerization, poly( l -lactic acid) (PLLA), poly( d -

lactic acid) (PDLA), or poly( d , l -lactic acid) (PDLLA) are obtained with 

different crystalline structures and thermal properties. PLLA has a crystal-

line content of about 37% depending on molecular weight and processing 

parameters, a glass transition temperature in the range of 50 ° C to 80 ° C, 

and a melting temperature between 173 ° C and 178 ° C (Vaca-Garcia, 2008). 

On the other hand, the random distribution of  d - and  l -lactide units in 

PDLLA makes it an amorphous polymer with a glass transition temper-

ature between 55 ° C and 60 ° C (Nair and Laurencin, 2007). Mainly due to 

the differences in crystallinity, PLLA exhibits higher mechanical properties 

than PDLLA. Porous PLA scaffolds have been developed using particulate 

leaching (Mikos  et al ., 1994), thermally induced phase separation (TIPS) 

(Nam and Park, 1999), and a combination of solvent casting and porogen 

leaching (Mikos and Temenoff, 2000; Ma and Choi, 2001) techniques. 

  In vivo , polylactides degrade into lactic acid, which can enter the TCA cycle 

and be subsequently secreted from the body as carbon dioxide (Agrawal 

and Ray, 2001). In comparison to PGA, the pendant methyl group in PLA 

increases the hydrophobicity of the material and shields the ester bonds 

from the effect of water (Jamiolkowski and Dormier, 2006). The resulting 

slower degradation rate of PLA makes it a more suitable material for ortho-

pedic applications where healing times are longer than those required for 
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soft tissue (Jamiolkowski and Dormier, 2006). When hydrolyzed, PLLA has 

been reported to lose its strength after 6 months while PDLLA loses it after 

1–2 months (Nair and Laurencin, 2007).  

  5.2.3      Poly(lactide-co-glycolide) 

 Polymers with intermediate properties can be obtained by copolymer-

izing glycolide and lactide monomers to obtain PLGA. By modifying 

the percentage of each monomer used, the fi nal properties of the poly-

mer can be tailored to specifi c applications. As a result, PLGA has been 

the most widely studied polyester for biomedical applications in the last 

15 years. PLGA can be either semi-crystalline, with a melting temperature 

between 224 ° C and 226 ° C (Vaca-Garcia, 2008), or amorphous, depending 

on the ratio of lactide to glycolide monomers used during polymerization. 

Increasing the content of glycolide in the formulation has been shown to 

decrease the glass transition temperature and mechanical properties of 

the fi nal PLGA (Pan and Ding, 2012). PLGA porous polymers have been 

obtained using solvent casting/porogen leaching (Mikos and Temenoff, 

2000; Ma and Choi, 2001), gas foaming (Kim  et al ., 2006), super critical 

CO 2  foaming (Mooney  et al ., 1996; Nam and Park, 1999; Singh  et al ., 2004), 

phase separation (Zhang and Ma, 1999), thermal sintering/particle leach-

ing (Amini  et al ., 2012), emulsion-freeze drying (Whang  et al ., 1995), three-

dimensional printing (Zein  et al ., 2002), and electrospinning (Zeng  et al ., 
2003) techniques. 

 Since PLGA contains both PLA and PGA, its degradation rate depends 

on the ratio of lactide to glycolide monomers, and can vary from months to 

years. The degradation rate also depends on the molecular weight, shape, 

structure, and porosity of the fi nal product (Nair and Laurencin, 2007; Pan 

and Ding, 2012). PLGA 50/50 has been shown to be more hydrolytically 

unstable than its homopolymers, degrading in approximately 1–2 months 

(Nair and Laurencin, 2007). Increasing the amount of  d,l -lactide monomer 

in the formulation slowed down the degradation time to 4–5 months when 

using a 75/25 formulation, or to 5–6 months when using an 85/15 PLA/PGA 

polymer ratio (Middleton and Tipton, 2000).  

  5.2.4      Polycaprolactone 

 PCL is a semi-crystalline polymer (up to 69% crystallinity (Labet and 

Thielemans, 2009)), with low glass transition and melting temperatures of 

about  − 60 ° C and 60 ° C, respectively (Vaca-Garcia, 2008). PCL has lower 

mechanical properties than the PLA or PGA polyesters, for example, with a 

tensile strength of 23 MPa (Gunatillake  et al ., 2006). It degrades into hexanoic 
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acid and is more stable under aqueous conditions than PLA or PGA polyes-

ters.  In vivo , it fully degrades in about 2–3 years (Nair and Laurencin, 2007). 

Due to its lower mechanical properties, PCL has not been widely studied for 

orthopedic applications. However, PCL is commonly copolymerized with 

PLA, PGA, or PLA-PLGA copolymers to lower the glass transition temper-

ature and reduce the degradation rate of the resulting polymer. Processing 

techniques used to obtain PCL foams include supercritical CO 2  foaming 

(Liao  et al ., 2012), and a combination of gas foaming and particulate leach-

ing (Salerno  et al ., 2008, 2012a, b).  

  5.2.5      Poly(propylene fumarate) 

 Poly(propylene fumarate) (PPF) is a linear, unsaturated, cross-linkable, and 

biodegradable polyester (Shi and Mikos, 2006; Wang  et al ., 2006; Christenson 

 et al ., 2007; Kasper  et al ., 2009) used in bone scaffolds. Several synthetic 

procedures exist to obtain linear PPF (Peter  et al ., 1997). A common syn-

thesis protocol for linear biomedical-grade PPF with minimal generation of 

byproducts involves two steps (Kasper  et al ., 2009) as shown in Fig. 5.2. The 

fi rst step consists of the reaction of diethyl fumarate with excess propylene 

glycol in the presence of zinc chloride acid catalyst (ZnCl 2 ) and cross-link-

ing inhibitor hydroquinone at a molar ratio of 1:3:0.01:0.002, respectively. 

Intermediate products from this initial step are bis(hydroxypropyl) fuma-

rate and ethanol. After 90% of the ethanol has been collected as a distil-

late, the second step comprises transesterifi cation of bis(hydroxypropyl 

fumarate) into PPF with the generation of propylene glycol as a byproduct. 

The molecular weight of PPF increases with reaction time and temperature. 

When the desired molecular weight of linear PPF is achieved (as measured 

by gel permeation chromatography), the product is purifi ed by dissolution 
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in methylene chloride followed by acid and water/brine washes, to remove 

the catalyst and rotary evaporation.      

 In order to obtain polymeric networks with higher mechanical proper-

ties, linear PPF can be cross-linked through the fumarate double bonds 

present in its backbone (Nair and Laurencin, 2007). Cross-linking can take 

place without the presence of cross-linking molecules, and it can be trig-

gered either by thermal changes in the presence of free-radical initiators 

or by exposure to light in the presence of photoinitiators (Shi and Mikos, 

2006). Biomedical formulations usually include cross-linking monomers 

that allow controlling the physical and curing properties of the materials. 

Poly(propylene fumarate)-diacrylate (PPF-DA), a derivative of PPF with 

terminal acrylate groups, is commonly used as a PPF cross-linker (Shi and 

Mikos, 2006). 

 Physical, mechanical, and degradation properties of PPF networks can 

be tuned by modifying one or several formulation parameters such as mac-

romer molecular weight, cross-linking density, nature of the cross-linking 

agents, and porosity. Increased molecular weight of the linear PPF has been 

suggested to increase glass transition temperatures and viscosity (Wang 

 et al ., 2006). Increased viscosity allows PPF to be injected into irregular 

shaped defects to later be cross-linked  in situ . PPF networks exhibit a wide 

range of mechanical properties that increase with higher cross-linking den-

sities (Timmer  et al ., 2003). PPF degrades by hydrolysis of the ester bonds 

into propylene glycol and fumaric acid (Shi and Mikos, 2006). Fumaric 

acid is incorporated into the TCA cycle, while propylene glycol, which is 

a commonly used food additive, can be secreted by the body without gen-

erating any toxic reaction. Degradation products of networks that contain 

PPF-DA also include poly(acrylic acid-co-fumaric acid), and acrylic acid, 

both of which can be excreted by the kidneys (He  et al ., 2001). Degradation 

times can vary between 12 weeks, to degrade 50% of a weak thermal cross-

linked PPF porous network with N-vinyl pyrrolidone (NVP) as the cross-

linker, to more than 52 weeks to achieve the same mass loss with a solid 

network of PPF and PPF-DA (Shi and Mikos, 2006). Although porosity 

tends to reduce the mechanical properties of the materials, it enhances 

the biological response after implantation. Techniques to produce porous 

PPF-based scaffolds include cross-linking in combination with salt leaching 

(Fisher  et al ., 2002), emulsion templating (Christenson  et al ., 2007; Moglia 

 et al ., 2011), gas foaming (Kempen  et al ., 2006), and a combination of 3D 

printing and injection molding (Lee  et al ., 2006).   

  5.3     Polyurethanes for biomedical foam production 

 Since the 1960s when Biomer ®  was introduced to the biomedical fi eld as 

an elastomeric material for cardiovascular applications (Lelah and Cooper, 
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1986), polyurethanes have been developed for a wide range of biomedi-

cal applications due to their versatility and biocompatibility. Both biostable 

and biodegradable polyurethanes with a variety of mechanical properties 

and porosities can be obtained by careful selection of raw materials and pro-

cessing conditions. As a result, polyurethanes can be used as stable materials 

with low protein adhesion in blood-contact applications, or as tissue engi-

neering scaffolds that support and promote cellular attachment and prolif-

eration (Guelcher, 2006, 2008). 

 Polyurethanes are obtained from the reaction of isocyanates (-N=C=O 

functionality) with compounds containing active hydrogen atoms such as 

alcohols or amines. Extensive reviews of polyurethane chemistry are found 

in the literature (Woods, 1982; Hepburn, 1992; Oertel, 1994; Szycher, 1999; 

Reed, 2000), and relevant reactions involved in the production of biomedi-

cal polyurethanes are presented in Fig. 5.3. Urethane bonds are formed from 

the reaction of isocyanate and alcohol groups (Fig. 5.3a), while urea bonds 

result from the reaction of isocyanate with amine groups (Fig. 5.3b). In addi-

tion, the reaction of isocyanates with water generates unstable carbamic 

acid, which decomposes into an amine and carbon dioxide gas (Fig. 5.3c). 

The resulting amine produces urea bonds, while the carbon dioxide gas acts 

as an  in situ  blowing agent (Guelcher, 2006).      

 Polyisocyanates used in the synthesis of polyurethanes can be aliphatic 

or aromatic. Aromatic polyisocyanates include 4,4 ′ -methylene diphenyl dii-

socyanate (MDI) and toluene diisocyanate (TDI), while aliphatic polyiso-

cyanates include 1,6-diisocyanatohexanone (HDI), 1,4-diisocyanatobutane 

(BDI), and lysine methyl ester diisocyanate (LDI) (Nair and Laurencin, 

2007). In comparison to aliphatic polyisocyanates, aromatic polyisocyanates 

have higher reactivity and generate polyurethanes with improved mechan-

ical properties. However, aromatic isocyanates also have increased toxicity, 

which makes aliphatic polyisocyanates a preferred material for the formula-

tion of biomedical polyurethanes. An important characteristic of polyisocy-

anates used to obtain polyurethanes is the free isocyanate (NCO) content, 

typically measured by titration:

    %freff eNCO = =
42 42

w
f

M
       [5.1]  

where  w  (Da eq  − 1 ) corresponds to the equivalent weight,  f  is the functional-

ity, and  M  is the molecular weight of the polyisocyanate (Guelcher, 2006). 

 Polyols that react with isocyanate to produce the urethane bonds have 

hydroxyl end groups and a backbone composed of polyesters, polyethers, 

polycarbonates, polydimethylsiloxane, or polybutadiene. Examples of 

commonly used polyols include poly(propylene oxide) (PPO), poly(ethylene 
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oxide) (PEO), and polyesters discussed in the previous section such as PDLA, 

PGA, and PCL. Polyol composition infl uences the processing, mechanical, 

and degradation properties of the polyurethane (Oertel, 1994; Herrington 

 et al ., 2004). As a result, the design of the polyol backbone is dictated by 

the fi nal application of the polyurethane. For example, for tissue engineer-

ing scaffolds, polyols synthesized by ROP of   ε  -caprolactone, glycolide, and 

 d,l -lactide have been developed as polyurethane intermediates, due to their 

tunable hydrolytic degradation rates (Sawhney and Hubbell, 1990). Polyols 

are synthesized by reacting an initiator with appropriate types and amounts 

of monomers to achieve the target molecular weight. As discussed in the 

section on polyester synthesis, the initiator molecule defi nes the function-

ality ( f ) of the resulting polyol, while the ratio of monomers to initiator 

controls the fi nal molecular weight. Common initiators include butanediol 

( f  = 2), glycerol ( f  = 3), pentaerythritol ( f  = 4), or sucrose ( f  = 8). An important 
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 5.3      Reactions involved in the production of biomedical polyurethanes. 

(a) urethane production, (b) urea production, and (c) blowing reaction. 

( Source : Adapted from Guelcher, 2006.)  
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characteristic of polyols used in the formulation of polyurethanes is the 

hydroxyl number, typically measured by titration (ASTM, 2008):

    OH
w

f
m

number = =
56 1 10

56 1 10
3

3
.

.     [5.2]  

where  w  (Da eq  − 1 ) corresponds to the hydroxyl equivalent weight,  f  is the 

polyol functionality, and  m  (Da) is the polyol molecular weight. 

 Prepolymers are intermediate compounds with either polyol or iso-

cyanate functionality. They are obtained by reacting polyol with excess 

diisocyanate, or vice versa (Herrington  et al ., 2004). Even though obtain-

ing polyurethanes using prepolymer intermediates is less cost effective 

than using isocyanates and polyols, advantages associated with this pro-

cess include: increased viscosity, which favors better mixing, reduced 

vapor hazard due to higher molecular weight, improved control over the 

fi nal properties of the product, and reduction of undesired side reactions 

(Herrington  et al ., 2004; Guelcher, 2008). Prepolymer properties (free 

NCO number and target molecular weight) can be tailored by modifying 

the NCO:OH ratio:

    NCO:OH ratio
NCO

OH

= =
q

q
m w
m w

I

P

I Iw

P Pw
,

,

       [5.3]  

where  q   i   is the number of equivalents,  m   I   is the mass of component  i , sub-

script  I  denotes isocyanate, and  P  the polyol (Guelcher, 2008). Addition of 

chain extenders to the prepolymer allows the production of higher molecular 

weight polyurethanes with hard (isocyanate) and soft (polyol) segments. 

 Another important parameter in the formulation of polyurethanes is the 

isocyanate index, defi ned as the ratio of NCO equivalents used in the formu-

lation to the theoretical number of NCO equivalents required to react with 

the polyol and other active groups (total number of hydroxyl and amine 

equivalents in the formulation). It is calculated as (Herrington  et al ., 2004; 

Guelcher, 2006):

  

 Index
Actual amount of isocyanate used

Theoretical amount o
=

f isff ocyanate used

NCO

, NH O2,

×NCO× 100 10
+ +NH

q

q qOH,P + qq
I

COH

,

,

  

  

 [5.4]  

Changes in the index of polyurethane formulations generate signifi cant 

changes in hardness of the fi nal product. Indexes in the range of 105–115 
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generate fl exible foams, while increasing the index increases the hardness 

(up to a certain limit) and generates higher curing times. For biomedical 

applications, an additional consideration to take into account when increas-

ing the index of polyurethane foams is the presence of unreacted isocyanate 

groups in the fi nal foam. 

 Depending on the properties of the raw materials, polyurethanes can be 

polymerized either in solution or by reactive liquid molding, in which case 

the intermediates must be liquids at synthesis temperatures. Biomedical 

polyurethane foams have been developed using TIPS (Guan  et al ., 2005), 

salt leaching/freeze drying (Spaans  et al ., 1998; Gogolewski  et al ., 2006; 

Gogolewski and Gorna, 2007), wet fi ber spinning (Gisselfaelt  et al ., 2002; 

Liljensten  et al ., 2002), electrospinning (Stankus  et al ., 2004; Stankus  et al ., 
2007), emulsion templating (Moglia  et al ., 2011), and reactive liquid mold-

ing (Dumas  et al ., 2010; Adolph  et al ., 2012) techniques. In addition to the 

polyisocyanate and polyol components, polyurethane formulations can also 

include the addition of water, catalysts, surfactants, pore openers, plasticizers, 

and other additives (Herrington  et al ., 2004). In polyurethane foams, cata-

lyst selection allows control of the curing time of the formulation accord-

ing to the requirements of the specifi c application. Catalyst selection also 

infl uences the balance of the polymer formation rate (polyol–isocyanate 

reaction), and gas generation rate (isocyanate–water reaction). Although 

the catalytic activity of several classes of compounds has been studied, the 

most common polyurethane catalysts are tertiary amines and organome-

tallic catalysts, which selectively catalyze the blowing and gelling reactions, 

respectively (Oertel, 1994; Herrington  et al ., 2004). The selection of addi-

tives must be done after a careful review of the literature, keeping in mind 

the fi nal application of the product. 

 Degradation mechanisms of polyurethanes are dependent on the 

backbone composition of the intermediates. Lysine-derived poly(ester 

urethanes) have been reported to degrade via hydrolytic, enzymatic, 

and oxidative mechanisms (Hafeman  et al ., 2010). Biodegradable poly-

urethanes have also been developed containing enzymatically degrad-

able chain extenders in the hard segment (Elliot  et al ., 2002; Guan and 

Wagner, 2005; Moglia  et al ., 2011). Strategies to reduce the degradation 

rate of polyurethane biomedical implants include the addition of antioxi-

dants such as vitamin E (Anderson  et al ., 1998), the incorporation of ester- 

and ether-free soft segments (Mathur  et al ., 1997; Anderson  et al ., 1998; 

Coury, 2004), and the use of surface-modifying end groups (SME) (Ward 

 et al ., 1998) or surface-modifying macromolecules (SMM) (Santerre  et al ., 
2000). The formulation of polyurethane scaffolds for biomedical applica-

tions requires careful design of the polymer backbone to ensure that the 

material remains in the defect as long as it is needed in each specifi c appli-

cation to support healing.  
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  5.4     Tyrosine-derived polymers 

 Tyrosine-derived polymers have been developed as materials with sig-

nifi cant biological compatibility, due to the presence of naturally occur-

ring building blocks and degradable bonds, as well as high mechanical 

properties provided by the aromatic rings in their backbone. The main 

building block of these polymers is the diphenolic monomer desamino-

tyrosyl-L-tyrosine alkyl ester (DTR, where R represents the alkyl pen-

dant group), which is obtained from the carbodiimide-mediated reaction 

between  l -tyrosine alkyl ester and desaminotyrosine (DAT) (Kohn and 

Schut, 2006). DTR can be polymerized with different reagents to create 

tyrosine-derived polymers with a range of mechanical properties and deg-

radation profi les. Reaction with phosgene, dicarboxylic acids, or alkyl or 

aryl dichlorophosphates generates poly(DTR carbonates) (Magno  et al ., 
2010), poly(DTR arylates), or poly(DTR phosphate esters), respectively 

(Kohn and Schut, 2006). Tyrosine-derived polycarbonate foams have been 

prepared using a combination of solvent casting/porogen leaching tech-

niques (Magno  et al ., 2010). 

 The composition of the polymer backbone and the nature of the 

pendant alkyl group have great infl uence over the properties of DTR-

derived polymers. By varying the composition of the alkyl chain, the 

glass transition temperature can be tuned to values ranging from 50 to 90 

 ° C, strength can be adjusted from 50 to 70 MPa, and modulus from 1 to 

2 GPa (Nair and Laurencin, 2007). Copolymerization with poly(ethylene 

glycol) (PEG) decreases the hydrophobicity of the material, thereby 

increasing water sorption, lowering wet mechanical properties, and accel-

erating hydrolytic degradation. The main product of hydrolytic degra-

dation of tyrosine-derived polymers is desaminotyrosyl-tyrosine (DT) 

(Tangpasuthadol  et al ., 2000a, 2000b), which  in vivo  undergoes additional 

enzymatic degradation to DAT and tyrosine (Nair and Laurencin, 2007). 

Similar to the effect of copolymerization with PEG, the inclusion of DT 

in the backbone of the polymer generates faster degradation rates, due 

to the free carboxylic acid group present (Johnson  et al ., 2009; Magno 

 et al ., 2010). Instead, incorporation of longer alkyl chains as the pendant 

groups reduces the hydrolytic degradation rate. The capability of modi-

fying the properties of the polymer by varying the composition not only 

of the backbone but also of the pendant groups renders tyrosine-derived 

polymers a versatile platform for a wide range of biomedical applications. 

Specifi c formulations have been developed for bone tissue engineering 

where higher mechanical properties and longer degradation times than 

those of common   α  -polyesters are required (Ertel  et al ., 1995; Magno 

 et al ., 2010; Kim  et al ., 2012).  
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  5.5     Processing techniques for fabricating 
porous scaffolds 

 In addition to the material composition, the fi nal porous structure of poly-

meric foams determines the mechanical properties and degradation rates 

of scaffolds. Different foaming techniques have been developed that offer 

control over pore size, shape, and interconnectivity. These techniques will 

be discussed next, highlighting the foaming mechanism used and relevant 

results presented in the literature. 

  5.5.1      Casting/porogen leaching 

 Polymer casting followed by porogen leaching is a simple technique to fabri-

cate porous scaffolds and is one of the most widely used (Mikos and Temenoff, 

2000; Liu and Ma, 2004). Casting can be carried out in solution or with reac-

tive liquid intermediates, as is the case with some polyurethane formulations. 

When solvent casting is used, the polymer solution is mixed with porogen 

particles and cast into the desired mold. Afterwards, the polymeric solvent 

is removed (by evaporation or lyophilization) and the remaining compos-

ite is washed with a solvent capable of solubilizing the porogen particles. 

When using reactive liquid intermediates, the porogen particles are mixed 

with the reagents before the reaction proceeds (for example, before adding 

the catalyst). After the material has cured, the porogen is removed with an 

appropriate solvent. Advantages of using this processing technique are good 

control over scaffold porosity and pore size, which will depend on the poro-

gen loading and size, respectively. However, the porogen content needs to be 

high enough to obtain suffi cient pore interconnectivity. The major drawback 

of this technique is the use of solvents (for casting and/or removal of the 

porogen), the removal of which increases the processing time and precludes 

the loading of biologics into the material. Incomplete removal of the solvents 

can also affect cell viability after implantation, so this technique is mostly 

favorable for applications that can use pre-formed scaffolds. 

 Commonly used porogens include NaCl particles and paraffi n beads. 

When using salt particles to prepare a porous PLLA or PLGA scaffolds for 

bone tissue engineering, porogen loadings above 70 wt.% are required to 

achieve high pore interconnectivity (Mikos  et al ., 1994). The salt leaching 

technique has also been used to fabricate porous scaffolds using polyure-

thanes (Adhikari  et al ., 2008) and PCL (Salerno  et al ., 2008). Paraffi n beads 

with controlled particle size have been used as porogens for PLLA and 

PLGA scaffolds (Ma and Choi, 2001). The beads were fused together using 

heat to form a three-dimensional array in a mold into which the polyesters 

were cast. The conditions of the heat treatment to bind the beads infl uenced 
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the size of the openings between pores. After leaching the porogen, scaf-

folds with high pore interconnectivity were obtained (Fig. 5.4).       

  5.5.2      Gas foaming 

 In contrast to the casting/porogen leaching technique, gas foaming does 

not require the use of organic solvents and the process can be carried on 

at low temperatures. Pores with various structures are generated, either by 

chemical or physical foaming (Christenson  et al ., 2007; Jacobs  et al ., 2008). 

Chemical foaming produces gaseous products (as a result of reactions or 

decomposition), which generate bubbles in the inside of the polymer. Pores 

created by carbon dioxide produced by isocyanates reacting with water are 

an example of chemical foaming in polyurethanes (Fig. 5.5a). On the other 

hand, physical foaming involves the removal of gas dissolved in the polymer 

at high pressures, a method known as supercritical gas foaming. In this tech-

nique, supercritical CO 2  (scCO 2 ) is used to generate pores in the material. 

A supercritical fl uid is a dense phase that combines gas-like diffusivity with 

liquid-like density in a state above the critical temperature ( T  c ) and pressure 

( P  c ). scCO 2  is a preferred foaming agent since, in addition to being nontoxic, 

nonfl ammable, noncorrosive, abundant, inexpensive, and commercially 

available, CO 2  has non-extreme critical properties ( T  C  = 31.1 ° C,  P  C  = 7.37 

MPa) (Liao  et al ., 2012).      

 The fi rst step in supercritical gas foaming is to saturate the non-porous, 

amorphous, or semi-crystalline polymer with scCO 2 . At this stage the scCO 2  

acts as a plasticizer and forms a single phase with the polymer (Mooney 

 et al ., 1996). Equilibrium conditions, such as concentration of dissolved CO 2 , 

depend on the type of polymer, and operation temperature and pressure 

(a) (b)

13–APR–99 S27–3 WD18mm 5.0kV  x100 500μm13–APR–99 S27–3 WD18mm 5.0kV  x50 1mm

 5.4      Scanning electron microscopy (SEM) images of PLGA foams after 

removal of the paraffi n beads (420–500  μ m) used as porogen. (a)  × 50 

(b)  × 100. ( Source : Ma and Choi, 2001.)  
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(Jacobs  et al ., 2008). After equilibrium is reached, CO 2  is removed from the 

polymer, either by reducing the pressure (pressure quenching), increasing the 

temperature (temperature soaking), or both (Liao  et al ., 2012). As a result, 

gas bubbles nucleate and grow inside the material. The rate at which nucle-

ation takes place depends on the interactions of scCO 2  with the polymer, so 

different processing conditions are required for each system. Removal of 

the scCO 2  also increases the glass transition temperature of the polymer and 

the fi nal porous structure is fi xed in the glassy state (Fig. 5.5b). 

 scCO 2  gas foaming was fi rst used to fabricate porous sponges of PLLA, 

PDLLA, and PLGA with pore diameters of 100  μ m and porosities up to 

93% (Mooney  et al ., 1996). However, surfaces with low porosities were 

achieved and pore interconnectivity was low, which can directly affect nutri-

ent transport inside the scaffold and hinder cellular viability. To overcome 

these limitations, several modifi cations to the original scCO 2  gas foaming 

technique have been developed. Open-pore PCL scaffolds were developed 

by combining scCO 2  gas foaming with thermoplastic gelatin (Salerno  et al ., 
2012b) or salt (Salerno  et al ., 2008, 2012b) leaching. In this approach, the 

melt polymer was mixed with the porogen before the gas foaming step. 

Porosity, pore size and distribution, and interconnectivity were modifi ed by 

optimizing the processing parameters (temperature, pressure, and porogen 

loading and distribution, Fig. 5.6). Increasing the porogen loading from 30 

to 70 wt.% generated a scaffold with smaller pores and a narrower pore 

size distribution (Salerno  et al ., 2008). Mooney  et al.  also used the combina-

tion of gas foaming and salt leaching to improve interconnectivity of PLGA 

scaffolds (Murphy  et al ., 2002). In their approach, salt granules were fused 

under 95% humidity conditions before adding them to the polymer solution 

and proceeding with gas foaming. This led to solvent cast PLGA scaffolds 

(a)

500 μm 50 : 50    P L G A   +  P G A
× 190 12kV                        UM / DENT  # 0011 1 mm

(b)

 5.5      SEM images of foams produced using chemical and physical 

foaming. (a) Injectable polyurethane scaffold foamed with carbon 

dioxide gas produced by the blowing reaction. ( Source : Adolph  et al ., 

2012.) (b) PLGA foamed with scCO 2 . ( Source : Mooney  et al ., 1996.)  
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with open interconnected pores with two-fold higher mechanical proper-

ties than the gas-foamed PLGA controls. Even though porogen leaching in 

combination with scCO 2  has been shown to improve scaffold interconnec-

tivity, its limitations include longer scaffold fabrication times and diffi cul-

ties in removing the porogen material (Liao  et al ., 2012). Additional process 

alternatives studied in the last decade include particle seeding (Collins  et al ., 
2010), ultrasound post-treatment (Wang  et al ., 2006), and the use of cosol-

vents during gas foaming (Tsivintzelis  et al ., 2007).      

 Detailed studies of the effect of processing parameters and polymer 

characteristics on the fi nal porous morphology have also been completed 

in recent years. Depressurization rate (Barry  et al ., 2006; Salerno  et al ., 
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 5.6      SEM images of PCL foams produced using a combination of 

CO 2  foaming and salt leaching techniques. The images show the 

dependence of morphology on salt concentration and foaming 

temperature. ( Source : Salerno  et al ., 2012.)  
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2008) and time (Jenkins  et al ., 2006) have been reported to infl uence the 

porosity and pore size and morphology of methacrylate and PCL foams. 

Regarding polymer characteristics, studies have suggested that crystallin-

ity of the initial polymer (Fujiwara  et al ., 2005) and the addition of metal 

chromophores to the polymeric chains (Nawaby  et al ., 2005) can infl u-

ence the pore size and distribution. Several reviews of the effects of these 

variables are extensively discussed in the literature (Jacobs  et al ., 2008; 

Salerno  et al ., 2008, 2012a; Liao  et al ., 2012; Tayton  et al ., 2012).  

  5.5.3      Emulsion-based methods 

 PLGA foams with porosities between 91% and 95% and median pore sizes 

in the range of 13–35  μ m (with large pores greater than 200  μ m) were fi rst 

prepared by emulsion-freeze drying using methylene chloride as the solvent 

(Whang  et al ., 1995). In this study, the polymer solution was homogenized 

with distilled water, cast into a mold, and frozen in liquid nitrogen to pre-

serve the emulsion structure. Solvent and water were removed using freeze 

drying. Parameters such as polymer solution to water ratio, and viscosity of 

the emulsion were modifi ed to control the foam morphology. However, the 

use of organic solvents and the small pores obtained hindered the useful-

ness of these foams in tissue engineering. 

 Emulsion templating has emerged as a foam production technique with 

high control over pore size, morphology, and interconnectivity (Christenson 

 et al ., 2007; Moglia  et al ., 2011). Emulsions used as templates have a droplet 

volume >74% (Lissant, 1974) and are known as high internal phase emul-

sions (HIPEs). As shown in Fig. 5.7a, in emulsion templating a monomer (in 

solution or as a viscous liquid) is fi rst homogenized with a diluent to create 

a HIPE. The HIPE is then cast into a mold at an appropriate temperature 

for monomer polymerization, and after droplet removal the resulting foams 

are known as polyHIPEs (Zhang and Cooper, 2005). Control over foam 

architecture is achieved by modifying parameters that infl uence the stability 

of the initial emulsion. Emulsion stability is determined by thermodynam-

ics and it involves minimization of the free energy at the interface (Moglia 

 et al ., 2011). Emulsion stability studies have shown that surface tension is a 

more accurate predictor of emulsion stability (and thus morphology) than 

viscosity. Compared to non-emulsifi ed components, the increase in surface 

energy of an emulsion is given by:

    ΔW AΔΔσΔΔ     [5.5]  

where ΔW     is the free energy of the interface, σ     is the interfacial energy, and 

ΔAΔΔ     is the change in surface area (Moglia  et al ., 2011). The stability of the 
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emulsion increases when ΔAΔΔ     decreases and this translates into phase sepa-

ration. Higher σ     also translates into larger initial droplets (lower ΔAΔΔ    ), and/

or increased rate of droplet coalescence. According to these observations, 

modulation of the interfacial energy of the emulsion (for example using a 

surfactant) provides control over the fi nal pore size of emulsion-templated 

foams. Interconnectivity of the foams is related to the thickness of the poly-

mer fi lm between droplets. During polymerization of the monomer into a 

higher density material, the fi lm shrinks according to structural character-

istics of the polymer. Shrinkage of thin fi lms generates openings between 

pores in the fi nal foam. Film thickness depends on the total droplet volume 

and individual droplet size. As a result, the pore size distribution and inter-

connectivity of emulsion-templated foams can be modifi ed with variations 

of surfactant nature and concentration, polymer solution to aqueous phase 

ratio, and polymer composition, all of which affect initial emulsion stability 

(Williams  et al ., 1990; Christenson  et al ., 2007; Moglia  et al ., 2011).      

 Different polyHIPE formulations have been developed as potential 

materials for tissue engineering. Christenson  et al.  (2007) obtained PPF 

foams with pore sizes in the range of 10–300  μ m, porosities of 80–89%, 

and open pores when the pores were smaller than 50  μ m (Fig. 5.7b). PPF, 

PPF-DA (PPF)-diacrylate cross-linker, toluene, and sorbitan monooleate 

(surfactant) were premixed and then emulsifi ed with an aqueous phase 

containing potassium persulfate and calcium chloride. Once the HIPE was 

uniform, it was transferred to a mold at 60 ° C and the polymer was allowed 

to cure for 48 h, locking the geometry of the HIPE. The remaining liquid 

was then removed in an oven at 60 ° C. Even though the proposed method 

allowed for controlling pore size and interconnectivity, the interconnected 

foams had pores smaller than those ideal for tissue engineering applications 

(> 100   μ m (Nam and Park, 1999) and organic solvents were still employed. 

Aiming to overcome these limitations, an injectable propylene fumarate 

dimethacrylate (PFDMA)-based polyHIPE formulation was recently 

developed (Moglia  et al ., 2011). The biodegradable PFDMA macromer and 

the surfactant were premixed and then emulsifi ed with an aqueous solu-

tion containing calcium chloride and ammonium persulfate (initiator). The 

emulsion was then injected into the mold and allowed to cross-link at 37 ° C 

for 12 h. The resulting foams had minimal residual solvent, closed pores 

with sizes in the range of 4–29  μ m (Fig. 5.7c), porosity of 75%, and aver-

age compressive modulus and strength of 33 and 5 MPa, respectively. Even 

though none of the current foam formulations based on emulsion methods 

addresses all of the requirements for biomedical applications, the examples 

discussed above underscore the versatility of emulsion templating as a tech-

nique to develop porous materials with controlled morphology. Ongoing 

studies are being developed to obtain emulsion-templated foams with open 

interconnected pores with sizes > 100  μ m (Moglia  et al ., 2011).  
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  5.5.4      Thermally induced phase separation (TIPS) 

 Similar to emulsion-based methods, phase separation is the governing 

process controlling the creation of pores in TIPS. The phase distribution 

in polymer solutions depends on the composition and physical conditions 

(temperature and pressure) of the solution. A temperature-composition 

phase diagram describes the states of a specifi c solution at different con-

ditions, and it is usually divided into three regions (Fig. 5.8a): (a) above 

the binodal curve where the solution exists as a single phase, (b) between 

the binodal and the spinodal curve in a metastable state, and (c) below the 

Monomer polymerization

Diluent removal

Polymeric foam
(polyHIPE)

Diluent (black) in
monomer (gray)
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 5.7      PolyHIPE foams. (a) Diagram illustrating the polymerization of a 

continuous monomer phase in a monomer/diluent emulsion followed 

by diluent removal to obtain a polymeric foam, (b) SEM images of PPF 

polyHIPES using toluene as the diluent and different concentrations of 

propylene fumarate diacrylate (PFDA) cross-linker. ( Source : Christenson 

 et al ., 2007.), and (c) SEM images of PFDMA injectable polyHIPES 

prepared with different concentrations of polyglycerol polyricinoleate 

(PGPR) surfactant. ( Source : Moglia  et al ., 2011.)  
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spinodal curve in an unstable state. Phase separation occurs both at the 

metastable and unstable states, and it is governed by different mechanisms 

in each region (Nam and Park, 1999; Rowlands  et al ., 2007; Carfi  Pavia  et al ., 
2008). When the temperature of the solution is lowered such that it exists 

in a metastable state, nucleation and growth dominate the phase separation 

process and result in an emulsion-like structure. Instead, if the temperature 

is lowered into an unstable state, phase separation is governed by a spinodal 

decomposition mechanism characterized by two continuous polymer-rich 

and solvent-rich phases.      

 Polymeric foams can be obtained using TIPS by removing the solvent 

after phase separation of a polymer solution. Increased interconnectivity 

is achieved when phase separation is promoted by spinodal decomposition 

in comparison to the nucleation-growth mechanism (Nam and Park, 1999). 

However, nucleation-growth mechanisms provide control over the pore 

size of the resulting foam (Carfi  Pavia  et al ., 2008). PLLA foams have been 

obtained by TIPS using protocols that include residence times at both of 

the states (metastable and unstable) (Carfi  Pavia  et al ., 2008). These studies 

showed that the resulting pore architecture depends on the specifi c thermal 

pathway selected for phase separation. In the metastable region, lower tem-

peratures promoted faster nucleation and slower growth, while higher tem-

peratures resulted in the opposite effect. Longer residence times at either of 

the states also increased the presence of micropores in the polymeric phase. 

TIPS has also been used to produce foams from combinations of dissimilar 

polymers such as MDI-polydimethylsiloxane (PDMS) based polyurethane 
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 5.8      TIPS foaming. (a) Temperature vs concentration diagram with 

different states in a polymer solution. ( Source : Nam and Park, 1999.) 

(b) SEM image of a PLGA/PUR (polyurethane) foam prepared using 

TIPS. ( Source : Rowlands  et al ., 2007.) (c) SEM image of a PLLA foam 

prepared via TIPS at 30 ° C. ( Source : Carfi  Pavia  et al ., 2008.)  
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and PLGA (Rowlands  et al ., 2007). This technique achieved intimate mixing 

of the polymers in solution at 90 ° C, followed by phase separation at  − 5 ° C. 

The resulting foams had morphological, mechanical, and cell adhesion prop-

erties with values in between those of its homopolymers. These observations 

suggest that polymeric foams with varying porous architecture (Fig. 5.8b,c) 

and fi nal properties can be obtained by varying the polymer and solvent 

nature and concentrations, as well as the cooling history of the material.   

  5.6     Characterization of polymeric foams 

 Independent of the processing technique used to obtain polymeric foams, 

parameters that infl uence their performance include, but are not limited to, 

polymer composition, porosity and pore size distribution, mechanical prop-

erties, and stability. This section provides a summary of the techniques and 

some protocols used to characterize the polymeric foams. A detailed discus-

sion about how the techniques work is not provided, since this falls outside 

the scope of the chapter, but citations to previous work using the techniques 

have been included as reference. 

 Polymer composition and structure infl uence both its process ability 

as well as the foam’s fi nal performance. Molecular weight distribution is 

usually quantifi ed using gas permeation chromatography (Lu  et al ., 2000; 

Kasper  et al ., 2009). Differential scanning calorimetry (DSC) is used to 

identify thermal transitions such as the glass transition and melting tem-

peratures. Standard thermal analysis protocols include a combination 

of heat–cool–heat cycles with heating and cooling rates of 5–10 ° C min  − 1 , 

and identifi cation of the thermal transitions from the second heating cycle 

(Rowlands  et al ., 2007; Magno  et al ., 2010). DSC can also be used to quan-

tify the crystalline content of the polymeric phases (Lu  et al ., 2000; Ma and 

Choi, 2001), although more detailed information about crystallinity can be 

obtained using X-ray diffraction techniques (Carfi  Pavia  et al ., 2008). For 

some processing techniques, such as those regulated by phase separation, 

the viscosity of the polymer solutions infl uences the morphology of the fi nal 

foam. Rotational rheometers have been used to measure viscosity as well as 

the storage (G ′ ) and loss (G ″ ) moduli (Salerno  et al ., 2008). Additional pro-

tocols to measure viscosity include the use of more traditional Ubbelohde 

viscometers (ASTM, 1997; Christenson  et al ., 2007). 

 The porous architecture of polymeric foams has a direct impact on the 

mechanical properties, degradation rates, and cellular infi ltration of the scaf-

folds. Although high porosity and interconnectivity are desired to support 

cellular infi ltration, mechanical properties decrease with porosity squared, 

while the effect on degradation rates varies depending on the polymer. Pore 

size distribution and morphology can be evaluated using scanning electron 

microscopy (SEM). After foaming, a section of the material is gold sputter-
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coated and imaged at different locations. The images are used to measure 

pore diameter, which is reported either as an average ( n  > 100) or after 

applying a statistical correction to account for non-ideal spherical pores 

(ASTM, 2004; Christenson  et al ., 2007; Salerno  et al ., 2008). Porosity is 

commonly determined gravimetrically by comparing dry foam density (  ρ    F  ) 

with the density of bulk polymer (  ρ    P  ) according to: Porosity = − ( )1 ρ ρPρ ρρ     

(Guelcher  et al ., 2006; Moglia  et al ., 2011). X-Ray microtomography (  μ  CT) 

has also been used to accurately quantify porosity. In this case, dry foams 

are scanned in a   μ  CT system at high resolution modes, and porosity val-

ues are obtained after thresholding the reconstructed image (Jacobs  et al ., 
2008; McBane  et al ., 2011; Amini  et al ., 2012). Pore size distribution, total 

pore volume, surface area, and density can also be obtained using mercury 

intrusion porosimetry (MIP) (Nam and Park, 1999; Lu  et al ., 2000), although 

interconnected pores are required in order to obtain representative results 

using this technique. 

  In vitro  degradation profi les of polymeric foams have been determined 

by incubating samples at 37 ° C in phosphate-buffered saline (PBS) at vari-

ous pH levels, enzyme-containing media, or oxidative media (Lu  et al ., 2000; 

Carfi  Pavia  et al ., 2008; Hafeman  et al ., 2010; McBane  et al ., 2011). At each 

time point, the media with degradation products is collected and the dry 

sample mass is measured and compared to the initial sample mass. In addi-

tion to reporting the mass loss in time, the media collected can be analyzed 

with techniques such as high-performance liquid chromatography (HPLC) 

to determine the nature and concentration of the degradation products. 

 Depending on the application of the polymeric foams, specifi c mechanical 

requirements must be achieved under tension, compression, and/or torsion. 

Mechanical testing of the samples resulting in stress–strain data is conducted 

with protocols modeled by standard methods (ASTM, 2001, 2002, 2010). 

Reported properties usually include compressive and tensile modulus and 

strength (Lu  et al ., 2000; Ma and Choi, 2001; Rowlands  et al ., 2007; Hafeman 

 et al ., 2010; Moglia  et al ., 2011).  

  5.7      In vitro  and  in vivo  testing 

 The performance of biomedical polymeric foams is tested using both  in 
vitro  and  in vivo  models.  In vitro  testing provides preliminary information 

about cytotoxicity and cellular attachment, proliferation, and differentia-

tion (Winn  et al ., 2006). Foam sterilization methods include ethanol treat-

ment followed by washes with water or PBS, UV irradiation, or gamma 

irradiation. Cytotoxicity studies involve the contact of cells with leachates 

from the polymeric foams. Leachates can be collected before cell culture 

by incubating foams in appropriate solutions, which are then added to the 

cell culture media either directly or after dilution. Viability of the treated 
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cells, measured using live/dead staining or metabolic activity based assays, 

is compared to that of cells treated only with media. As a variation of this 

method, well-plate inserts can be used to submerge the foams in the cell cul-

ture media without having direct contact with the cells. As an example, this 

insert method has been used to study the cytotoxicity of tyrosine-derived 

polycarbonate scaffolds containing DTR, DT, and low molecular weight 

blocks of PEG on MC3T3-E1 cells (Magno  et al ., 2010). Cellular metabolic 

activity was above 98% for every group at all three time points tested (1, 

7, 14 days), and cell numbers increased over time, which suggest that the 

tyrosine-derived polymers have minimal toxicity to the cells and support 

cellular proliferation. Direct contact  in vitro  models allow the study of cel-

lular attachment, proliferation, and differentiation on the surface of the 

materials. Various cell types have been seeded on polymeric foams includ-

ing 3T3 fi broblasts (Rowlands  et al ., 2007; Moglia  et al ., 2011) and RAW 

264.7 macrophages (Hafeman  et al ., 2010). After culture, cellular attach-

ment is monitored by using a combination of fi xation, staining, and imaging 

of the cells usually using optical, confocal fl uorescent, or scanning electron 

microscopes. After lead-candidate polymeric foam formulations have been 

identifi ed according to their performance  in vitro ,  in vivo  models are used 

to evaluate the biocompatibility and effi cacy of the material to promote the 

desired healing outcome (Anderson, 2006). According to the target appli-

cation, authors have used different animal models to test their developed 

materials. Examples of these models are summarized in Table 5.1.       

  5.8     Applications of polymeric foams 
in tissue engineering 

 The previous sections have discussed how the fi nal performance of porous 

scaffolds strongly depends on several factors. Formulations with various 

degradation times, mechanical properties, and porosities, in addition to the 

 Table 5.1     Examples of  in vivo  models used to test biomedical polymeric foams 

 Application  Animal (defect)  Polymer  Reference 

 Bone  Rabbit (calvaria)  PPF  Fisher  et al ., 2002 

 Tyrosine-

derived 

 Kim  et al ., 2012 

 Rat (proximal tibia)  PPF  Yaszemski  et al ., 1995 

 Sheep (femoral cortical)  PUR  Adhikari  et al ., 2008 

 Rat (femoral plug)  PUR  Li  et al ., 2009 

 Skin  Rat (excisional wounds)  PUR  Adolph  et al ., 2012 

 Aneurysm  Dog (carotid artery 

aneurysms) 

 PUR  Metcalfe  et al ., 2003 
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biocompatibility of the materials, position polymeric foams as materials with 

a wide range of applications in the fi eld of tissue engineering. The following 

paragraphs contain examples of formulations that have shown high poten-

tial for their use in bone, cartilage, skin, and endovascular applications. 

 Scaffolds for bone tissue engineering must provide osteoconductivity, 

osteoinductivity, and biomechanical functionality in addition to being bio-

compatible and biodegradable (Amini  et al ., 2012; Kim  et al ., 2012). PPF 

foams prepared by solvent casting followed by salt leaching have been tested 

in calvarial defects  in vivo  and shown to be biocompatible and to support 

new bone formation after 8 weeks (Fisher  et al ., 2002). Polyurethane porous 

implants and injectable formulations with mechanical properties above 

those of trabecular bone (compressive modulus 50–800 MPa, compressive 

strength 1–10 MPa (Amini  et al ., 2012)) but lower than those of cortical bone 

(compressive modulus ~20 GPa, compressive strength ~200 MPa (An and 

Draughn, 1999)) were tested in femoral cortical defects in sheep (Adhikari 

 et al ., 2008). The implant and the injectable formulations were proven to 

be biocompatible and increased new bone formation was observed after 

6 months. The incorporation of   β  -tricalcium phosphate (  β  -TCP) particles 

improved mechanical properties and reduced polymer degradation rates. 

Tyrosine-derived polycarbonates containing DTR, DT, and PEG, prepared 

using a combination of solvent casting, porogen leaching, and phase sepa-

ration techniques have also been tested both  in vitro  and  in vivo . The scaf-

folds had 85% porosity, a bimodal pore size distribution with macropores 

> 200  μ m and micropores < 20  μ m (Magno  et al ., 2010), and a compressive 

modulus > 0.5 MPa (minimal requirement for bone graft substitutes) after 6 

weeks of incubation in PBS at 37 ° C (Kim  et al ., 2012). When tested  in vivo  

using a critical size calvarial defect in New Zealand white rabbits, the mate-

rials generated minimal infl ammatory response and degraded faster than 

under  in vitro  conditions. New bone formation was promoted when the scaf-

folds were loaded with 50  μ g of recombinant human bone morphogenetic 

protein-2 (rhBMP-2) or coated with calcium phosphate (Kim  et al ., 2012).  

 Recently, PLGA porous scaffolds with pore sizes in the range of 

200–600  μ m were prepared via thermal sintering of PLGA spheres and 

porogen leaching (Amini  et al ., 2012). The scaffolds had initial mechanical 

properties in the range of human trabecular bone, and improved oxygen 

diffusion across the scaffold. This last property is of interest for the treat-

ment of large-area bone defects to support cellular infi ltration deep into the 

scaffolds. In general, the  in vivo  performance of polymeric foams in bone 

defects has shown to be improved with the incorporation of ceramic fi llers 

or biologics which provide osteoinductive properties to the already biocom-

patible and osteoconductive scaffolds. Examples of ceramic fi llers include 

calcium phosphates (Yaszemski  et al ., 1995; Bennett  et al ., 1996; Adhikari 

 et al ., 2008), allograft bone (Dumas  et al ., 2010), and bioactive glass (Lu 
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 et al ., 2003; Gentile  et al ., 2012), while biologics include rhBMP-2 (Li  et al ., 
2009; Kim  et al ., 2012), lovastatin (Yoshii  et al ., 2010), and transforming 

growth factor beta (TGF-  β  ) (Peter  et al ., 2000). 

 Scaffolds with graded porosity to treat osteochondral defects have recently 

been developed. A combination of supercritical gas foaming and salt leaching 

techniques was used to obtain PCL (Salerno  et al ., 2008) and PCL/ hydroxy-

apatite (HA) composite scaffolds (Salerno  et al ., 2012a) with porosities in 

the range of 75–93%. Controlled distribution of salt particles in the matrix 

generated a porosity gradient similar to that present in articular cartilage. 

 In vitro , foams with graded porosity produced by three-dimensional fi ber 

deposition have shown anisotropic cell distribution and glycosaminoglycan 

production similar to that observed in bovine articular cartilage (Woodfi led 

 et al ., 2005). 

 Scaffolds for skin wound healing protect the wound from infection and pro-

vide a pathway for cells to infi ltrate and regenerate. Natural polymers such as 

collagen and chitosan have been extensively used as scaffolding materials for 

skin since they provide biological cues (Zhong  et al ., 2010). However, these 

polymers lack mechanical properties and are expensive to obtain. As an 

alternative, synthetic polymers used for skin wound treatment include poly-

urethanes as commercially available wound dressings (Tegaderm TM ), PLGA 

meshes (Chen  et al ., 2005), PLLA (Beumer  et al ., 1993), as well as compos-

ites of PCL and collagen which combine the advantages of both materials 

(Dai  et al ., 2004). Recently, an injectable polyurethane porous scaffold pro-

duced using chemical foaming was developed with positive net results  in vivo  

(Adolph  et al ., 2012). The material had porosities between 86% and 91%, 

working times of 5–7 min, and curing times of 15–19 min. The mechanical 

properties of the scaffolds under wet conditions approached those of intact 

skin, with a compressive modulus between 30 and 60 kPa. When implanted 

in rat excisional wounds, the scaffolds promoted cellular proliferation and 

prevented wound contraction and scar formation. 

 Polyurethanes have also been used to formulate porous shape memory 

polymers (SMP) for embolic treatment of aneurysms using minimally inva-

sive delivery techniques. In comparison to shape memory alloys (SMA), 

SMPs are lightweight, have high recovery strains and low recovery stresses, 

can be formulated with a wide range of glass transition temperatures ( T  g ), 

are easy to process, and have a lower cost (Sokolowski  et al ., 2007; Small 

 et al ., 2010). At temperatures near  T  g , SMPs undergo drastic changes in elas-

tic modulus (Sokolowski  et al ., 2007). As a result, SMPs can be processed 

and stored using cold hibernating elastic memory (CHEM) processing 

(Sokolowski, 2010). In CHEM processing, the SMP foam is heated and com-

pacted above the  T  g . Then the material is cooled for storage and/or delivery. 

The original shape of the SMP foam is recovered when the temperature is 

raised above the  T  g . CHEM polyurethane foams with a density of 0.032 g/



154   Biomedical Foams for Tissue Engineering Applications

cc have been tested in a dog aneurysm model and shown to support cellular 

infi ltration and neointima formation (Metcalfe  et al ., 2003). For non-necked 

aneurysms, a device consisting of a light diffusing fi ber covered by an SMP 

stent with an attached SMP foam was tested  in vitro  (Small  et al ., 2010). 

Upon thermal activation using the central fi ber, the foam fi lled the aneu-

rysm while the stent provided support to the artery. Recently, a highly chem-

ically cross-linked polyurethane SMP foam was developed with improved 

shape memory behavior and increased expansion capacity due to reduced 

secondary-shape formation and ultra-low density (0.015–0.021 g/cc), respec-

tively (Singhal  et al ., 2012). Additional characteristics of this foam included 

an activation temperature between 45 ° C and 70 ° C, mixed (closed and open) 

pore morphology, and  in vitro  biocompatibility.  

  5.9     Future trends 

 The previous sections have described currently available technologies for 

polymeric foam formulations with different degradation rates, mechani-

cal properties, and pore size and shape distribution. Although control over 

these variables is achieved by modifying the starting materials and the 

foaming technique employed, future improvements will need to address 

challenges such as injectability, delivery of biologics, and polymer degrada-

tion in response to cellular activity. Injectable foams are capable of adapting 

to irregular defects and are delivered using minimally invasive techniques 

which favors faster healing progress. While solvents or high temperatures 

can be used to induce fl ow of solid polymers, these strategies present poten-

tial disadvantages of adverse effects on exogenous biologics or host tissue. 

Furthermore, polymers that set  in situ  in response to temperature or pH 

changes, or the action of low concentrations of a biocompatible catalyst, pro-

vide the opportunity to incorporate active molecules or cells that enhance 

the biological activity of the scaffold. Alternatively, the surface of implants 

can be modifi ed to induce biological activity. Control of infection is required 

when implanting avascular foams in contaminated wounds. Thus, dual-pur-

pose scaffolds that both promote healing and prevent infection are being 

developed to reduce the risk of infectious complications (Stewart  et al ., 
2010; Zheng  et al ., 2010; Wenke and Guelcher, 2011; Sanchez Jr  et al ., 2013). 

In summary, future studies are required to identify materials and foaming 

techniques that result in injectable formulations under surgery room condi-

tions, as well as scaffolds that can effi ciently deliver biologics, such as cell, 

growth factors, and/or antimicrobial agents.  

  5.10     Sources of further information and advice 

 For further information, the reader is advised to consult the following 

references: 
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 B. Ratner, A. Hoffman, F. Schoen and J. Lemons, eds. (2004)  Biomaterials Science: 
An Introduction to Materials in Medicine . Boston: Elsevier Academic Press. A 

comprehensive textbook that provides an excellent reference on the basic sci-

ence and clinical applications of biomaterials. 

 J. Hollinger, ed. (2012)  An Introduction to Biomaterials , 2nd edition. Boca Raton, 

FL: Woodhead Publishing Limited. A textbook that reviews many classes of 
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 B. Vernon, ed. (2012)  Injectable Biomaterials: Science and Applications . Woodhead 
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  Abstract : This chapter discusses the theoretical and experimental aspects 
related to the techniques for the preparation of scaffold by gas foaming of 
biodegradable polymers, of both natural and synthetic origin. Properties 
of polymer/gas solutions controlling nucleation and growth of gas bubbles 
are analysed in the fi rst part of this chapter. In the second part, specifi c 
preparation methodologies and morphologies of foams based on selected 
biodegradable polymers will be presented. These include polysaccharides 
(starch, chitosan, alginates), vegetal (zein) and animal (gelatin) proteins, 
and polyesters (poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and 

their copolymers PLGA, and poly- ε -caprolactone (PCL)). 

  Key words:  gas foaming, polysaccharides, proteins, polyesters, scaffolds. 

    6.1     Introduction 

 The design of scaffolds for tissue engineering (TE) strategies involves a num-

ber of criteria related to materials’ properties and structure. The temporary 

3D scaffolds, used as templates for cell interactions and the formation of the 

extracellular matrix, must be non-immunogenic, non-toxic, biocompatible 

and biodegradable. The architectural structure of the scaffold should be char-

acterized by interconnected porosity with a well-defi ned pore-size distribu-

tion to allow not only cell adhesion, ingrowth and reorganization but also 

neovascularization  in vivo  (Puppi  et al ., 2010). The selection of the biodegrad-

able materials and the control of the distribution of pore size and intercon-

nectivity must assure functional as well as structural requirements necessary 

for cells including: (i) diffusion of nutrients and gases to cells; (ii) removal 

of by-products from cells; (iii) mechanical compatibility with both growing 

cells and surrounding host tissue; (iv) cell adhesion and response to specifi c 

molecular signals; and (v) degradation and resorption rate compatible with 

the mechanical properties required by the newly grown tissue. 

 Many different polymeric materials have been used to develop 3D scaf-

folds. They can be categorized simply as naturally derived materials (e.g. 
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proteins and polysaccharides) and synthetic polymers (e.g. poly(lactic acid) 

(PLA), poly(glycolic acid) (PGA), and their copolymers PLGA, and poly(ε-

caprolactone) (PCL)). Naturally derived materials have the potential advan-

tage of biological recognition, which may positively support cell adhesion 

and function. However, there are a number of drawbacks related to some 

specifi c properties of natural polymers. They may exhibit immunogenicity, 

lower mechanical properties, be highly hydrophilic, have a high degrada-

tion rate, or, most of all, properties may vary among different production 

batches. For these reasons, synthetic polymers have often been preferred, 

due to their reproducible large-scale production, better control of strength, 

degradation rates and microstructures (Liu and Ma, 2004). 

 A variety of processing technologies have been developed to fabricate 

porous 3D polymeric scaffolds for tissue engineering (TE). These techniques 

mainly include solvent casting and particulate leaching, gas foaming, emul-

sion freeze-drying, electrospinning, rapid prototyping, thermally induced 

phase separation, or a combination of these (Ma, 2004; Puppi  et al. , 2010). 

 In this chapter, we will focus on the theoretical and experimental aspects 

related to the preparation techniques of scaffolds based on gas foaming of 

biodegradable polymers, of both natural and synthetic origin. The strategies 

commonly employed when using the gas foaming technology to control the 

porous architecture in foams, such as number and size of pores and degree 

of pore interconnection, within a biodegradable polymeric phase will be 

described. Properties of biodegradable polymers/blowing agents solutions 

involved in nucleation and growth of gas bubbles are analysed in the fi rst 

part of this chapter. Gas solubility and diffusivity, rheological, volumetric 

and thermal properties as well as interfacial tension of biodegradable poly-

mer/gas systems are presented by taking into consideration both theoretical 

aspects and experimental data available in the scientifi c literature. 

 In the second part, specifi c preparation methodologies and morpholo-

gies of foams based on selected biodegradable polymers will be presented. 

These include polysaccharides (starch, chitosan, alginates), vegetal (zein) 

and animal (gelatin) proteins, and polyesters (PLA, PGLA, PCL).  

  6.2     Foaming techniques and properties of 
expanding polymer/gas solutions 

 Thermoplastic foams can be produced by using continuous or discontinuous 

technologies, such as extrusion, injection moulding and batch foaming. The 

basic principle of foam formation is similar in all techniques: the foamed 

structure is obtained through a nucleation and growth mechanism from a 

polymer/gas solution, induced by an abrupt pressure drop. The manufacture 

of foamed products requires a careful selection of the proper combination of 
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polymer/foaming agent systems, and careful coordination of the individual 

steps in the process. In particular, in extrusion foaming technologies there 

are several operations, each performed by a specifi c section of the screw 

profi le, that need to be taken into account. These include: (i) polymer and 

additives feeding; (ii) melting and compounding; (iii) venting; (iv) dynamic 

sealing; (v) blowing agent injection; (vi) mixing and gas solubilization; (vii) 

cooling; (viii) pumping; (ix) homogenization; (x) die forming; and (xi) cool-

ing of the extrudate and post processing. 

 In the batch process two methods are utilized. In the ‘pressure quench 

method’, foaming is obtained by a rapid pressure quench of the poly-

mer/gas solution, stable at high blowing gas pressure. Fewer operations 

with respect to extrusion are performed: polymer melting, pressurization 

and solubilization, cooling and pressure quenching. In the ‘temperature 

increase method’, foaming occurs after an increase in temperature that 

produces a glassy to rubbery transition of the polymer/gas solution. Basic 

operations are: pressurization at ambient or low temperature, pressure 

release and heating. 

 In all these different methods, the optimization of the manufacturing pro-

cesses involves the control of the physical as well as the rheological behav-

iour of macromolecular viscoelastic materials containing a dissolved gas at 

high concentration. In particular, nucleation and growth rates, which deter-

mine the fi nal morphology of the foam, are related to the solubility and 

diffusivity of the gas into the polymer melt and to the surface tension, rheo-

logical, thermal and volumetric properties of the polymer/gas solution. 

  6.2.1      Sorption thermodynamics and mass 
transport properties 

 The fi rst important step in foaming is the solubilization of low molecular 

weight blowing agents, such as water, nitrogen, carbon dioxide and hydro-

carbons in the molten polymer. The blowing agent has to diffuse into the 

polymer and form a polymer/blowing agent solution prior to fast super-

saturation. Two properties of the polymer/gas specifi c system contribute to 

the solubilization phase: solubility – determining the quantity of gas sol-

ubilized in the polymer at processing temperatures and pressures – and 

mutual diffusivity – determining the rate at which the solubilization occurs. 

Diffusivity defi nes the minimum residence time in the extruder, or the min-

imum duration of the saturation phase in the batch process and, in the case 

of biodegradable polymers, which are typically thermolabile (thermally 

decomposable), should be high enough to limit the residence time before 

degradation occurs. Furthermore, diffusivity has to be considered when 

designing cooling rates and pressure drop rates (processing) since it defi nes 
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foam morphology (in the competition between nucleation and growth) (Lin 

 et al ., 2010). Blowing agent solubility, conversely, determines the extent of 

plasticization (processing) and the fi nal density of the foam. 

 The effects of sorption properties on the foamability of biodegradable 

polymers have been reported in the literature by a number of research 

groups. For instance, Di Maio  et al . (2005) evidenced how CO 2  and N 2  solu-

bility and diffusivity in PCL can be utilized for the optimization of both den-

sity and morphology of PCL foams by using specifi cally designed mixtures 

of the two blowing agents. 

 Similar results have been reported for PLA. Liu and Tomasko (2007) 

reported a rather good solubility of CO 2  which, in turn, is responsible for 

the achievement of PLA foam characterized by low density, as reported by, 

among others, Di  et al . (2005), Mihai  et al . (2007, 2010), Lee  et al . (2008) and 

Zhai  et al . (2009). Li  et al . (2006), furthermore, reported solubility data of 

N 2  in PLA are almost one order of magnitude less than solubility of CO 2 , at 

the same testing conditions. As expected, the very different solubilities gave 

foams characterized by different expansion ratios. In particular, Lee  et al . 
(2008) reported PLA/CO 2  foams with densities as low as 0.03 g/cm 3 , while, 

with N 2 , the lowest reported density was 0.5 g/cm 3 . It is worthy of note that 

the authors evidenced extensive differences in the foam morphology, with 

CO 2  giving pores with 100  μ m mean diameter, while N 2  induced the forma-

tion of pores of sub-micron size. 

 Table 6.1 reports the sorption data for some biodegradable polymer of 

interest in foaming.       

  6.2.2      Rheological properties 

 The rheological properties of the expanding polymer are of great importance 

for their effect on the fi nal foam density and morphology. For instance, an 

easily deformable polymeric matrix is required at the beginning of foaming, 

to allow the achievement of low-density foam and effi cient use of the blow-

ing agent; at the later stage of foam formation, conversely, strain hardening 

should occur, to avoid pore coalescence and foam collapse. Typically, strain 

hardening is a pure rheological property, as occurring in several strongly 

entangled polymers; however, alternative and/or concurrent mechanisms, 

such as crystallization and/or vitrifi cation, may be also utilized. 

 A critical issue regarding the rheological properties of the expanding 

matter, in foaming, is the relevant effect of the blowing agent on the rhe-

ological properties of the polymer, typically leading to a reduction of the 

viscosity, commonly addressed to as the ‘plasticization’ effect. Furthermore, 

measurement of the rheological properties of polymer/gas mixture is rela-

tively complex, mainly because of the need to keep the system as a solution, 



 Table 6.1     Sorption data for some biodegradable polymers 

 Polymer  Gas  Solubility 

(wt fraction) 

 Diffusivity 

(cm 2 /s) 

 Temperature 

( ° C) 

 Pressure 

(MPa) 

 References 

 Poly (lactic-co.glycolic acid), PLGA  CO 2   0.08  60  5  Liu and Tomasko, 2007 

 Poly (butylene succinate–co-

adipate), PBSA 

 CO 2   0.11  2  ×  10  − 5   180  20  Sato  et al ., 2000 

 Starch  CO 2   0.04  180  20  Mihai  et al ., 2007 

 Poly (hydroxybutyrate), PHB  CO 2   0.025  35  2  Miguel  et al ., 1999 

 Poly (  ε  -caprolactone), PCL  N 2   0.03  1  ×  10  − 4   75  10  Di Maio  et al ., 2005 

 Poly (  ε  -caprolactone, PCL  CO 2   0.085  8  ×  10  − 6   75  6  Di Maio  et al ., 2005 

 Poly (lactic acid), PLA  N 2   0.016  4  ×  10  − 5   200  28  Li  et al ., 2006 

 Poly (lactic acid), PLA  CO 2   0.175  3  ×  10  − 5   200  28  Li  et al ., 2006 
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and avoiding the formation of a biphasic fl ow during the experiment, to be 

conducted at high blowing agent pressure. This can be obtained with several 

techniques, but basically in-line (directly in the process stream) or on-line (a 

pressurized sampling stream) is taken from the process line and transferred 

to a measuring system (Gendron and Daigneault, 2000). In recent years, 

rheological data of polymer/blowing agent solutions have become available 

to the scientifi c community from a number of research groups (Dealy, 1982; 

Han and Ma, 1983; Macosko, 1994; Gerhardt  et al ., 1997; Elkovitch  et al ., 
1999; Lee  et al ., 1999; Areerat  et al ., 2002). More recently, data on biodegrad-

able polymers have been reported (Di Maio  et al ., 2006).  

  6.2.3      Volumetric, thermal and interfacial properties 

 When the polymer is exposed to a gaseous penetrant, its volume changes 

as a consequence of the compression of the gas saturated polymer melt by 

the mechanical action of pressure exerted by the external gas and of the gas 

solubilization. With the increase of external gas pressure, typically, both the 

volume and the mass monotonically increase. As a fi nal balance, typically, 

at low gas concentration, mass increase is the dominant effect, and a reduc-

tion of the specifi c volume is observed, while at higher gas concentration, 

conversely, volume increase becomes the predominant effect, leading to a 

bell-shaped curve. 

 Another relevant effect of gas dissolution on the expanding polymer is 

the associated change of the characteristic thermal transitions. In foaming, 

this phenomenon is exploited in two ways: (i) melting point depression is 

desirable for lowering processing temperatures, to reduce energy consump-

tion and thermal degradation; (ii) it allows foaming at lower temperatures 

and, hence, it helps in locking the newly formed porous structure by crystal-

lization or vitrifi cation, solely by the loss of the plasticizing effect when the 

blowing agent is released. Data on extrusion foaming die temperatures dif-

fer by several tens of degrees Celsius from those of neat polymer in numer-

ous examples, as a result of the dependence on the amount and kind of 

blowing agent. Specifi c data on the depression of characteristic tempera-

tures of biodegradable polymers by blowing agents absorption are available 

in the scientifi c literature, and the most relevant are reported in Table 6.2. 

Specifi c literature on non-biodegradable polymers and modelling attempts 

can be found in Quach and Simha (1972), Chiou  et al . (1985), Wissinger and 

Paulaitis (1991) and Condo  et al . (1992).      

 The interfacial tension of the separation surface between the molten 

polymer/blowing agent solutions and the surrounding blowing agent is 

another key parameter controlling the foam morphology. It can be mea-

sured by using the ‘axisymmetric drop shape analysis’ (ADSA), which is 

based on the evaluation of the shape of an axisymmetric pendant drop 
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(Wu, 1982) according to the Laplace equation. Typically, a depression of the 

interfacial tension is observed after blowing agent solubilization (Kiszka 

 et al ., 1998; Nalawade  et al ., 2008), reported, among others, by Harrison 

 et al . (1996), Harrison  et al . (1998), Li  et al . (2004), Liu and Tomasko (2007) 

and Pastore Carbone  et al . (2011, 2012). The plasticizing actions are gen-

erally attributed to two concurrent phenomena: (1) as pressure increases, 

the free energy density of the blowing agent becomes closer to that of the 

polymer phase and the interfacial tension decreases; (2) as gas pressure 

increases, the blowing agent concentration increases thus promoting a fur-

ther decrease of interfacial tension since the two phases in contact become 

more similar.   

  6.3     Biofoams based on natural polymers 

 A great number of different natural materials have been studied and pro-

posed for the preparation of scaffolds in tissue engineering. Natural mate-

rials, such as polysaccharides and proteins, offer several advantages such 

as biological signaling, cell adhesion, cell responsive degradation and 

remodelling. However, due to their inadequate physical properties they are 

often combined with other polymers. The most investigated polysaccharides 

for the preparation of porous scaffolds by using the gas foaming technique 

are starch, alginate and chitosan. Foams from proteins include zein and 

gelatine. 

  6.3.1      Polysaccharides 

 Polysaccharides are naturally occurring biomacromolecules derived from 

plants, animals and micro-organisms, characterized by monosaccharides 

linked together by O-glycosidic linkages. The composition of the monosac-

charide units, the linkage types, the chain shape and the molecular weight 

dictate their physical properties, including solubility, surface and interfacial 

properties, and therefore their processability and biological response (Mano 

 et al ., 2007). 

 Table 6.2     Effect of gas sorption on melting point of selected biodegradable 

polymers 

 Polymer   T  m  (K)  Blowing 

agent (MPa) 
  Δ  T  (Lian  et al ., 2006) 

 Poly (  ε  -caprolactone), PCL  332  CO 2  (9.0)  22 

 Poly (butylene succinate), PBS  388  CO 2  (14.5)  14 

 Poly (ethylene adipate), PEA  328  CO 2  (27.6)  22 

 Poly (L-lactic acid), PLLA  448  CO 2  (27.6)  55 
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 These polysaccharides have been utilized to develop porous structures by 

different methods. Starch-based scaffolds can be produced by using extru-

sion with blowing agents,  in situ  polymerization or by combining solvent 

casting and particulate leaching, compression moulding and particulate 

leaching (Gomes  et al ., 2002). Chitosan can be moulded in various forms 

with a fairly well-designed porous structure by means of techniques such 

as freeze-drying, rapid prototyping and internal bubbling process (Yannas, 

1996; Di Martino  et al ., 2005; Ji  et al.,  2011). Alginates have been used mainly 

in the form of hydrogels, since they can be easily prepared by crosslink-

ing under very mild conditions, at low temperature, and in the absence of 

organic solvents (Puppi  et al ., 2010). Injectable gels based on pure alginate, 

and in combination with chitosan (Li  et al ., 2005; Park  et al ., 2005) or hyal-

uronic acid (Lindenhayn  et al ., 1999), have been used for TE. 

 Among polysaccharides employed as TE scaffold materials, only starch, 

alginate and chitosan have been used to develop porous structures based 

on the gas foaming technique. Examples of porous morphologies obtained 

from these biopolymers are shown in Fig. 6.1. More information on the pro-

cessing and properties of such systems are given below.      

  Starch foams 

 Starch is a polysaccharide composed of a mixture of a linear polymer 

(amylose) and a highly branched macromolecule (amylopectin). In both 
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 6.1      Polysaccharide foams prepared with different methods: (a) starch 

with the microwave foaming (Torres  et al ., 2007), (b) alginate with the 

‘carbon dioxide in water’ emulsion templating method (Partap  et al ., 

2006) and (c)-(d) chitosan with the CO 2  dense gas foaming (Ji  et al ., 2011).  
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polymeric structures, the repeating unit is the glucose molecule (Daniel 

 et al ., 2000). This polysaccharide has been widely used to prepare plastic-like 

materials by mixing granular starch with water and/or non-volatile plasticiz-

ers, which decrease the glass transition and the melting temperature (Perry 

and Donald, 2000). Destructurized starch, also referred to as thermoplastic 

starch (TPS), is commonly processed with low molecular weight plasticizers 

such as glycerol, glycerol monostearate, glycol, xylitol, sorbitol, polyethylene 

glycol, sugars and oligosaccharides, fatty acids, lipids and derivatives. 

 Starch-based foams have been studied to develop food as well as light-

weight biodegradable common products (Cotugno  et al ., 2005). The for-

mation of porous structures in starch polymers was fi rst studied for the 

preparation of food products. The oldest techniques to produce starch-

based foams are the ‘explosion puffi ng’ (Hoseney  et al ., 1983) and the ‘bak-

ing’ techniques (Tiefenbacher, 1993; Haas and coworkers, 1996) where the 

steam generated by the moisture at high temperature in the sample acts as a 

blowing agent. More recently, continuous technologies based on both single 

and double screw extrusion processes have been used to produce extruded 

products for different applications, such as packaging, or for thermal/acous-

tic insulation (Willett and Shogren, 2002) with the aim of replacing oil-based 

polymers with bio-based, biodegradable polymeric materials. In these extru-

sion foaming technologies, bubbles nucleate at the die exit as a consequence 

of the pressure drop. Nuclei of water vapour bubbles are formed and grow 

in size as additional water vapour molecules diffuse into the nuclei, until the 

fi nal structure of the extrudate is set. Starch-based products have also been 

produced by using a combination of supercritical carbon dioxide (Sc-CO 2 ) 

and water as blowing agent (Cho and Rizvi, 2008), and improved expansion 

porous structures were obtained. 

 In order to control the moisture resistance, the mechanical properties and 

the degradation rate, starch has been often mixed with other biodegrad-

able thermoplastics (Shen  et al ., 2009). Blends of starch with PLA, ethyl-

ene vinyl alcohol (EVA), cellulose acetate (CA) and PCL were proposed as 

potential alternative biodegradable materials for a wide range of biomed-

ical applications, including bone cements, hydrogels for drugs controlled 

delivery, and bone substitutes (Gomes  et al ., 2001, 2002; Salgado  et al ., 2002; 

Neves  et al ., 2005; Torres  et al ., 2007; Duarte  et al ., 2009).  

  Alginate foams 

 Alginates are linear unbranched polysaccharides constituted of varying 

amounts of (1- 4)-linked   β  -D-mannuronic acid and   α  -L-guluronic acid, and 

extracted primarily from brown algae (Smidsr ø d and Skj å k-Braek, 1990). 

Due to their biocompatibility, they have been widely investigated in bio-

medical applications, including TE scaffolds (Yasuda  et al ., 2006; Cheng  et al ., 
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2008). The native alginates are mainly present as insoluble Ca 2+  crosslinked 

gels, but they can form relatively stable hydrogels in the presence of other 

multivalent cations (e.g., Sr, Ba). These hydrogels are formed through inter-

action between the carboxylic acid group of the polymer and the chelating 

cation (Puppi  et al ., 2010). 

 Alginate porous structures have been successfully prepared by using a 

‘carbon dioxide in water’ emulsion templating method by Partap  et al . 
(2006). A highly porous alginate hydrogel was prepared by coupling a tem-

plating ‘oil-in-water’ emulsion reaction with an internal gelation reaction 

to ‘lock in’ the structure from the internal oil phase. In their work, both an 

organic solvent (isooctane) and dense-phase CO 2  (above the critical point 

of CO 2 ) have been used as the internal oil phases for the templating step. 

They found that the dense-phase CO 2  simultaneously acts both as a templat-

ing ‘oil’ phase as well as producing the acidity (carbonic acid, pH 3–4) that 

releases the calcium ions from their chelated form, crosslinking the alginate 

and forming a porous hydrogel. Due to the dual role of CO 2  as a reagent and 

a template, this process was named ‘reactive emulsion templating’ (RET). 

Highly porous alginate hydrogels with a narrow range of macropore sizes 

were obtained with the RET process. These hydrogels exhibit an open, well 

interconnected pore network with a narrow pore-size distribution suitable 

for tissue engineering applications.  

  Chitosan foams 

 Chitosan (CS) is a biodegradable cationic aminopolysaccharide derived 

from chitin (N-deacetylated derivative), the second most abundant poly-

saccharide after cellulose. Chitin is a structural biopolymer that provides 

structural integrity and protection to animals. While CS can be soluble in 

water, the dissolution of chitin is very diffi cult to achieve, due to the high 

intra- and inter-molecular hydrogen bonds. The main technologies utilized 

to process chitin are solvent-based, and they have been used to cast fi lms 

or to make fi bres by using the wet spinning process (Rinaudo, 2006; Pillai 

 et al ., 2009). 

 Solvent casting/salt leaching (Wan  et al. , 2008) and freeze-drying have 

been used to generate porosity in chitosan and composite mixtures of chi-

tosan and other polymers (Madihally and Matthew, 1999; Wu  et al ., 2008). 

However, there are, in general, several disadvantages when using these tech-

niques due to the use of toxic solvents, the very slow removal of solvent by 

evaporation, the irregular shape of pores and the insuffi cient interconnec-

tivity, a basic requirement necessary to enable the culture cells to diffuse 

throughout the scaffold. 

 The CO 2 –water emulsion-template method, described above for alginate 

systems, was employed to produce highly porous structures in hydrophilic 
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poly(vinyl alcohol) (PVA) and chitosan (Lee  et al ., 2007). Other CO 2 -assisted 

methods based on solvent exchange/supercritical fl uid drying (Tsioptsias 

and Panayiotou, 2008; Singh  et al ., 2009; Ji  et al ., 2010) were developed to 

produce porous hydrophilic polymers. However, these methods have limita-

tions, such as the use of organic solvents and the inability to form microscale 

pores that are suitable for tissue engineering. 

 Ji  et al . (2011) have used the CO 2  dense gas foaming method to generate 

gas bubbles in chitosan systems by rapid gas depressurization, as typically 

done in polymer foaming. Highly interconnected pores with an average 

pore diameter ranging from 30 to 40  μ m able to support cell penetration and 

proliferation within the 3D structure were obtained with this technique.   

  6.3.2      Proteins 

 Many different proteins have been investigated to develop TE scaffolds. 

They are often preferred over carbohydrates and synthetic polymers for 

medical applications because proteins are a major part of the human body, 

they are bio- and cyto-compatible and, as scaffold materials, it is easier 

to maintain the functions of the extracellular matrix (ECM) with proteins 

than with synthetic polymers (Chan and Mooney, 2008). Proteins contain 

functional groups such as amino and carboxyl groups that can carry differ-

ent charges depending on the pH. Therefore, proteins from animals and 

plants are good candidates to develop stimuli-responsive materials based 

on pH. 

 Proteins derived from animals, such as  collagen  and its denaturated deriv-

atives  gelatin  and  silk  fi broin, have been widely studied. However, there are 

several drawbacks associated with these proteins. Collagen shows poor wet 

mechanical properties and potential immunogenicity, while silk is slowly 

biodegradable and it is diffi cult to process. Plant proteins are widely avail-

able, have low potential to be immunogenic, and can be made into fi bres, 

fi lms, hydrogels and micro- and nano-particles for medical applications 

(Reddy and Yang, 2011). Studies, mostly with zein, have demonstrated the 

potential of using plant proteins for tissue engineering and drug delivery. 

Other plant proteins that have also shown biocompatibility  in vitro  studies 

include wheat gluten and soy proteins. 

 Hydrogels, fi lms, fi bres, and nano- and micro-particles based on plant 

proteins have been developed for biomedical application by using solvent-

based methods. In a similar way to TPS, addition of low molecular weight 

plasticizers allows the proteins to undergo glass transition, and facilitates 

deformation and processability. Agro-based proteins, such as wheat gluten, 

corn zein and soy protein, and whey proteins have been successfully formed 

into fi lms using thermoplastic processes such as compression moulding and 



174   Biomedical Foams for Tissue Engineering Applications

extrusion (Wang and Padua, 2003; Pommet and coworkers, 2005; Selling, 

2007; Hernandez-Izquierdo and Krotcha, 2008; Di Maio and coworkers, 

2010; Oliviero and coworkers, 2010). 

 Very few works have reported on the thermo-plasticization and the foam-

ing process of protein-based materials. As reported in the following, phys-

ical blowing agents, such as CO 2 , N 2  and their mixtures have been used to 

prepare thermoplastic zein and thermoplastic gelatin foams using the batch 

foaming technique. 

  Zein-based foams 

 Thermoplastic zein (TPZ) can be obtained by applying heat and shear 

stresses in a mixer or in an extruder. Unfolding of the protein occurs in 

the presence of a suitable plasticizer. For example, Di Maio and coworkers 

(2010) have used several plasticizers (PEG400, lactic acid LA, lauric acid 

LAU and stearic acid ST) with different polarity characteristics and molec-

ular weights to investigate the thermoplasticity of zein proteins. They have 

shown that the effi ciency of the thermoplasticization process infl uences the 

mechanical properties of the fi nal TPZ material and depends upon the ini-

tial temperature, the speed of rotation and time of mixing for each protein/

plasticizer system. 

 TPZ samples were placed into the pressure vessel and kept with blow-

ing agent mixture for 6 h at 70 ° C and at saturation pressure in the range 

60–180 bar. After saturation, samples were rapidly cooled or heated to the 

desired foaming temperature with a controlled profi le, and fi nally pres-

sure was reduced to atmospheric pressure to allow foaming. To stabilize 

the porous structure, foams were immediately cooled down to ambient 

temperature and subsequently removed from the vessel. The authors have 

shown that the size and number of pores can be tuned by controlling the 

blowing agent composition, a mixture of N 2  and CO 2 , the foaming tempera-

ture in the range 44–140 ° C and the pressure drop rate in the range 250–700 

bar/s (Fig. 6.2).      

 Very different porous structures can be obtained with TPZ plasticized 

with 25% of polyethylene glycol (PEG 400, M.W. = 400) by changing 

the blowing agent composition (Fig. 6.2). The use of pure CO 2  resulted 

in poor porous morphologies characterized by few bubbles of larger size. 

Better morphologies, characterized by a high number of small pores, were 

obtained by using N 2 . However, due to the lower solubility of N 2  in these 

materials, the density of these foams was high. The best blowing agent sys-

tem was found to be a mixture of these two gases (80–20 of N 2 –CO 2  vol.%) 

that allowed to prepare  foams at temperatures in the range 70–90 ° C. 

Foams were characterized by pores of 20–40  μ m in diameters and densi-

ties as low as 0.1 g/cm 3 .  
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  Gelatin-based foams 

 Gelatin is the result of the denaturation process of collagen, the major struc-

tural protein of most connective tissues (Bigi  et al ., 2004). Due to its low cost 

and biodegradability, its use has been widely investigated in food, pharma-

ceutical and photographic industries. 

 Thermoplastic gelatin (TPG) can be produced by mixing gelatin pow-

der and glycerol or lactic acid as plasticizer. Mixing temperature, speed of 

rotation, and mixing time need to be optimized to obtain plastic-like melts 

that can be foamed by using conventional gas foaming technologies. Salerno 

and coworkers (2007a) have shown that TPG can be foamed above its glass 

transition temperature (about 50 ° C) up to 140 ° C where severe thermal deg-

radation starts to occur. Foaming experiments were carried out by using a 

batch process, with the same procedure as described above for TPZ foams. 

The TPG foams were mainly characterized by closed pores. 

 TPG can be easily blended with biodegradable polymers characterized by 

low melting temperatures. Blends of TPG and PCL can be foamed with the 

same methods described above. A selective extraction of the water soluble 

gelatin phase permits the development of porous network pathways charac-

terized by multimodal porosities (Fig. 6.2) (Salerno  et al ., 2007b).    
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 6.2      SEM micrographs of TPZ and TPG foams: (a) TPZ foamed with CO 2  

at  T  foam  = 50 ° C; (b) TPZ foamed with N 2  at  T  foam  = 100 ° C; (c) TPZ foamed 

with a mixture 80–20 of CO 2 –N 2  at  T  foam  = 79 ° C; (d) TPG foamed with a 

mixture 80–20 of CO 2 –N 2  at  T  foam  = 44 ° C; (e) TPG foamed with a mixture 

80–20 of CO 2 –N 2  at  T  foam  = 120 ° C; (f) TPG/PCL, after removal of gelatin 

phase, foamed with a mixture 80–20 vol % of CO 2 –N 2  at  T  foam  = 44 ° C. 

( Source : From Salerno  et al . (2007a, 2007b.) (parts a to e only © Carl 

Hanser Verlag, Muenchen)   
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  6.4     Biofoams based on biodegradable polyesters 

 Many different types of polyesters have been employed to develop TE scaf-

folds. All polyesters are, in principle, hydrolytically degradable. Typically, 

(co)polyesters with short aliphatic chains between ester bonds degrade over 

the timeframe required for biomedical applications. The most investigated 

materials are the poly(hydroxycarboxylic acid), which are prepared by ring 

opening polymerization of lactones or cyclic diesters such as PLA, PGA, 

PLGA and PCL. 

  6.4.1      Polylactide-based foams 

 PLA can be synthesized by different routes starting from lactic acid, an   α  -
hydroxy acid existing in either L(+) or D( − ) stereoisomer. Its properties, 

namely the maximum crystallinity, melting temperature and glass transi-

tion temperature depend upon their molecular weight and stereochemistry. 

Both poly(L-lactic acid) (PLLA) and poly(D-lactic acid) (PDLA) are semi-

crystalline, while the presence of signifi cant amounts of one form within a 

sequence of the other, giving poly(D,L-lactic acid), can result in an amor-

phous polymer (Steinbuchel and Doi, 2002). PLA can be processed by using 

conventional technologies such as extrusion, injection moulding, injection 

stretch blow moulding, casting, blown fi lm thermoforming, foaming, blend-

ing, fi bre spinning and compounding (Lim and coworkers, 2008). 

 The glass transition temperature ( T  g ) of amorphous PLA lies between 55 

to 60 ° C and is a function of the PLA molecular weight and stereochemis-

try. In semicrystalline PLA, the  T  g  is higher (60–80 ° C) and depends on the 

crystallization conditions that determine both the morphology of the crys-

talline/amorphous phases and the degree of crystallinity. The amorphous 

phase in semicrystalline PLA is characterized by the presence of two phases, 

a mobile fraction and a rigid fraction characterized by lower mobility and 

higher  T  g  (Iannace and Nicolais, 1997). The amount of rigid fraction depends 

upon the crystallization conditions and it can reach values of about 25–30% 

when PLA is isothermally crystallized in the range of 90–110 ° C. 

 PLA crystallizes when cooled from melt (melt crystallization) or when 

heated above its  T  g  (cold crystallization) in the range 80–150 ° C, but its fast-

est rate of crystallization occurs between 95 ° C and 115 ° C. The melting tem-

perature ( T  m ) of PLA occurs between 130 ° C and 180 ° C according to the 

L-lactide content and the type of crystals formed during the crystallization. 

 The selection of the processing window aimed at exploring foaming 

behaviour in the presence of blowing agents is based on the thermal proper-

ties of PLA. In particular, porous structures can be generated within a PLA 

matrix by promoting bubble nucleation and growth during a controlled 

cooling from the melt, typically in extrusion and injection-moulding-based 
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technologies, or in the ‘solid state’ above the  T  g  and below the  T  m . In both 

methods, one must take into account that in presence of a physical blowing 

agent, the  T  g , the crystallization temperatures, and the  T  m  will shift to lower 

values. Carbon dioxide has been used as an effi cient plasticizer and foam-

ing agent for the fabrication of 3D scaffolds based on PLA and poly(lactic 

acid-co-glycolic acid) (PLGA). CO 2  can be also used in combination with N 2  

to improve the porous morphology of PLA and PLA-based nanocomposite 

matrices (Di  et al. , 2005a, 2005b). 

 The effect of foaming conditions from the melt on foam architecture was 

investigated by Mathieu  et al . (2005). Samples of PLA were placed in a pres-

sure vessel and saturated at 100 and 250 bar at 195 ° C. Foam expansion was 

then achieved by sudden gas release, with additional water cooling. Neat 

PLA foams with interconnected pores with a diameter of 200–400  μ m, and 

compressive moduli between 10 and 180 MPa for porosities from 78% to 

92%, were obtained (Fig. 6.3a).      
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 6.3      Porous morphologies of PLA foams prepared with different 

techniques and processing conditions: (a) PLA saturated with CO 2  

at 195 ° C, 15 MPa, cooling at 5.1 ° C/s (Mathieu  et al ., 2005); (b) PLA 

saturated with a mixture of CO 2  and N 2  (20:80) at 170 ° C, 16 MPa,  T  foam  = 

110 ° C (Di  et al ., 2005b); (c) PLA saturated with CO 2  at 100 ° C, 5 MPa, after 

ultrasound (Wang  et al ., 2006); (d) PLA/nanoclay (1%) saturated with a 

mixture of CO 2  and N 2  (20:80) at 170 ° C, 16 MPa,  T  foam  = 110 ° C (Di  et al ., 

2005a).  
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 Foaming from melt can be also used to develop composite scaffolds based 

on PLA matrix and ceramic fi llers, hydroxyapatite (HA) or   β  -tricalcium 

phosphate (  β  -TCP) (Mathieu  et al ., 2006; Montjovent  et al ., 2007). The rate 

of cooling has a signifi cant effect on the porous structure: cooling too rap-

idly will result in small closed pores, whereas a very slow cooling will not 

allow freezing of the structure, which will fi nally collapse. An intermediate 

cooling rate must be found which allows interconnections to be created, 

while still stabilizing the morphology before it collapses. 

 To control the morphology of supercritically foamed scaffolds, it is essen-

tial to study the interactions of polymers with CO 2  and the consequent 

solubility of CO 2  in the polymers, as well as the viscosity of the plasticized 

polymers. Tai  et al . (2010) have shown that the viscosities of the CO 2 -

plasticized polymers at 35 ° C and 100 bar were comparable to the values 

for the polymer melts at 140 ° C. The PLA/gas solutions can therefore be 

foamed at relatively low temperature, and this allows the incorporation 

of biologically active guest species into polymer host with limited loss or 

change of activity. 

 Based on the above considerations, the solid-state foaming process has 

been studied to generate microporous foams (usually termed microcel-

lular foams) for biomedical applications by using gases such as CO 2  and 

N 2 . Singh  et al . (2004) have used this method with an amorphous PLGA 

to generate microcellular structures with pore sizes ranging from sub-

micrometres to a few hundred micrometres at 35 ° C. However, the disad-

vantage of the process is that the foams it produces are mostly close-pored 

and not suitable for tissue engineering applications. For this reason, solid-

state gas foaming of PLA-based scaffolds is often coupled with particu-

late leaching to generate open-pore structures (Mooney  et al ., 1996; Harris 

 et al ., 1998; Nam  et al ., 2000). 

 Another method to break the pore walls of the solid-state foams is to use 

ultrasound. Wang  et al . (2006) have used semicrystalline PLA. The samples 

were fi rst foamed in the solid-state foaming process at temperature below 

the melting point (100–150 ° C) to achieve suitable pore sizes. Then the 

foamed samples were processed using ultrasound to enhance the inter-pore 

connectivity of the solid-state foams (Fig. 6.3c).  

  6.4.2      Poly( ε -caprolactone)-based foams 

 Poly(  ε  -caprolactone) is a semicrystalline aliphatic linear polyester with 

remarkable hydrophobicity. The hydrolytic degradation of PCL is very slow 

(years), and it is therefore indicated as base material for the development 

of long-term implants. 
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 Poly(  ε  -caprolactone) (PCL) is obtained by ring opening polymeriza-

tion of  ε -caprolactone, and it has a very low  T  g  ( − 61 ° C) and a low melt-

ing point (65 ° C) (Chiellini and Solaro, 1996; Albertsson and Varma, 2002; 

Okada, 2002). 

 Due to the relatively low processing temperatures, and thanks to their 

good rheological properties, PCL foams are being widely investigated. In 

particular, their elongational viscosity is adequate for bearing the pore wall 

stretching during bubble growth. Nevertheless, improvement of the molec-

ular weight has been pursued to reduce the mean pore size and to increase 

the nucleated bubbles as experienced by Di Maio and coworkers (2005a). 

 Microcellular structures can be easily prepared with batch foaming, by 

using the pressure quench (Xu  et al ., 2004; Jenkins  et al ., 2006) or the tem-

perature increase (Liu, 2008) techniques. The porous structure can also be 

improved by carefully controlling the development of the crystalline phase 

during cooling from the melt state. Nucleated crystals can promote bubble 

nucleation in presence of supercritical CO 2  as blowing agent thus improv-

ing the microcellular morphology of the foam (Reignier and coworkers, 

2007). 

 Combinations of different blowing agents have also been investigated. Di 

Maio and coworkers (2005b) tailored the porous morphology by changing 

the ratio between nitrogen and carbon dioxide contents. When using CO 2  

alone, the plasticization of the PCL in presence of the blowing gas allowed 

the foaming of the polymer at temperatures in the range of 30–40 ° C. The 

lowest density (0.03 g/cm 3 ) was achieved at  T  foam  = 32 ° C, a saturation pres-

sure of 59 bar, and pressure drop rate of 30 bar/s. In this case, the porous 

structure was characterized by pores with an average size of 250  μ m. In the 

presence of pure nitrogen, the foaming temperatures were higher, in the 

range of 43–50 ° C. So-called microcellular foams were obtained at  T  foam  = 

43 ° C, with a saturation pressure of 170 bar, and pressure drop rate of 80 

bar/s, with a pore diameter of about 20  μ m. However, due to the lower sol-

ubility of N 2  compared to CO 2 , the densities of N 2 -based foams were higher 

(0.2–0.6 g/cm 3 ). Low-density PCL foams characterized by lower pore size 

were obtained by using a mixture of CO 2  and N 2 . In fact, CO 2  was found to 

be a good foaming agent, due to the high solubility and the high plasticizing 

effects, while N 2  led to a better morphology in terms of pore size and num-

ber of cells. Foams of different density and number of cells were obtained by 

using different compositions of CO 2 /N 2  and different saturation pressures. 

In this case, a small amount of CO 2  was enough to infl ate the high number of 

bubbles generated by N 2  and to achieve foams with a very fi ne morphology 

and low density (around 0.07 g/cm 3 ) at the same time. The foaming tempera-

tures were intermediate between the foaming temperatures of the two pure 

gases, suggesting that the plasticizing effect could, in this gross evaluation, 
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be considered additive. SEM micrographs reported in Fig. 6.4a–6.4d show 

the porous structures of PCL foams prepared with different blowing agents 

and conditions.      

 Tsivitzelis and coworkers (2007) prepared PCL foams using CO 2 –

ethanol supercritical mixtures as blowing agents (Fig. 6.4e). The results 

revealed that diffi culties in the foaming of polymers related to their crys-

talline structure could be overcome with the addition of small amounts of 

organic solvents. The structures that were obtained with the addition of 

small amounts of ethanol were more uniform with larger pore sizes with 

respect to pure CO 2 . 

 Most of the PCL foams prepared by the gas foaming technique reported 

above are characterized by porous structures based on closed pores. The 

development of open-pore structures can be obtained by promoting the rup-

ture of the pores during their growth, or by combining the gas foaming with 
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 6.4      Porous morphologies of PCL foams prepared with different 

techniques and processing conditions: (a) PCL foamed with CO 2  at 

29.4 ° C, Psat = 5 MPa, density = 0.099 g/cm 3  (Di Maio  et al ., 2005b); 

(b) Crosslinked PCL foamed with chemical blowing agent (BA) in oil 

bath at 200 ° C, density = 0.044 g/cm 3  (Liu  et al ., 2008); (c) PCL foamed 

with N 2  at 48.9 ° C, Psat = 17.2 MPa, density = 0.19 g/cm 3  (Di Maio  et al ., 

2005b); (d) PCL foamed with CO 2 –N 2  mixture at 40.6 ° C, Psat(CO 2 ) = 1.7 

MPa, Psat(N 2 ) = 12.1 MPa, density = 0.15 g/cm 3  (Di Maio  et al ., 2005b); 

(e) PCL foamed with CO 2 –ethanol mixture at 40 ° C, Psat = 14.7 MPa, 

density = 0.35 g/cm 3  (Tsivitzelis  et al ., 2007); (f) Gas foaming combined 

with salt leaching from PCL/NaCl (50/50) microcomposites,

 T  foam  = 34 ° C, Psat = 6.5 MPa at 70 ° C (Salerno  et al ., 2008).  
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templating techniques. Microparticulate composites of PCL and micromet-

ric sodium chloride particles (NaCl), in concentrations ranging from 70/30 

to 20/80 wt.% of PCL/NaCl, were melt-mixed and gas-foamed using carbon 

dioxide as physical blowing agent by Salerno  et al.  (2008). After foaming, the 

microparticles were leached out, leading to a porous morphology character-

ized by an open-pore network (Fig. 6.4f). The control of porosity (in the range 

78–93%) and pore size (from around 90 to 10  μ m) was mainly achieved by 

varying microparticulate concentration and foaming temperatures.   
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  Abstract : Bioactive glasses have been widely used in the fi eld of bone 
tissue engineering due to their appropriate biological and mechanical 
properties. In this chapter we will review recent developments in 
fabricating bioactive-glass-derived 3D foams (scaffolds), discussing also 
their structural and biological properties. The most common fabrication 
routes will be presented and discussed. Further key fi ndings from  in 
vitro  and  in vivo  studies on bioactive glass scaffolds will be presented 
in order to support the concept of the use of bioactive glass in (bone) 
tissue engineering applications. In addition to the ‘standard’ silicate-
based bioactive glass compositions, representative fi ndings on novel glass 
compositions for biomedical use, e.g. containing therapeutic metal ions, 
will be highlighted. 

  Key words:  bioactive glass, tissue engineering, scaffolds, osteogenesis, 
biomedical foams. 

    7.1     Introduction 

 During the last decades bioactive glasses (BG) and glass–ceramics have 

been widely used in biomedical applications, including as fi ller materi-

als, tissue scaffolds and bioactive coatings (Hench, 1998, 2009). Several 

silicate-based compositions such as ‘45S5’ (wt.%: 45 SiO 2 , 24.5 Na 2 O, 24.5 

CaO, 6 P 2 O 5 ) or ‘13–93’ (wt.%: 53 SiO 2 , 6 Na 2 O, 12 K 2 O; 5 MgO, 20 CaO, 

and 4 P 2 O 5 ) have been shown to exhibit bioactive behavior by provid-

ing strong bonding to bone (Hench, 1991; Rahaman  et al ., 2011) and also 

inducing stimulatory effects on osteogenesis (Xynos  et al ., 2001; Jell and 

Stevens, 2006; Hench, 2009) and angiogenesis (Gorustovich  et al ., 2010). 

Since health issues related to the planet’s aging population are increas-

ing, the clinical demand for tissue and organ repair continues to grow 

(Palangkaraya and Yong, 2009). Therefore, tissue engineering (TE) is one 
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promising approach being developed to regenerate damaged hard and 

soft tissue (Hutmacher, 2000). In TE strategies, a 3D structure, the so-

called scaffold, made from a suitable biomaterial and exhibiting inter-

connected pores with desired pore size and shape is used (Rezwan  et al ., 
2006; Gerhardt and Boccaccini, 2010). For bone TE these scaffolds should 

provide osteogenic and also (ideally) angiogenic properties, a surface 

which supports the adhesion, proliferation and differentiation of relevant 

cells (e.g. stem cells, osteoblast cells), and a suffi cient mechanical integrity 

and adequate degradation kinetics that should correspond to the bone 

formation rate (Jones and Hench, 2003). Bioactive glass-derived foams 

(scaffolds) can be fabricated using several different techniques, including 

sol-gel foaming and foam replica (FR) methods, which are presented in 

Section 7.2 in more detail. 

 In addition, the incorporation of particular ions into the silicate network, 

such as silver (Bellantone  et al ., 2002; Blaker  et al ., 2004; Balamurugan  et al ., 
2008) and boron (Munukka  et al ., 2008; Gorriti  et al ., 2009), has been inves-

tigated in order to develop antibacterial and antimicrobial materials. BGs 

have been also suggested for use as carrier platforms for the delivery of 

metal ions with therapeutic effect and also for growth factors, hormones and 

drugs (Hoppe  et al ., 2011; Hum and Boccaccini, 2012; Mouri ñ o  et al ., 2012). 

In addition, mesoporous BG microspheres have demonstrated enhanced 

hemostatic activity, as well as reduced clot detection times and increased 

coagulation rates compared to nonporous microspheres (Ostomel  et al ., 
2006). The present chapter focuses on bioactive glass foams being developed 

as scaffolds for bone TE applications, with emphasis on (i) fabrication routes 

for BGs (Section 7.2.1) (ii) the production of foam-like scaffolds (Section 

7.2.2) and (iii)  in vitro  and  in vivo  studies on these scaffolds (Section 7.3). 

Beside standard silicate glass compositions such as ‘45S5,’ recent studies on 

novel glass chemistries containing metal ions added for achieving specifi c 

cellular responses and to induce enhanced osteogenesis will be highlighted. 

Finally, Section 7.4 includes a summary of key developments and indica-

tions for future research.  

  7.2     Processing ‘foam-like’ bioactive 
glass-based scaffolds 

 In this section the glass fabrication and its further processing into ‘foam-

like’ scaffolds is presented. The use of traditional melting route and sol-gel 

techniques for synthesis of bioactive glasses as two most common methods 

are described in detail. Furthermore, various techniques for processing bio-

active glass derived foams and respective structural and mechanical proper-

ties are given. 



Bioactive glass foams for tissue engineering applications   193

  7.2.1      Bioactive glass production 

  Melt-derived bioactive glass 

 BGs can be made by melting raw materials or by the sol-gel technique. 

In the melt-derived process conventional glass melting is used, whereby 

desired amounts of oxides, carbonates or phosphates are homogenized 

and melted in a platinum crucible at 1350–1500 ° C. The molten glass is then 

either poured into graphite molds, in order to obtain solid glass blocks, or 

quenched in water or oil, which results in a glass frit. Subsequent mechani-

cal grinding (e.g. in a planetary mill) can be applied to obtain glass powder, 

which can be directly used as bone defect fi ller material, as an addition to 

polymer-BG composites, or can be further processed for fabrication of 3D 

scaffolds by sintering methods, as described in Section 7.2.2. 

 Melting is a fl exible technique that allows the production of various differ-

ent glass compositions, simply by varying the number and proportion ratio 

of the raw materials. Melting processes have been used in order to obtain 

metal oxide containing BG including Sr-containing glass (Fredholm  et al ., 
2010), boron-derived glasses (Brown  et al ., 2009), Co-BG (Azevedo  et al ., 
2010) and F-containing glasses (Lusvardi  et al ., 2009; Brauer  et al ., 2010). 

 These novel compositions are being investigated for use in the biomedical 

fi eld for bone TE applications, since several metallic ions, such as Cu and Sr, 

are known to stimulate bone formation and tissue vascularization (Hoppe 

 et al ., 2011). Relevant studies on the  in vitro  and  in vivo  behavior of these 

glasses are summarized in Section 7.3.2. 

 The melt-derived route for processing BGs shows also some disadvan-

tages. For example, it might be diffi cult to achieve high purity glasses due 

to the high melting temperatures involved (impurities from crucible mate-

rial) and the subsequent use of grinding steps, which could lead to contam-

ination with debris particles of the grinding media. Moreover, the standard 

45S5 Bioglass ®  tends to crystallize during the sintering process forming a 

predominantly crystalline phase (combeite) (Boccaccini  et al ., 2007), which 

may reduce the hydroxyapatite (HAp) conversion rate (Chen  et al ., 2006; 

Breed and Hall, 2012) and thus affect the bioactivity of the material. Other 

modifi ed bioactive glass compositions, such as ‘13–93,’ have been developed 

that show enhanced viscous fl ow and can be densifi ed without crystalliza-

tion (Fu  et al ., 2008).  

  Sol-gel-derived glass 

 Low-temperature techniques, such as the sol-gel route, offer another oppor-

tunity to produce BGs. Hereby the synthesis of an inorganic network is pro-

cessed by mixing organic precursor (e.g. metal alkoxides) in solution, which 
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is followed by hydrolysis, gelation and low-temperature fi ring. Silicate glass 

alkoxide precursors, such as tetraethylorthosilicate (TEOS), undergo hydro-

lysis forming a colloidal solution (sol). After a polycondensation of silanol 

(Si–OH) groups, a silicate (–Si–O–Si–) network is formed. While the gel is 

forming, the viscosity of the system increases as the network connectivity 

raises. Afterwards the gel is dried and stabilized during a thermal process at 

around 600–800 ° C (Pereira  et al ., 2005; Jones, 2007). Sol-gel-derived glasses 

exhibit mesoporous characteristics and have larger surface area than melt-

derived glasses, showing pores from 300 to 800 nm with total porosities of 

over 60% (Zhang  et al ., 2005). By choosing suitable precursor materials, 

novel bioactive glass compositions containing metal oxides can be produced. 

For instance, Zn containing sol-gel-derived glass (Du and Chang, 2004; 

Balamurugan  et al ., 2007), Sr (Hesaraki  et al ., 2010) and Mg-containing (Du 

and Chang, 2004) glasses for biomedical applications have been developed.   

  7.2.2      Scaffold fabrication 

 Various fabrication techniques have been described to produce 3D porous 

bioactive glass and ceramic foams (Deisinger, 2010) including FR (Chen 

 et al ., 2006), diverse rapid prototyping methods (Comesa ñ a  et al ., 2011), 

freeze casting (Mallik, 2008) or freeze extrusion (Doiphode  et al ., 2011; 

Huang  et al ., 2011). Table 7.1 provides an overview of selected techniques 

currently used for fabrication of bioactive glass foams and corresponding 

structural and mechanical properties. A more comprehensive overview 

over fabrication methods of bioactive glass scaffolds and bioglass–polymer 

composite foams can be found elsewhere (Gerhardt and Boccaccini, 2010). 

Clearly, all these methods lead to different morphologies and structures of 

bioactive glass scaffolds, as given in Fig. 7.1.           

 The polymer FR method was introduced in 2006 (Chen  et al ., 2006) to 

fabricate 3D ‘45S5’-based scaffolds for bone TE and it has been widely used 

since then (Ramay and Zhang, 2003; Chen  et al ., 2006; Fu  et al ., 2008). Briefl y, 

polyurethane (PU) foam, used as sacrifi cial template, is infi ltrated with a glass 

powder containing slurry that adheres to the PU foam surface. Afterwards, 

the excess slurry is removed and the coated PU foam is dried and then den-

sifi ed in a sintering step. The PU template determines the macro-structure 

of the fi nal glass or glass–ceramic foam-like scaffold. Typically, glass foams 

made by the FR method show total porosities of > 85 vol.% and pore sizes 

in the range 100–400  μ m. The chemical composition and extent of crystal-

linity depends on the starting glass powder composition used. While 45S5 

Bioglass ® -derived scaffolds crystallize during sintering and form silicate and 

phosphorous rich phases (Chen  et al ., 2006; Boccaccini  et al ., 2007), more 

recently developed glasses such as ‘13–93’, which contain larger amounts of 
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alkali oxides, remain amorphous without any crystallization during the den-

sifi cation heat treatment (Fu  et al ., 2007, 2008). The structure and chemistry 

of the scaffold also determine the scaffold’s  in vitro  bioactivity, mechanical 

properties and also has an effect on protein adsorption on scaffold surfaces. 

For example, dense highly crystalline 45S5 Bioglass ® -derived scaffolds have 

compressive strength in the range of 0.25–0.4 MPa (see Table 7.1), lying even 

below the lowest compressive strength values reported for spongy bone. On 

the other hand, for amorphous 13–93 bioactive-glass-derived scaffolds, com-

pressive strength values up to 11 MPa have been reported (Fu  et al ., 2008). 

The different values for the strength of these scaffolds might be related to 

the processing conditions and the resulting structure of the scaffolds. 13–93 

bioactive glass can be densifi ed in a viscous fl ow process; this should lead 

to crack-free struts where sintering is not impaired by the crystallization 

process, which occurs in 45S5 type bioactive glass. Fu  et al . (2008) reported 

pore size values of 100–500  μ m and a compressive strength of 11  ±  1 MPa 

for 13–93-derived glass scaffolds made by FR technique. The infl uence of 

chemical composition, fabrication method and scaffold structure on the 

mechanical properties of bioactive-glass-derived foams has been discussed 

in the literature (Fu  et al ., 2011a). 

(a) (b) (c)

(d) (e) (f)

500 μm 500 μm

500 μm500 μm

250 μm

2 mm

 7.1      Different structures and morphologies for bioactive-glass-derived 

scaffolds made by a variety of methods: (a) thermal bonding (sintering) 

of particles (microspheres); (b) thermal bonding of short fi bers; (c) 

‘trabecular’ microstructure prepared by a polymer foam replication 

technique; (d) oriented microstructure prepared by unidirectional 

freezing of suspensions (plane perpendicular to the orientation 

direction); (e) X-ray microCT image of the oriented scaffold shown 

in (d); (f) grid-like microstructure prepared by robocasting. Glass 

composition: (a) 16CaO–21Li 2 O–63B 2 O 3 ; (b–e) 13–93; (f) 6P53B. ( Source : 

Reprinted from Rahaman  et al ., 2011.)  



 Table 7.1     Overview of selected available techniques for fabrication of bioactive-glass-derived foams and corresponding properties 

 Fabrication 

technique 

 Glass composition  Porosity 

(%) 

 Pore size ( μ m)  Strength (MPa) a   Reference 

 FR  ‘Fa-GC’ 

 (mol- %) 50 SiO 2 , 18 CaO, 9 CaF 2 , 

7 Na 2 O, 7 K 2 O, 6 P 2 O 5 , 3 MgO 

 75  ~100  2  Vitale-Brovarone 

 et al ., 2008 

 ‘13–93’ 

 (wt.%): 53 SiO 2 , 6 Na 2 O, 12 K 2 O, 

5 MgO, 20 CaO, 4 P 2 O 5  

 85  ±  2  ~100–500  11  ±  1  Fu  et al ., 2008 

 ‘45S5’ 

 (wt.%): 45 SiO2, 24.5 

 Na 2 O, 24.5 CaO, 6 P 2 O 5  

   90  510–720  0.3–0.4  Chen  et al ., 2006 

 Gel casting  ‘ICIE’16 

 (mol-%): 49.46 SiO 2 , 36.27 CaO, 

6.6 Na 2 O, 1.07 P 2 O 5 , 6.6 K 2 O) 

 ~80  ~380  1.9  Wu  et al ., 2011c 

 Freeze extrusion  ‘13–93’  ~50  Pore width: 300 

 μ m and struts 

diameter 300  μ m 

 ~140  Doiphode  et al ., 

2011; Huang 

 et al ., 2011 

 ‘45S5’  ~53  –  Song  et al ., 2006 

 ‘13–93’  55–60%  90–110 (pore width, 

columnar) 

 20–30 (pore width, 

lamellar) 

 25  ±  3 MPa 

 (columnar) 

 10  ±  2 

(lamellar) 

 Fu  et al ., 2010 

 Direct ink   ‘ 6P53B’ 

 (wt.%): 52.7 SiO 2 , 10.3 Na 2 O, 2.8 K 2 O, 

10.2 MgO, 18.0 CaO, 6 P 2 O 5  

 60  500  μ m (pores size), 

100  μ m (rod 

diameter) 

 136  ±  22  Fu  et al ., 2011b 

 Lithography  ‘45S5’  –  –  0.33  Tesavibul  et al ., 

2012 

     a Compressive strength.    
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 Related to  in vitro  bioactivity in simulated body fl uid (SBF), early stud-

ies involving dense specimens indicated that crystallinity reduces the 

bioactivity of bioactive glass (Filho  et al ., 1996). However, later studies 

focusing on highly porous scaffolds have shown that the bioactive char-

acter remains for crystalline materials, and the formation of HAp is just 

delayed (Chen  et al ., 2006). Beside the now well-established FR method to 

make bioactive glass scaffolds, other techniques have been considered to 

fabricate 3D porous glass and glass–ceramic scaffolds. Organic molecules, 

starch from rice, potato, or corn grains for instance, can be used to intro-

duce porosity by swelling these molecules in water (Vitale-Brovarone 

 et al ., 2005). After the sintering process and burn out of the organic fi ll-

ers, a highly interconnected pore system remains, which contains pores of 

size 84  μ m and a pore content of 40 vol.%, as reported for bioactive glass 

(Vitale-Brovarone  et al ., 2005). 

 Although not of a foam-like structure, for completeness fi ber-derived 

scaffolds are also mentioned here, which are based on the assembly of bio-

active glass fi bers to produce porous structures. Melt-derived glass fi bers 

are packed and bonded together in a ceramic mold using a continuous bead 

of silicone adhesive (Brown  et al ., 2008), or sintered together (Moimas 

 et al ., 2006). Typically, fi ber-based scaffolds show porosities of 40–60 vol.% 

and compression strength values of 12–18 MPa, notably higher than values 

achieved by the FR method, albeit at lower porosities. 

 Other techniques for fabricating glass foams include freeze casting 

(Mallik, 2008) and freeze extrusion (Doiphode  et al ., 2011; Huang  et al ., 
2011). Camphene, ice or water, and glycerol can be used as freezing vehicles 

(Song  et al ., 2006; Liu  et al ., 2011). After mixing the glass powder with the 

relevant vehicles, the slurries are cast and frozen at temperatures between 

 − 20 ° C and  − 70 ° C, followed by a sintering process. 

 Freeze-casted 13–93 scaffolds with oriented (lamellar and columnar) 

pores and equivalent porosity of 55–60% were shown to have a compres-

sive strength of 25  ±  3 MPa, compressive modulus of 1.2 GPa and pore width 

of 90–110  μ m for columnar scaffolds, compared to values of 10  ±  2 MPa, 

0.4 GPa and 20–30  μ m, respectively, obtained for the lamellar scaffolds (Fu 

 et al ., 2010). 

 Rapid prototyping techniques have also been described for fabricating 

porous bioactive glass-based scaffolds. Direct ink writing, for instance, was 

used to develop bioactive glass (6P53B composition) scaffolds exhibiting 

a compressive strength of 136  ±  22 MPa, which is comparable to the value 

for cortical bone (100–150 MPa) with porosity of 60% (Fu  et al ., 2011b). In 

a recent study, a method using lithography-based additive manufacturing 

technologies (AMT) was applied to create 45S5 bioactive glass scaffolds 

(Tesavibul  et al ., 2012), resulting in scaffolds showing biaxial strength and 

compressive strength of ~40 MPa and 0.33 MPa, respectively. 
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 Using sol-gel-derived bioactive glass particles, direct foaming methods can 

be applied in order to fabricate porous scaffolds (Jones  et al ., 2006b, 2010). 

Jones  et al . (2006a) described sol-gel-derived BG foams where the scaffolds 

are obtained by direct foaming of the sol with Teepol as foaming agent. After 

a drying process, the gelled foams are aged at 60 ° C, dried at 130 ° C and sta-

bilized at 600 ° C. In a further heat treatment process the foams are densifi ed 

at 800 ° C. Figure 7.2 shows a typical structure of a sol-gel-derived bioactive 

glass scaffold. By varying the amount of foaming agent the pore size distribu-

tion and overall porosity can be tuned (Jones  et al ., 2006a). The mechanical 

strength of sol-gel-derived bioactive glass scaffolds is usually in the range of 

0.3–2.3 MPa (in compression), limiting their applications to non-load-bearing 

TE approaches. Another related technique involving sol-gel-derived glasses 

has been developed using sugar cane as a template (Qian  et al ., 2009).        

  7.3      In vitro  and  in vivo  studies of bioactive 
glass-based biomedical foams 

 Beside bioactive behavior, the ability to form a strong bonding to bone, 

bioactive glasses have been shown to upregulate several osteogenesis (and 

angiogenesis) related genes in relevant cell types resulting in enhanced tis-

sue regeneration. Moreover, recent advances have been made in order to 

enhance the biocompatibility of bioactive glasses by introducing therapeu-

tic metallic ions into the glass matrix which induce additional stimulating 

effects when released in physiological environment. In this section relevant 

studies on  in vitro  and  in vivo  behavior of traditional bioactive silicate glass 

compositions as well as novel metal ions containing bioactive glasses are 

summarized. 

21 20 SE200 μm

(a) (b)

20 kV X95 250 μm

 7.2      Microstructure of sol-gel-derived bioactive glass (70S30) scaffold 

shown by means of SEM (a) and X-ray micro-computed tomography 

(XMT) image (b). ( Source : Reprinted from Jones  et al ., 2006a.)  
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  7.3.1      Basic silicate compositions 

 Since Hench  et al . (1972) discovered the fi rst bioactive silicate material 

(45S5 Bioglass ® ), with its ability to form a strong bond to bone, there has 

been extensive research work on bioactive silicate glasses for biomedical 

applications including bone TE (Hench  et al ., 2004; Boccaccini  et al ., 2005; 

Gorustovich, 2010; Hench and Thompson, 2010; Hoppe  et al ., 2011). The rel-

evant research has been extended from considerations of classical inorganic 

interactions between the materials interface and the physiological environ-

ment to the understanding of molecular interactions of ionic dissolution 

products of silicate glasses and human cells. It has been shown, for exam-

ple, that ionic dissolution products released from silicate-based BGs can 

stimulate bone formation by expressing osteogenic genes in human stem 

cells (Xynos  et al ., 2001). The evidence presented in the literature shows 

that ionic dissolution products released from BGs can stimulate specifi c 

genes of cells toward a path of bone regeneration and self-repair, result-

ing in stimulated and enhanced new bone formation. Key fi ndings on gene 

stimulating potential of BGs were summarized elsewhere (Jell and Stevens, 

2006; Hench, 2009; Hoppe  et al ., 2011) describing the role of BGs as a so-

called ‘third generation biomaterial’ (Hench and Polak, 2002). It is now well 

accepted that bioactive silicate glasses are able to stimulate osteogenesis, 

thus exhibiting unique properties relevant to bone TE applications. 

  In vitro  studies on 45S5 glass-derived scaffolds have confi rmed the poten-

tial of such 3D glass foams to support the attachment and growth of human 

osteoblast cells (HOB) (Chen  et al ., 2008). Chen  et al . (2008), for example, 

showed the attachment, infi ltration and high level of proliferation of human 

osteosarcoma MG-63 cells when cultured for 6 days on a 45S5 Bioglass ® -

derived crystallized scaffold. Figure 7.3 shows the attachment and growth 

of MG-63 cells on a 45S5 derived scaffold according to experiments at our 

laboratory at the University of Erlangen-Nuremberg. Another study showed 

enhanced extra-cellular matrix (ECM) formation and development of min-

eralized nodules for osteoblast cells cultured in Bioglass ®  conditions medium 

(Tsigkou  et al ., 2009). Fu  et al . (2008) showed that FR derived 13–93 bioac-

tive glass scaffolds support the attachment and subsequent proliferation of 

MC3T3-E1 preosteoblastic cells when cultured on the scaffold for 28 days.      

  In vitro  studies on sol-gel-derived glass-based scaffolds have shown simi-

lar results. For example, osteoblast culture on sol-gel-derived foam (Gough 

 et al ., 2004) revealed good attachment and proliferation of HOBs on the 

foams, as demonstrated by scanning electron microscopy (Fig. 7.4). Moreover, 

nodule formation and mineralization were observed in the pores. Jones  et al . 
(2007) also observed the formation of mineralized bone nodules on 70S30 

bioactive glass within 2 weeks of  in vitro  culture of primary HOBs without 

the presence of supplementary growth factors in the medium.      
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 Since it has become clear that successful application of an engineered 

tissue construct relies on highly vascularized structures, the angiogenic 

potential of biomaterials has moved into focus of researchers in the fi eld of 

biomaterials for bone TE. 

 The angiogenic potential of BGs has been investigated in several  in vitro  

studies (Day, 2005; Day and Boccaccini, 2005; Keshaw  et al ., 2005; Leu 

100 μm 30 μm

 7.3      Osteosarcoma cells (MG-63) cultivated on a 45S5 Bioglass® - 

derived scaffold for 3 weeks at different magnifi cations. ( Source : 

Micrograph courtesy of Dr Rainer Detsch, Institute of Biomaterials, 

University of Erlangen-Nuremberg.)  

200 μmX705 kV

(a)

(b)

50 μmX4005 kV

 7.4      SEM micrographs of HOBs on a 70S30C derived scaffold after 2 

weeks of cultured (a) cell distribution and (b) spreading over a pore 

interconnect. ( Source : Reprinted from Jones  et al ., 2007.)  
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and Leach, 2008; Keshaw  et al ., 2009; Leu  et al ., 2009; Moosvi and Day, 

2009; Gerhardt  et al ., 2011). It has been shown, for example, that bioac-

tive glass (type 45S5 Bioglass ® ) stimulates the proliferation of endothelial 

cells (Leu and Leach, 2008; Gerhardt  et al ., 2011) and the formation of 

endothelial tubules (Leu and Leach, 2008). Further studies showed that 

Bioglass ®  stimulates the secretion of both vascular endothelial growth fac-

tor (VEGF) and basic fi broblast growth factor (bFGF), which are impor-

tant angiogenic growth factors, from human fi broblasts cells (CCD-18Co), 

when the cells were cultivated in cell culture medium containing Bioglass ®  

particles (Day, 2005). In addition,  in vivo  results confi rmed that BG is able 

to stimulate and promote neovascularization (Mahmood  et al ., 2001; Day 

 et al ., 2004; Nandi  et al ., 2009; Vargas  et al ., 2009; Gorustovich  et al ., 2010). 

Day  et al . (2004) for instance have shown the angiogenic effect of 45S5 

Bioglass ®  indicated through neovascularization into BG-coated polymer 

meshes when implanted subcutaneously in rats.  

 Another study by Deb  et al . (2010) investigated co-culturing of osteoblast 

and endothelial cells on Bioglass ® -derived foams, which showed increased 

proliferation of both HOBs and human umbilical vein endothelial cells 

(HUVEC) compared to HAp scaffolds. Relevant studies on the angiogenic 

effects of BGs have been comprehensively reviewed elsewhere (Gorustovich 

 et al ., 2010) that have indicated the angiogenic potential of BGs. However, 

the specifi c role of BGs on angiogenic cellular and intermolecular mecha-

nisms is still not fully understood. The infl uence of the shape, morphology 

and size of bioactive glass particles (which are for instance used as fi llers in 

polymer–BG composites) should be taken into account and need further 

investigation. Moreover, the geometry and pore structure of the bioactive 

glass scaffold (pore size, pore orientation, interconnectivity, etc.) may affect 

the angiogenic properties of the construct.  

 For example, it has been described by Gerhard and Boccaccini (2010) 

that the angiogenic effect of bioactive glass seems to be more pronounced in 

bioactive glass-based scaffolds i.e. BG-loaded collagen sponges (Leu  et al ., 
2009), disks (Andrade  et al ., 2006), meshes (Day  et al ., 2004), tubes (Ross 

 et al ., 2003) and porous glass–ceramic scaffolds (Mahmood  et al ., 2001; Nandi 

 et al ., 2009; Gorustovich  et al ., 2010) than in composite structures incorporat-

ing and fully embedding bioactive glass particles in polymer matrices such 

as microsphere composites (Keshaw  et al ., 2009) or foams (Day  et al ., 2005; 

Choi  et al ., 2006). Thus, the relationship between the structure, porosity, sur-

face chemistry and ion release kinetics of bioactive glass scaffolds and pos-

sible angiogenic response of relevant human cells has to be investigated in 

more detail in order to gain further understanding of the mechanisms behind 

the angiogenic properties of BGs. This knowledge is important to be able 

to fabricate bioactive glass scaffolds with the tailored properties needed for 

their successful application in bone (Gerhardt and Boccaccini, 2010). 
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 Recently, advances have been made in order to enhance the bioactivity 

of glasses and glass–ceramics by incorporating selected metal ions into sili-

cate (or phosphate) glass matrices which are supposed to result in enhanced 

bone formation and angiogenesis using the therapeutic effects of metal 

trace elements or bioinorganics (Habibovic and Barralet, 2011; Hoppe  et al ., 
2011). These effects were shown for various doped glasses and glass–ceramic 

materials including B-, Sr- and Cu-containing glasses (Hoppe  et al ., 2011). 

Selected studies are presented in the following section.  

  7.3.2      Silicate glass containing metal ions 

 Metallic ions are essential in human metabolism, and are also known to 

play a critical role in osteogenesis and angiogenesis (Beattie and Avenell, 

1992; Habibovic and Barralet, 2011). They have long been considered highly 

promising for the fi eld of biomedicine (Thompson, 2003). During the last 

decades, specifi c metallic ions such as copper, zinc, strontium, cobalt, silicon, 

and boron have emerged as potential therapeutic agents to be used in order 

to enhance bone formation due to their stimulating effects on osteogen-

esis as well as on angiogenesis (Habibovic and Barralet, 2011). Signifi cant 

amounts of copper, for instance, are found in human endothelial cells when 

angiogenesis is taking place (Finney  et al ., 2009). Furthermore, there is evi-

dence that Cu stimulates the proliferation of human endothelial cells (Hu, 

1998) and induces differentiation of mesenchymal stem cells toward the 

osteogenic cell line (Rodr í guez  et al ., 2002). Sr ions are also being consid-

ered as promising agents to be used in bone TE, since Sr is known for its 

bone stimulating ability (Marie  et al ., 2001; Marie, 2006), being also in use 

as therapeutic drug (Protelos) for osteoporosis treatment. Sr and Cu are just 

two examples from a wide range of metallic ions considered for use in bio-

active glass matrices, as discussed in detail in the literature (Habibovic and 

Barralet, 2011; Hoppe  et al ., 2011; Mouri ñ o  et al ., 2012). Metallic ions exhibit 

various advantages over organic molecules such as hormones or growth fac-

tors which are usually applied in TE and therapeutic approaches, since they 

can be processed at lower cost while maintaining high stability (Mouri ñ o 

 et al ., 2012). Thereby, loading inorganic matrices with metallic ions offers 

a great opportunity to develop robust carrier systems with the ability to 

release specifi c metal ions in desired rates. 

 Both melt-derived and sol-gel-derived glasses can be considered as car-

riers of metallic ions with therapeutic function. For example, boron oxide 

(B 2 O 3 ) was incorporated into a sol-gel-derived mesoporous silicate glass-

based scaffold with the capability of controllable release of boron (Wu  et al ., 
2011b).  In vitro  studies on these scaffolds revealed signifi cantly enhanced 

proliferation and expression of osteogenesis-related genes (Col I and 

Runx2) in osteoblast cells (Wu  et al ., 2011b). 
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 Another type of boron-containing glass scaffold made of sintered (irreg-

ular-shaped) glass particles and spherical particles (porosity of 25–40%) 

was investigated with mesenchymal stem cells (MSCs) revealing good 

adhesion and osteogenic differentiation of MSC-derived osteoblast cells 

(Liang  et al ., 2008). Of relevance for applications in bone TE, boron-con-

taining silicate glasses have been shown to convert rapidly to biomimetic 

HAp, leading to enhanced formation of new bone tissue  in vivo  (Rahaman 

 et al ., 2011). 

 Recent investigations have shown that silicate glasses containing Sr 

enhance osteoblast differentiation, indicated through upregulation of sev-

eral osteogenic genes (Gentleman  et al ., 2010). In these BGs the Sr concen-

tration released can be tailored by adjusting the composition of the glass 

(Gentleman  et al ., 2010; Isaac  et al ., 2011). Zn releasing BG scaffolds have 

been described in another study (Haimi  et al ., 2009). It was observed that 

Zn addition had no signifi cant effect on DNA content of human adipose 

derived stem cells (hASCs), but Zn ions inhibited the adhesion and pro-

liferation of cells. The authors suggest that no stimulating effect of Zn ions 

has been measured, because the addition of Zn slowed down the overall 

degradation behavior and inhibited the HAp formation of the glass scaffold 

(Haimi  et al ., 2009). 

 Since a highly vascularized structure is essential for successful clinical 

application of engineered bone constructs, the use of angiogenic agents is 

being proposed in order to directly stimulate angiogenesis and vasculariza-

tion. Besides angiogenic growth factors such as VEGF or IGF (insulin-like 

growth factor), copper ions have been known for decades to be able to stim-

ulate angiogenesis and to promote formation (and maturation) of blood 

vessels (Xie and Kang, 2009). Indeed, there is evidence that addition of cop-

per to a boron-containing glass (0.5 wt.%) resulted in increased blood vessel 

formation, as shown in an animal model (Rahaman  et al ., 2011). 

 Also Ag-containing BGs have been developed in order to obtain bio-

active scaffolds with antibacterial potential (Vitale-Brovarone  et al ., 2008; 

Delben  et al ., 2009). Ag-doped bioactive glass scaffolds fabricated by the 

ion-exchange method, for instance, have been shown to exhibit antibacterial 

properties by inhibiting the growth of  Staphylococcus aureus.  
 Beside bone TE, BGs have also been investigated in nerve regeneration 

approaches for use as nerve guidance conducts (NGCs) (Zhang  et al ., 2011a, 

b). For this application, BGs containing ZnO 2  and CeO 2 , for instance, were 

proposed to be used as a component in bioactive glass/polymer composites 

for NGCs. These constructs have release capabilities of Ca 2+  and Zn 2+  (which 

are both known to be involved in peripheral nerve regeneration (Gomez 

and Spitzer, 1999; Frederickson  et al ., 2005)) and also provide appropriate 

mechanical performance when used as fi ller in a polymer matrix (Zhang 

 et al ., 2011b). 
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 More recently, BGs have been considered as materials for cancer treat-

ment (Cacaina  et al ., 2008; Shah  et al ., 2010, 2011; Jiang  et al ., 2011; Li  et al ., 
2011; Wu  et al ., 2011a) where approaches have been put forward involving 

ferromagnetic (bioactive) glasses in hyperthermia treatment (Shah  et al ., 
2010; Jiang  et al ., 2011; Li  et al ., 2011; Wu  et al ., 2011a). In a recent study, 

magnetic Fe-containing sol-gel-derived mesoporous glass scaffolds were 

proposed to be used for treatment of malignant bone disease using hyper-

thermia by inducing heat in the area of diseased bone leading to the killing 

of tumor cells (Wu  et al ., 2011a). Because of their osteoconductive proper-

ties, these scaffolds are also suggested to be used as templates for bone tis-

sue regeneration at the same time, thus combining treatment of malignant 

bone and tissue regeneration in one procedure (Wu  et al ., 2011a). 

 Always considering risks related to possible toxic levels of metallic ions 

being released  in vivo,  the development of new metallic ion releasing bio-

active glass scaffolds for applications in the fi eld of TE is highly promis-

ing. In particular, the combined incorporation of osteogenic and angiogenic 

agents with additional antibacterial and wound healing potential will lead 

to the development of a new broad fi eld of multifunctional biomaterials for 

regenerating large bone defects. However, more  in vitro  and  in vivo  data are 

needed to confi rm the therapeutic action of metallic ions released from BGs 

and glass-derived foams. Furthermore, the exact mechanisms of the inter-

actions between ionic dissolution products released from BGs and human 

cells and the role these ions play in related signaling pathways are still not 

fully understood.   

  7.4     Conclusions and future trends 

 Bioactive glass foams can be produced using different techniques that 

enable tailoring their micro structure, porosity, bioactivity and mechanical 

performance. 

 Classical techniques, such as the FR method, sol-gel direct foaming and 

new rapid prototyping techniques are being widely used to fabricate bioac-

tive glass scaffolds with largely diverse properties and structure, e.g. exhibit-

ing a wide range of porosity levels and mechanical properties. 

  In vitro  and  in vivo  studies give evidence that bioactive glass-derived 

scaffolds support the adhesion and proliferation of human cells and can 

also provide stimulating effects related to osteogenesis and in some cases 

angiogenesis, which makes them highly promising materials for (bone) TE 

applications. Recent advances in developing novel bioactive glass composi-

tions, including therapeutic metal ions that can act as matrices for delivery 

of inorganic therapeutics, were discussed. This new group of materials wid-

ens the application potential of bioactive glass foams for bone TE, enabling 
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the development of multifunctional bioactive scaffolds with improved bio-

logical response. 

 One of the challenges in developing such biomaterial platforms with ion 

delivery capability is to ensure local release of critical concentrations of the 

relevant metal ions and to avoid toxic levels being released into the physio-

logical environment. Thus, in order to uncover the full therapeutic potential 

of metal ions, the remaining challenges are related to developing a family 

of bioactive glass foams with controlled microstructure (e.g. porosity, pore 

shape, pore interconnectivity) and well-defi ned and predictable ion release 

kinetics. Future research will have to consider systematic approaches and 

combination of  in vitro  and  in vivo  studies, including the use of bioreactors 

to assess the biological improvement of bioactive glass scaffolds incorpo-

rating metallic ions in comparison to ‘standard’ glass compositions such as 

‘45S5’ and ‘13–93.’  
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  Abstract : One of the major goals of bone tissue engineering is the 
development of appropriate porous biomaterials (scaffolds) that can 
stimulate the body’s own regenerative mechanism, to induce tissue 
healing and self-repair. Bioactive glasses are excellent candidates 
for producing 3-D scaffolds, as their properties can be fi nely tailored 
depending on the glass composition, and they can bond to bone, 
inducing osteogenesis at the defect site. This chapter is focused on glass/
glass–ceramic scaffolds characterized by foam-like architecture closely 
mimicking that of natural cancellous bone. After giving an overview 
of the features and limitations of the biomedical glass foams investigated 
in the literature, future directions of research will be described, 
emphasizing the challenge to develop multifunctional foams able to 
combine bone regeneration with special therapeutic functionalities. 

  Key words:  foam scaffold, glass, bioactivity, biocompatibility, bone tissue 
engineering. 

    8.1     Introduction 

 Natural materials are renowned for their exquisite designs that optimize 

function, as illustrated for instance by the elasticity of blood vessels, the 

toughness of bone and the protection offered by nacre (Kamat  et al. , 2000; 

Gao  et al. , 2003; Cranford  et al. , 2012). Human cancellous bone is a highly 

porous natural material with high stiffness and strength (typically 2–20 MPa 

in compression (Hench, 1991; Boskey, 2007; Tassani  et al. , 2010), and its 

remarkable mechanical properties are attributed to its anisotropic structure 

which has optimized strength-to-density and stiffness-to-density ratios over 

natural evolution (Boskey, 2007). One of the most important challenges 

of modern regenerative medicine, involving strong collaboration among 

biomedical/mechanical engineers, materials scientists, chemists, biologists 

and surgeons of various disciplines, is the development of bioactive three-

dimensional (3-D) porous templates (scaffolds) able to mirror the effi ciency 
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of natural materials from architectural and mechanical viewpoints, as well 

as to stimulate natural tissue regeneration  in situ . 

 Scaffold properties depend primarily on the type of the biomaterial and 

the fabrication process, and should be carefully tailored depending on the 

intended application in tissue restoration. The nature of the biomaterial has 

been the topic of extensive studies including a wide range of materials such 

as ceramics, glasses, natural and chemically synthesized polymers, metals 

and combinations of these materials to obtain composites. The type of bio-

material, and the related application, infl uences the choice of fabrication 

method: different materials can be processed in different ways and, more-

over, different applications in tissue engineering normally require special 

architectural and mechanical features of the scaffold. 

 In the fi eld of bone tissue engineering, the preferred biomaterials for scaf-

folding are ceramics, glasses, polymers and composites of the above-men-

tioned materials, and many fabrication techniques have been investigated 

to produce suitable scaffolds for bone repair. This chapter is specifi cally 

focused on glass/glass–ceramic (GC) scaffolds characterized by a foam-like 

architecture that closely mimics that of natural trabecular bone; particular 

emphasis is devoted to their applications in bone tissue engineering and, 

fi nally, a forecast of the future challenges is presented. 

  8.1.1      Bone tissue repair: a short overview 

 Bone, often called osseous tissue, is a type of hard endoskeletal connective 

tissue found in many vertebrate animals, including man. Bones, collectively 

forming the skeleton, support body structures, protect internal organs, act 

for mineral storage (for instance, bones and teeth contain almost 99% of 

total body calcium) and, in conjunction with muscles and ligaments, allow 

and facilitate movement. From the material viewpoint, bone is a complex 

composite containing both an inorganic phase (mainly biological apatite) 

and organic compounds (mainly collagen). From a macroscopic viewpoint, 

bone is constituted of a dense outer layer (cortical or compact bone) cov-

ering an internal mesh-like core of cancellous bone (often called spongy or 

trabecular bone). Therefore, bone exhibits a hierarchical structure, wherein 

the pores size range within 1–100  μ m in cortical bone and within 100–500  μ m 

in cancellous bone, with the aim of optimizing its physico-mechanical per-

formances. Furthermore, being a ‘living’ material, bone continuously under-

goes a remodelling process, as it is resorbed by osteoclasts and re-deposited 

by osteoblasts in a delicate equilibrium. A comprehensive picture about the 

mineralization of bone and teeth was recently provided by Boskey (2007), 

while Dorozhkin (2007, 2009, 2010) has extensively reviewed the features 

and properties of biological bone apatite. 
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 Bone loss can occur due to trauma, surgical removal (for instance, in the 

case of bone tumours) or relatively common age-related diseases such as 

osteoporosis and osteoarthritis. The gold standard in reconstructive surgery 

for damaged bone is the autograft, which involves harvesting the patient’s 

own tissue from a donor site and transplanting it to the diseased region. 

Alternatives are homografts (transplantation from another living patient 

or from a cadaver) and xenografts (tissue from a different species, such as 

freeze-dried bovine bone). Both options, however, involve some limitations: 

autografts have limited availability, can induce infection or death of healthy 

tissue at the donor site, and need an extra-surgery operation for the patient; 

homografts, even though stored in large and controlled banks, can still carry 

the problem of disease transmission, as well as problems related to religion 

or ethics. Xenografts have higher risks of disease transmission,  in situ  degen-

eration, and too fast resorption as compared to the kinetics of the surround-

ing healing tissue. 

 The treatment of advanced-stage osteoarthritis at joint sites, such as hip 

or knee joint, involves the partial or total joint replacement by implantation 

of a prosthesis. However, orthopaedic implants generally have a limited life 

span as they unavoidably lack three of the most critical characteristics of 

living tissues: (i) the ability to self-repair, (ii) the ability to maintain a blood 

supply and (iii) the ability to modify in response to stimuli such as mechan-

ical load, typical of bone remodelling. 

 As life expectancy increases and, accordingly, degenerative bone diseases 

become more common, the need for artifi cial alternatives to autografts will 

become ever more important and advantageous, as the so-called alloplastic 

materials are ideally available in an unlimited amount, and their properties 

can be fi nely tailored with respect to the nature of the used biomaterials and 

on the fabrication process.  

  8.1.2      Evolution of biomaterials and scaffolds 
for bone tissue engineering 

 During the last 70 years, the approach of materials scientists and clinicians 

to biomaterials for bone restoration has been deeply and repeatedly revo-

lutionized; in fact, from the material researcher’s viewpoint, at least three 

conceptual revolutions have occurred. Approximately up to the World War 

II (WWII), every (apparently) non-toxic material with adequate stiffness 

could be deemed – at least in principle – suitable for bone substitution: 

wood, animal- or cadaver-derived bone, metals and other natural or syn-

thetic materials were subject to frequent experiment as bone fi llers, since 

the primary goal was simply to fi ll the bone defect. After WWII, the fi rst 

revolution took place: the search for bone substitutes was progressively 
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addressed to materials able to mimic bone mineral phase, such as hydroxy-

apatite (HA) and other calcium phosphates. Therefore, the criterion of 

biomaterial choice gained major specifi city, evolving from a simple require-

ment of non-toxicity to the need for compositional bio-mimicry with bone 

inorganic matrix; however, biomaterials for bone substitution were still 

deemed to be mere defect fi llers.  The second revolution started in the early 

1970s, with the discovery of biomedical glasses by Hench and co-workers, 

who fi rst synthesized Bioglass ®  and coined the term ‘bioactivity’ to denote 

the peculiar ability of a selected subset of glasses to bond to bone, promot-

ing its regeneration  in situ  (Hench  et al. , 1972). Since then, biomaterials for 

bone substitution have been viewed as materials able to play an ‘active role’ 

in bone healing, regeneration and remodelling processes. The third revolu-

tion, that started about 15 years ago and still lingers on, is characterized by 

a further conceptual advance towards structural and functional bio-mimicry 

of bone substitutes: biomedical glasses are increasingly designed to act as 

porous templates (scaffolds) for new bone tissue growth in 3-D and to safely 

dissolve once they have performed their function, thereby leaving the body 

to remodel the tissue to its natural form. 

 An ideal scaffold for bone tissue engineering applications should fulfi l 

a complex set of requisites (Hutmacher, 2000; Karageorgiou and Kaplan, 

2005; Jones  et al. , 2007a; Baino and Vitale-Brovarone, 2011); essentially, it 

should (i) be biocompatible, (ii) produce non-toxic degradation products, 

(iii) resorb (if the implant is temporary) at the same (or slower) rate as the 

bone is repaired, (iv) exhibit a 3-D porous skeleton of large macropores 

(above 50 vol.%, like in spongy bone) in the 100–600  μ m range intercon-

nected by pore windows, channels and canaliculi in the 1–100  μ m range, (v) 

elicit a bioactive response, i.e. the formation of an HA layer on its surface 

in order to bond to the host bone (HA has a compositional and crystal-

lographic similarity to bone mineral phase (Dorozhkin 2007, 2009, 2010)), 

(vi) promote cell adhesion, spreading, proliferation and differentiation, (vii) 

have mechanical properties matching those of the host bone, (viii) be easily 

produced and sterilized, and (ix) be made available on the market at a rea-

sonable cost. 

 At present, such an ideal scaffold able to simultaneously fulfi l all these 

criteria does not exist; however, much evidence suggests that biomedical 

glasses of appropriate composition are actually the most promising candi-

dates to be used to achieve this goal, as demonstrated by the growing number 

of publications in the fi eld (Fig. 8.1). In recent years, several studies have also 

demonstrated the feasibility to impart useful ‘added value’ to glass-derived 

scaffolds, such as  in situ  drug delivery ability, antibacterial properties, and an 

ever closer similarity to natural bone tissue in terms of macro-scale architec-

ture (pore size, distribution and interconnection) and features at the micro-/

nano-scale (surface roughness to promote cells adhesion).        
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  8.2     The potential of bioactive glass and the 
bioactivity mechanism 

 The bone-bonding ability of bioactive glass can be attributed, as fi rst hypoth-

esized by Hench and co-workers in the early 1970s (Hench  et al. , 1972) and 

subsequently confi rmed by a lot of experimental work (Hench, 2006), to 

the formation of an HA layer on the glass surface in contact with biologi-

cal fl uids. Five reaction stages have been proposed to describe this process, 

commonly termed the ‘bioactivity mechanism’ in the scientifi c community: 

essentially, they involve the rapid release of soluble ionic species due to 

glass dissolution, ultimately leading to the formation of a hydrated silica and 

polycrystalline HA bilayer on the glass surface. The details of the bioactivity 

process are resum é d in Table 8.1.      

 With the initial formation of an apatitic layer, the biological mechanism 

of bonding to bone is believed to involve adsorption of growth factors, fol-

lowed by attachment, proliferation and differentiation of osteoprogenitor 

cells. Osteoblasts then create extracellular matrix, which mineralizes to 

form a nanocrystalline mineral/collagen composite layer on the surface of 

the glass implant, while the degradation and conversion of the glass contin-

ues over time (Ducheyne and Qiu, 1999). 

 It is interesting to note that the nanocrystalline nature of the HA formed 

on bioactive glasses (globular agglomerates constituted by nano-sized 

needle-like crystals) closely mimics the features of the biological apatite 

of bones (Dorozhkin 2007, 2009, 2010), thereby promoting the cascade of 

biological events following Stage 5, whereas synthetic HA, commercialized 
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 8.1      Number of scientifi c articles dealing with biomedical glass-based 

scaffolds published in the relevant literature over the last decade (the 

data is derived from SCOPUS; the article search was carried out by 

using the terms ‘scaffold’, ‘glass’, ‘Bioglass’, ‘tissue engineering’ as 

keywords, as well as appropriate combinations of these words).  
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in the form of particles, granulates or even porous blocks, is characterized 

by larger grain size; this is the reason why HA is currently considered osteo-

conductive but not properly bioactive by most of the researchers. 

 Since the invention of 45S5 Bioglass ®  (Hench  et al. , 1972), many glass 

formulations have been designed and tested for possible application in the 

fi eld of bone repair. From a compositional viewpoint, biomedical glasses can 

be divided into three families, depending on the main former oxide present 

in the composition: (i) SiO 2 -based (silicate), (ii) B 2 O 3 -based (borate) and 

(iii) P 2 O 5 -based (phosphate) glasses. The fi rst group comprises the major-

ity of biomedical glass formulations, including the original 45S5 Bioglass ® . 

Borate glasses were fi rst introduced by Andersson  et al.  (1990), who modi-

fi ed the 45S5 Hench’s composition and implanted sixteen different glasses 

in the SiO 2 -CaO-Na 2 O-P 2 O 5 -Al 2 O 3 -B 2 O 3  system into rabbit tibiae, dem-

onstrating that bonding to bone occurred only for those glasses that could 

form an HA layer when tested in physiologically balanced ionic solution 

 in vitro . Borate glasses have been, to this point, the least investigated, in 

spite of their very interesting bioactive properties, superior even to those 

of silicate glasses (Brink  et al. , 1997; Huang  et al. , 2006); this is essentially 

due to a concern associated with the potential toxicity of boron released in 

solution as borate ions, (BO 3 ) 3 −  . As far as phosphate glasses are concerned, 

it is interesting to underline that they may be, in principle, both bioactive 

and bioresorbable (Leonardi  et al. , 2010) – and thus excellent candidates to 

 Table 8.1     Bioactive stages of a bioactive glass implant 

 Stage  Description 

 1  Rapid exchange of cations (e.g. Na +  and Ca 2+  belonging to glass 

modifi er oxides) with H +  or H 3 O +  from the surrounding solution, 

which leads to hydrolysis of silica groups and creation of silanols 

(Si–OH). The pH of the solution increases as H +  in the biological 

fl uids is gradually replaced by alkaline cations. 

 2  Attack of the silica network, loss of soluble silica in the form of 

Si(OH) 4  to the solution (resulting from the breaking of Si–O–Si 

bonds) and continued formation of silanols at the glass-solution 

interface. 

 3  Condensation and re-polymerization of the silanols, leading to the 

formation of a silica-rich layer depleted in alkalis and alkali-earth 

cations on the glass surface. 

 4  Migration of Ca 2+  and PO 4  
3 −   groups to the surface through the 

silica-rich layer and from the surrounding fl uids, thereby forming 

an amorphous CaO/P 2 O 5 -rich (CaP) fi lm on the top of the 

silica-rich layer. 

 5  Growth and crystallization of the CaP fi lm to form a HA layer; actually, 

by incorporation of OH  −  , CO 3  
2 −   and F  −   ions from the solution, a 

mixed apatitic layer constituted by HA, hydroxycarbonateapatite 

and fl uoroapatite can develop 
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manufacture an ideal scaffold. The majority of studies on phosphate glasses 

have been addressed to investigating their suitability as carriers for releas-

ing antimicrobial agents (metal ions) (Abou Neel  et al. , 2009) or, thanks to 

their relative facility to be drawn in fi bres, their possible application in soft 

tissue engineering (for instance, as guides for peripheral nerve regeneration 

(Abou Neel  et al. , 2009; Vitale-Brovarone  et al. , 2012a ). The phosphate glass 

resorption kinetics, that can be modulated by adding proper metal oxides, 

generally remains quite fast, thereby representing a limitation for load-

bearing applications in hard tissue engineering. 

 Table 8.2     Overview of the glasses used for producing the bone tissue engineering 

foam-like scaffolds described in the chapter 

 Composition 

family a  

 Glass name  Synthesis b   Oxide system and composition 

(mol.%) 

 Silicate, 

silica-

phosphate 

 45S5 Bioglass ®   M  46.1SiO 2- 26.9CaO-24.4Na 2 O-

2.7P 2 O 5  

 58S  sg  60SiO 2- 36CaO-4P 2 O 5  

 70S30C  sg  70SiO 2- 30CaO 

 70S26C  sg  70SiO 2- 26CaO-4P 2 O 5  

 FaGC  M  50SiO 2- 18CaO-7Na 2 O-6P 2 O 5-

 7K 2 O-3MgO-9CaF 2  

 CEL2  M  45SiO 2- 26CaO-15Na 2 O-3P 2 O 5-

 4K 2 O-7MgO 

 13-93  M  54.6SiO 2- 6Na 2 O-7.9K 2 O-

7.7MgO-22.1CaO-1.7P 2 O 5  

 80S15C5P  EISA  80SiO 2- 15CaO-5P 2 O 5  

 Fe-MBG  EISA  Like 80S15C5P + 5 or 10 

mol.% of Fe 

 SCNA  M  57SiO 2- 34CaO-6Na 2 O-3Al 2 O 3  

 Borate, boro-

silicate, 

boro-silica-

phosphate 

 13-93B1  M  6Na 2 O-7.9K 2 O-7.7MgO-

22.1CaO-36.4B 2 O 3- 18.2SiO 2-

 1.7P 2 O 5  

 13-93B2  M  6Na 2 O-8K 2 O-8MgO-22CaO-

36B 2 O 3- 18SiO 2- 2P 2 O 5  

 13-93B3  M  6Na 2 O-7.9K 2 O-7.7MgO-

22.1CaO-54.6B 2 O 3- 1.7P 2 O 5  

 Phosphate, 

phospho-

silicate 

 TiGlass  M  44.5P 2 O 5- 44.5CaO-6Na 2 O-

5TiO 2  

 CaP glass  M  CaO-CaF 2 -P 2 O 5 -MgO-ZnO 

(unspecifi ed composition) 

 ICEL2  M  45P 2 O 5- 26CaO-15Na 2 O-3SiO 2-

 4K 2 O-7MgO 

 PG1  M  45P 2 O 5- 22CaO-25Na 2 O-8MgO 

     a  Depending on the glass network former oxides.  

   b   M = melt-derived, sg = sol-gel, EISA = evaporation-induced self-assembling 

(mesoporous glass).    
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 The interested reader can fi nd more details about the features of the 

different biomedical glass systems from some recent literature over-

views (Gerhardt and Boccaccini, 2010; Baino and Vitale-Brovarone, 2011; 

Rahaman  et al. , 2011). 

 Table 8.2, compiled on the basis of data available in the literature, reports 

a selection of biomedical glasses specifi cally used for fabricating bone tissue 

engineering foam-like glass/GC scaffolds. Scaffolds can be fabricated start-

ing from glass powders obtained through the traditional melting–quenching 

route, or alternatively the glass synthesis can occur simultaneously with the 

scaffold manufacturing in sol-gel methods (scaffolds constituted by sol-gel 

glass or mesoporous glass are obtained).       

  8.3     Processing, 3-D architecture and mechanical 
properties of glass foams 

 A wide variety of synthesis methods has been proposed in the literature 

to produce glass-derived scaffolds for tissue engineering, including organic 

phase burning-out, sponge replication, solid free-form fabrication and 

techniques based on the sol-gel process and foaming (Baino and Vitale-

Brovarone, 2011; Fu  et al. , 2011). The main properties of the fi nal scaffold, 

especially in terms of 3-D architecture, pore characteristics and mechanical 

strength, strongly depend on the particular processing method that has been 

chosen for the given application. 

 Organic additives such as starch from potato, rice or corn (Vitale-

Brovarone  et al. , 2005), polyethylene particles (Baino  et al. , 2009) and rice 

husk (Wu  et al. , 2009) were mixed with glass powders to act as thermally-

removable pore formers; the resulting scaffolds generally exhibited high 

mechanical strength – even superior to that of cancellous bone – because 

of their thick struts but low pore content (well below 50 vol.%, which is the 

minimum threshold recommended for bone tissue engineering scaffolds) 

and low pore interconnectivity. Rapid prototyping techniques, such as selec-

tive laser sintering (Kolan  et al. , 2011) and lithography-based manufactur-

ing (Tesavibul  et al. , 2012), have allowed accurate control of the internal 

scaffold architecture, but the necessary instrumentation is expensive and 

requires careful and often time-consuming programming and setting of the 

working parameters. 

 This chapter is particularly focused on porous glasses/GCs exhibiting 

foam-like structure and, therefore, only scaffolds fabricated by polymeric 

sponge replication and foaming techniques will be considered. Such scaf-

folds are particularly promising for bone tissue engineering since, as their 

basic architectural characteristics, they exhibit a 3-D network of open, large 

and highly interconnected macropores of suffi cient size (100–800  μ m) to 
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allow cells access and vascularization of the implant. In the following sec-

tions, the major characteristics of foam-like glass scaffolds proposed in the 

literature will be described and discussed; for sake of clarity, manufactur-

ing techniques, pore content and mechanical strength are summarized in 

Table 8.3.      

 As a general comment, it is worth mentioning that all known methods for 

producing inorganic glass-derived scaffolds (polymer/glass porous compos-

ites do not belong to this category) require sintering treatment to ensure 

adequate structural integrity of the fi nal porous body. Usually, the thermal 

treatment is applied above the crystallization onset temperature ( T   x  ) of the 

glass, thereby leading to GC sintered scaffolds. 

  8.3.1      Macroporous foam-like scaffolds based on 
melt-derived glass 

  Silicate glass scaffolds 

 To the best of the authors’ knowledge, the fi rst study on bioactive glass 

scaffolds was reported by Yuan  et al.  (2001), who fabricated GC-Bioglass ®  

scaffolds by H 2 O 2  foaming followed by thermal treatment (5  μ m-sized com-

mercial 45S5 Bioglass ®  particles were used) and demonstrated the osteoin-

ductive properties of the porous implants in dogs. 

 Chen  et al.  (2006a, 2006b) pioneered the fabrication of GC-Bioglass ®  scaf-

folds by polymeric sponge replication technique (also in this case, commer-

cial 45S5 Bioglass ®  particles were used): the scaffolds had porous content 

(> 85 vol.%) and 3-D architecture closely mimicking those of cancellous 

bone, but their mechanical strength (0.3–0.4 MPa) was almost one order of 

magnitude lower than that of spongy bone (2–20 MPa (Hench, 1991)). Poor 

mechanical resistance was attributed to Bioglass ®  sintering behaviour that 

led to hollow struts in GC-Bioglass ®  fi nal scaffolds. 

 Foam-like highly porous (~70 vol.%) scaffolds with mechanical strength 

(~2.5 MPa) actually comparable to that of cancellous bone were recently 

produced from commercial 45S5 Bioglass ®  powders by Baino  et al.  (2013): 

by carefully designing the sponge replication processing parameter and 

the sintering conditions, excellent densifi cation of scaffold struts were 

achieved, which imparted high-strength properties to the fi nal sintered 

scaffold. 

 Vitale-Brovarone and co-workers also spent a great effort in optimizing 

the mechanical properties of foam-like scaffolds based on an experimen-

tal highly bioactive glass named CEL2 (Fig. 8.2): starting from a compres-

sive strength of 1 MPa for the fi rst scaffold batches (Vitale-Brovarone 

 et al. , 2007), the process parameters were successfully optimized to obtain 



 Table 8.3     Features of the glass/GC foam-like scaffolds described in the chapter 

 Scaffold 

material a  

 Fabrication method  Porosity 

(vol.%) 

 Compressive 

strength (MPa) 

 References 

 GC-Bioglass ®   H 2 O 2  foaming  –  –  Yuan  et al . (2001) 

 Polymeric sponge replication  ~90.0  ~0.4  Chen  et al . (2006a, 2006b); Chen and Boccaccini 

(2006); Bretcanu  et al . (2007) 

 Polymeric sponge replication  ~70.7  ~1.3  Baino  et al . (2013)  

 58S  Sol-gel foaming  –  –  Sepulveda  et al . (2002); Jones and Hench (2003); 

Jones and Hench (2004) 

 70S30C  Sol-gel foaming  82–88 b   0.3–2.2 b   Jones  et al . (2006, 2007a, b, 2009) 

 GC-70S26C   In situ  foaming  ~48  –  Rainer  et al . (2008) 

 GC-FaGC  Polymeric sponge replication  ~75  ~2  Vitale-Brovarone  et al . (2008) 

 GC-CEL2  Polymeric sponge replication  53.5–72.8 b   1.0–5.4 b   Vitale-Brovarone  et al . (2007, 2009a, b); Renghini 

 et al . (2009); Scheiner  et al . (2009); Muzio  et al . 

(2010); Baino  et al . (2013)  

 13-93  Polymeric sponge replication  ~85  ~11  Fu  et al . (2008, 2009, 2010a, 2010b, 2010c) 

 80S15C  EISA + polymer sponge 

replication 

 > 90  ~60   × 10  − 3   Yun  et al ., 2007; Li  et al ., 2007; Zhu  et al ., 2008; Zhu 

and Kaskel, 2009; Wu  et al ., 2010 

 Fe-MBG  EISA + polymer sponge 

replication 

 > 90  ~50   × 10  − 3   Wu  et al . (2011a) 

 GC-SCNA  Polymeric sponge replication  ~63.0  ~12.5  Vitale-Brovarone  et al . (2012b)   

 13-93B1  Polymeric sponge replication  ~80  ~7  Fu  et al . (2010a, 2010b) 

 13-93B2  Polymeric sponge replication  ~72.0  ~6.4 b   Fu  et al . (2009) 

 13-93B3  Polymeric sponge replication  ~80  ~5  Fu  et al ., (2010a, 2010b) 

 GC-TiGlass  H 2 O 2  foaming  40–55  –  Navarro  et al . (2004) 

 CaP glass  Polymeric sponge replication  0.6–1.5 b   Park  et al . (2006) 

 GC-ICEL2  Polymeric sponge replication  ~85  ~0.4  Vitale-Brovarone  et al . (2009b, 2011) 

  β -TCP/GC-PG1  Polymeric sponge replication  60–85 b   3.5–6 b   Cai  et al . (2009) 

     a   If present, the notation ‘GC-‘ followed by the name of the glass (see the Table 8.2) means that the material is a GC obtained from the parent 

glass by means of a thermal treatment above  T   x  .  

   b   Different scaffolds batches were produced by varying the processing parameters in a controlled way (see the related references for details).    
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scaffolds with strength up to 6 MPa (Vitale-Brovarone  et al. , 2009a, 2009b). 

This achievement can be mainly ascribable to the soundness of GC-CEL2 

scaffolds trabeculae, that, differently from sponge-replicated GC-Bioglass ®  

scaffolds (Chen  et al. , 2006a), did not present inward cavities (hollow struts). 

GC-CEL2 foams were also non-destructively investigated by X-ray micro-

computed tomography (micro-CT) (Fig. 8.2d) to acquire important infor-

mation on the scaffold 3-D architecture (Renghini  et al. , 2009), and their 

mechanical behaviour was modelled through an approach based on contin-

uum micromechanics (Scheiner  et al. , 2009).      

 It is known that the composition of the starting glass, being related to 

the softening–sintering behaviour as well as to the type and characteristics 

of the crystalline phases that can develop upon heating, plays a key role in 

affecting the mechanical properties of the fi nal scaffold. A signifi cant exam-

ple of this effect is illustrated in Fig. 8.3, which reports a comparison of the 

compressive strengths of Bioglass ® -, CEL2- and SCNA-derived scaffolds 

(see Table 8.3) produced exactly by the same method (optimized sponge 

replication technique described by Vitale-Brovarone  et al.  (2009a)) and by 

using a fi xed powder size below 32  μ m (non-commercial 45S5 Bioglass ®  par-

ticles were used). Relevant studies on this topic have been reported else-

where (Vitale-Brovarone  et al. , 2012b ; Baino  et al. , 2013).      

(a) (b)

(c) (d)

 8.2      GC-CEL2 foam-like scaffolds produced by sponge replication 

method: (a) bare polyurethane foam used as scaffold template; (b) 

architecture of the sintered glass–ceramic foam ( Source : adapted from 

Scheiner  et al.  (2009) © Elsevier); (c) typical cubic GC-CEL2 scaffold and 

(d) its 3-D reconstruction by X-ray micro-CT.  
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 As previously mentioned, the fi nal scaffold obtained by sponge replica-

tion is usually constituted by GC material, as a high-temperature thermal 

treatment (above  T   x   of the glass) for allowing glass particles sintering is 

applied. An interesting exception is represented by 3-D foam-like scaffolds 

based on the 13-93 glass: Fu  et al.  (2008) demonstrated by X-ray diffraction 

investigations that, after sintering, the scaffold material still remained amor-

phous (glass). This can occur thanks to the peculiar sintering behaviour of 

13-93 glass: in comparison with 45S5 Bioglass ® , for instance, 13-93 glass has 

more facile viscous fl ow behaviour, less tendency to crystallize – like CEL2 

(Baino  et al. , 2013) – and, therefore, a larger ‘sinterability window’. It is also 

worth underlining that the porosity content and mechanical strength of 

13-93 glass scaffolds are comparable to those of cancellous bone (Table 8.3); 

these features, associated with the good bioactivity and the initial results of 

 in vivo  studies (in animals), seem to suggest the potential suitability of 13-93 

glass scaffolds for clinical use (13-93 glass is currently marketed for clinical 

use in Europe and USA in the form of bulk products and powder).  

  Borate glass scaffolds 

 At present, a quite limited number of B 2 O 3 -containing glass compositions 

have been used for producing foam-like scaffolds – and biomedical scaf-

folds in general. A systematic investigation of three types of borate/boro-

silicate scaffolds fabricated by polymeric sponge replication was recently 

carried out by Rahaman and co-workers who, in a series of studies (Fu 
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 8.3      Comparison among the typical stress-strain curves (compressive 

test) of CG-Bioglass ®  (total porosity: 70.7 vol.%; major crystalline phase: 

Na 2 CaSi 2 O 6 ), GC-CEL2 (total porosity: 66.4 vol.%; major crystalline 

phase: Na 4 Ca 4 (Si 6 O 18 )) and GC-SCNA (total porosity: 63.0 vol.%; 

crystalline phase: CaSiO 3 ) foam scaffolds produced by adopting the 

same processing parameters (optimized sponge replication method) 

and starting glass powders below 32  μ m.  
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 et al. , 2009, 2010a, 2010b), produced bioactive glass scaffolds with control-

lable degradation and bioactivity by replacing various amounts of SiO 2  

in silicate 13-93 glass with B 2 O 3 , thereby obtaining the so-called 13-93B1, 

13-93B2 and 13-93B3 glasses. Upon soaking in simulated body fl uid 

(SBF), the conversion rate of the scaffolds to HA increased markedly with 

increasing B 2 O 3  content of the glass. The fully borate scaffolds, obtained 

by replacing all the SiO 2  in 13-93 with B 2 O 3  (13-93 glass), converted com-

pletely to HA at a rate that was three to four times faster than silicate 

13-93 scaffolds, whereas the 13-93B1 and 13-93B2 borosilicate scaffolds 

converted only partially to HA. The compressive strength of the as-pre-

pared scaffolds decreased with the B 2 O 3  content of the glass and, most 

importantly, also decreased markedly with the immersion time of the scaf-

folds in the SBF, which was related to the degradation and conversion of 

the scaffolds to HA; therefore, the authors concluded that such scaffolds 

might be suitable only for repairing small defects in non-bearing bone 

regions. Scaffold biocompatibility  in vitro  and  in vivo  was also assessed, as 

discussed in the Section 8.4.  

  Phosphate glass scaffolds 

 At present, a limited number of phosphate glasses (Tables 8.2 and 8.3) 

have been specifi cally used for fabricating 3-D glass-derived scaffolds for 

bone grafting. Navarro  et al.  (2004) successfully fabricated 3-D trabecular 

scaffolds from phosphate glass by H 2 O 2  foaming. By varying the amount 

of incorporated H 2 O 2  and the thermal treatment conditions, the total 

pore content and size, as well as the percentage of crystallinity, could be 

modulated. 

 Park  et al.  (2006) pioneered (simultaneously with Chen  et al.  (2006a)) the 

use of sponge replication in the biomedical fi eld to obtain ZnO-containing 

phosphate glass scaffolds having 3-D foam-like architecture. This technique 

was more recently adopted by Vitale-Brovarone  et al.  (2009b, 2011) to man-

ufacture GC scaffolds by using ICEL2 powders as glassy inorganic phase. 

ICEL2 composition was designed by modifying that of silicate CEL2 glass: 

specifi cally, the molar amounts of SiO 2  and P 2 O 5  in ICEL2 composition are 

inverted in comparison with CEL2 one. GC-ICEL2 scaffolds were found 

to be resorbable as, after soaking in different media (water, Tris-HCl, SBF), 

they underwent a process of continuous dissolution whose rate was both 

medium-dependent and time-dependent. In addition, GC-ICEL2 scaffolds 

were also bioactive, as an HA layer formed on their trabeculae after soak-

ing in SBF. Bone marrow stromal cells cultured on the scaffolds maintained 

their metabolic activity, proliferation ability and seemed to be stimulated 

towards differentiation. Cai  et al.  (2009) proposed the phosphate glass PG1 

as reinforcing phase in  β -tricalcium phosphate ( β -TCP)-based scaffolds 
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(percentage weight ratio:  β -TCP: PG1 = 80: 20).  β -TCP/PG1 composite scaf-

folds exhibited enhanced mechanical properties (up to 6 MPa) with respect 

to pure  β -TCP scaffolds (up to 2.3 MPa) as glass acted as viscous binder 

during sintering, thereby strengthening the fi nal scaffold structure.   

  8.3.2      Foam-like glass scaffolds with multi-scale porosity 

 Glass-derived scaffolds produced by sponge replication or H 2 O 2  foaming 

exhibit a foam-like architecture with all pores in the macro-range. Over 

the last decade, two approaches were carried out to synthesize scaffolds 

with hierarchical porosity, i.e. sol-gel glass scaffolds and mesoporous glass 

scaffolds. 

  Sol-gel scaffolds 

 Sol-gel bioactive glasses were synthesized for the fi rst time in the early 

1990s (Li  et al. , 1991); in comparison to melt-derived ‘traditional’ glasses, 

sol-gel glasses can be prepared at relatively lower processing temperatures 

and exhibit higher bone-bonding rates, thanks to the high exposed surface 

(above 100 m 2 /g vs. few m 2 /g) due to their nanoporous texture (Avnir  et al. , 
2006). In the early 2000s, for the fi rst time Sepulveda  et al.  (2002) combined 

the sol-gel route with foaming methods to obtain macro-/nano-porous hier-

archical scaffolds: the sol was foamed by using a surfactant and, on gelation, 

the spherical bubbles formed in the sol after vigorous stirring became per-

manent in the gel, thereby leading to a 3-D foam-like highly porous struc-

ture mimicking the architecture of cancellous bone. Sol-gel glass scaffolds 

exhibited an excellent bioactive behaviour, due to the high surface area that 

is provided by the nanoporous network inherent to the sol-gel process and 

is then available for enhancing the ion-exchange phenomena with biologi-

cal fl uids. Sol-gel foaming led to scaffolds exhibiting a three-level porous 

organization, i.e. large pores up to 500  μ m connected by pore windows 

(10–100  μ m) (Fig. 8.4a) and a random-like nanoporous texture (10–20 nm). 

Jones and Hench demonstrated that many variables of sol-gel processing, 

such as surfactant agent and glass composition, can be used to control the 

fi nal pore network structure of the scaffold (Jones and Hench, 2003, 2004). 

Sol-gel glass foams were also tested  in vitro  with osteoblast cultures and 

were found potentially suitable for bone repair (Valerio  et al. , 2005). Some 

parameters of the sol-gel process, such as glass composition and type of sur-

factant, can be properly varied to tailor the scaffold pore network structure. 

Jones  et al.  (2006) showed that the compressive strength of sol-gel 70S30C 

glass scaffolds, that are in general dramatically brittle (about 0.3 MPa), can 

be improved up to 2.2 MPa by carefully adjusting the sintering temperature; 

however, this value is still far from the strength of spongy bone (2–20 MPa), 
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(a) (b)

500 μm

24 18 SEI200 μm20 kV X75

 8.4      Typical architecture of sol-gel glass foam: (a) scanning electron 

microscope (SEM) micrograph (adapted from Jones and Hench (2006) 

© Elsevier) and (b) 3-D reconstruction of the whole cubic scaffold by 

X-ray micro-CT ( Source : adapted from Jones (2009) © Elsevier).  

as well as from the strength exhibited by other bone substitutes, such as 

clinically used HA (~6 MPa) (Hench, 1991).      

 Recently, Rainer  et al.  (2008) fabricated bioactive GC scaffolds by  in situ  

foaming of sol-gel 70S26C glass powders. This technique involved the dis-

persion of sol-gel glass powders in an appropriate liquid monomer batch; 

after complete polymerization, glass-loaded polyurethane foams were 

obtained, and a fi nal thermal treatment allowed the burning-out of the poly-

mer and the sintering of the glass particles. The glass-loaded foams under-

went severe shrinkage (> 75%) during sintering and, accordingly, exhibited 

a lower porosity content (48 vol.%) than that of spongy bone. This method 

of scaffolding appears to be suitable for producing patient-tailored grafts, 

but no indications of scaffold strength were presented by the authors. 

 The 3-D porous structure of sol-gel foamed scaffolds has been recently 

investigated in detail by micro-CT (Fig. 8.4b) and was found to be very 

similar to the trabecular 3-D architecture of cancellous bone (Jones  et al. , 
2007a, 2007b, 2009a; Jones, 2009b). However, the brittleness of sol-gel glass 

scaffolds remains an important issue that severely limits their potential 

range of application to bone defects in non-load-bearing regions of the 

skeleton.  

  Mesoporous glass scaffolds 

 The nanoporous texture of sol-gel glass scaffolds is not arranged according to 

a well-defi ned symmetry, but is randomly created in the course of the sol-gel 

process. In the last few years, signifi cant effort has been dedicated to devel-

oping hierarchically porous scaffolds based on mesoporous bioactive glasses 

(MBG), characterized by an ordered arrangement of mesoporous channels 
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(pore diameter below 10 nm) according to a precise symmetry that can be 

properly tailored at the material synthesis stage. Almost all types of these 

hierarchical macro-/meso-porous scaffolds are based on SiO 2 -CaO-P 2 O 5  ter-

nary MBGs and have been prepared by the simultaneous use of an appro-

priate block non-ionic copolymer (surfactant) as mesostructure template 

and a polymeric sponge as macropores former, as in the well-known sponge 

replication method (Li  et al. , 2007; Yun  et al. , 2007; Zhu  et al. , 2008; Zhu and 

Kaskel, 2009). MBG scaffolds exhibited superior bioactivity as compared 

to bioactive non-mesoporous glass scaffolds of analogous composition, due 

to their higher pore volume and surface area available for ion-exchange in 

the biological fl uids. The reported  in vitro  biological tests suggested that cell 

viability was not compromised by the presence of a porous nanotexture in 

the MBGs, but further studies are needed to better assess this crucial issue. 

Baino  et al.  (2012) observed that an increasing MBG amount seemed even 

to emphasize the viability of SAOS-2 cells: actually, this is not surprising as it 

was demonstrated that bioactive glasses can infl uence the cycle, metabolism 

and activity of cells (Hench 2009). It should be noted that MBGs are highly 

reactive because of their high specifi c surface area and, specifi cally, Si and 

Ca ions released from the glass can exert gene-control regulation emphasiz-

ing the activity of bone cells (Xynos  et al. , 2000, 2001). 

 In general, MBG scaffolds have been developed as highly innovative, mul-

tifunctional systems for both bone grafting, thanks to their high bioactivity, 

and controlled release of drug molecules previously incorporated into the 

mesopores (see also Section 8.6.1). However, as for sol-gel glass scaffolds, 

MBG scaffolds also suffer from dramatic brittleness due to the intrinsic 

presence of a diffuse mesoporosity, which makes it very diffi cult to perform 

reproducible mechanical tests – this is probably the reason for the very few 

indications about the mechanical strength of these scaffolds reported in the 

literature. Wu  et al.  (2010) fi rst tested as-such MBG scaffolds in compression 

reporting a strength value of 60 kPa, and one year later the same research 

group (Wu  et al. , 2011a) synthesized Fe-doped MBG scaffolds assessing a 

compressive strength around 50 kPa. 

 From these few data, it appears clearly that the mechanical resistance of 

MBG-based foam-like scaffolds is almost two orders of magnitude lower 

than that of cancellous bone: this is a crucial drawback, dramatically affecting 

any actual clinical application, primarily due to obvious problems related to 

sample manipulation and safe implantation in the patient’s bone. In order 

to overcome this drawback, again Wu  et al.  (2011b) proposed an alterna-

tive method for fabricating MBG scaffolds: 3-D printing allowed obtaining 

MBG scaffolds with a highly controllable inner architecture and exhibiting a 

mechanical strength about 200 times higher than that of traditional PU-foam 

templated MBG scaffolds. In such a context, it is worth mentioning also the 

study by Garcia  et al.  (2011) who reported the synthesis of 3-D hierarchical 
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macro-/meso-porous scaffolds in the 97.5SiO 2- 2.5P 2 O 5  (mol.%) binary system 

by combining a single step sol-gel route, in the presence of a surfactant (meso-

structure directing agent) and methylcellulose (macrostructure template) and 

a rapid prototyping technique (direct ink deposition); the mechanical proper-

ties of the samples, however, were not reported. These microfabrication tech-

niques, although unable to lead to foam-like architectures, can be valuable 

resources to improve the mechanical strength of MBG scaffolds. 

 An interesting type of glass-based hierarchically porous system was also 

fabricated by incorporating mesoporous silica (SBA-15 and MCM-41) 

inside macroporous GC scaffolds produced through the polyethylene burn-

ing-out method (Cauda  et al. , 2008; Mortera  et al. , 2008, 2009, 2010; Vitale-

Brovarone  et al. , 2009c). These composite constructs showed an excellent 

mechanical resistance (compressive strength up to 20 MPa) thanks to the 

method adopted for fabricating the GC macroporous scaffold used as meso-

phase carrier, but their architecture could not be really considered as foam-

like; these systems will be described in more detail in Section 8.6.1.    

  8.4      In vitro  and  in vivo  behaviour 

  In vitro  tests in acellular SBF mimicking the ionic composition of human 

plasma are commonly recognized as a standard procedure used for estimat-

ing the bioactive potential of biomaterials. On the basis of much experimen-

tal work carried out in the last three decades (Andersson  et al. , 1990;  Hench, 

2006; Kokubo and Takadama, 2006; Hench, 2006), at present the majority 

of researchers agree that the formation of  in vitro  of an HA-like layer on 

the surface of biomedical glasses is a necessary pre-condition to reason-

ably predict the of  in vivo  bioactive behaviour (bone-bonding ability) of the 

implant. In recent years, however, the suitability of SBF has been called into 

question (Bohner and Lemaitre, 2009) and a recent work by Towler  et al.  
(2009) indicates that forecasting a material ability to bond to bone based 

on SBF experiments may provide a false negative result. An interesting 

attempt to modify the Kokubo’s standard SBF composition (Kokubo and 

Takadama, 2006) to enhance its similarity to biological fl uids was reported 

by Dorozhkin and Dorozhkina (2007), who proposed a milk-based SBF 

incorporating albumin and other proteins. Therefore, the concept of bioac-

tivity and the way adopted for its estimation maybe need to be re-discussed 

by the scientifi c community in the light of the recent advances. 

  In vitro  tests with cells are aimed at investigating the biological compat-

ibility of biomaterials and are essential to assess their clinical suitability. In 

the case of scaffolds, such tests are fundamental in assessing whether cells 

can colonize the inner structure of the implant and deposit new bone tissue 

within scaffold pores; furthermore, cellular tests can avoid unnecessary ani-

mal experiments. 
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 In many research works carried out over the last 10 years it has been 

extensively demonstrated that the ions released by bioactive glasses,  e.g.  
calcium and silicon (Xynos  et al. , 2000, 2001; Hench, 2009), can exert gene-

control regulation, infl uencing for instance osteoblast proliferation, differ-

entiation and thus bone mineralization. The design of biomedical glasses at 

the genetic level is a fascinating and attractive fi eld of research able to open 

new perspectives towards fi nely guided tissue regeneration; this challenge 

will be discussed in more detail in Section 8.6.2. 

 Another crucial issue is the infl uence of the topography of scaffold surface 

put in contact with cells, since cell–substrate interactions can be regarded 

as one of the major factors ultimately determining the long-term perfor-

mance of a biomaterial/device  in situ . The processes that mediate an altered 

cell response to micro- and nano-scale surface structure are still somewhat 

unclear, but it is known that they may be direct, as a result of the direct 

effect of surface topography on cells, or indirect, where surface features 

affect the composition, orientation or conformation of extracellular matrix 

(ECM) components (Biggs  et al. , 2009; Mendonca  et al. , 2009; Anselme 

 et al. , 2010; Lamers  et al. , 2010). In general, cells establish dynamic contacts 

with the underlying biomaterial termed points of focal adhesion, the reg-

ulation of which is highly complex and involves initial integrin binding to 

ECM components and the reinforcement of the adhesion plaque by further 

protein recruitment. Furthermore, integrins mediate bidirectional signalling 

between ECM and osteoblasts, thereby activating signalling pathways that 

regulate transcription factors activity, direct cells growth and promote cells 

differentiation. 

 As regards  in vivo  testing of biomedical glass foams, relatively few studies 

are available in the literature. Yuan  et al.  (2001) implanted GC-Bioglass ®  

scaffolds in dogs without any preliminary  in vitro  test in order to investigate 

directly  in vivo  the osteoinductive properties of the implants. Since then, the 

ethical attention towards animals rapidly has grown and nowadays  in vivo  

tests are recommended only after careful  in vitro  testing. 

 Rahaman and co-workers recently implanted 13-93, 13-93B1 and 13-93B3 

glass scaffolds in subcutaneous pockets in rats, after performing  in vitro  cel-

lular tests on the same porous biomaterials (Fu  et al. , 2010b, 2010c). 13-93 

and 13-93B1 glass scaffolds were found to support attachment and prolifer-

ation of bone marrow stromal and murine cells, whereas 13-93B3 was dem-

onstrated to be toxic  in vitro . However, all three groups of scaffolds showed 

the ability to support soft tissue infi ltration  in vivo ; in the authors’ opinion, 

the more favourable  in vivo  response of 13-93B3 scaffolds (that was toxic  in 
vitro ) was due to the more dynamic subcutaneous microenvironment with 

respect to the static  in vitro  conditions. These observations suggest that  in 
vivo  tests are unavoidable in reaching defi nite conclusions about the bio-

compatibility and bioactivity of potentially implantable materials. 
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 In this context, it is worth mentioning the investigation performed by 

Boccaccini and co-workers (Gorustovich  et al. , 2008; Vargas  et al. , 2009), 

who proposed an effective bioassay involving the assessment of biocompati-

bility and bone mineralization potential of GC-Bioglass ®  foam-like scaffolds 

using  ex ovo  (shell-less) chick embryos; this low-cost, original approach can 

be very useful in limiting animal experiments. 

 The knowledge of all the biological effects that can be potentially induced 

in the human body by biomaterials in generals and by scaffolds in particular 

is a complex issue; for instance, although there are standard guidelines to 

assess bone-bonding ability and osteoinductivity  in vivo  of glass implant, 

there is not yet a recognized protocol to investigate the systemic toxicity of 

implanted biomaterials. A recent, detailed study by Yun  et al.  (2011) could 

be considered as a starting point in this regard, which the scientifi c commu-

nity is expected to debate in the near future. 

 As far as scaffold characterization is concerned after  in vitro  and  in vivo  

testing, a powerful tool is represented by micro-CT, that allows non-destruc-

tive and non-invasive 3-D analysis of the constructs (Fig. 8.5). Renghini  et al.  
(2009) used micro-CT for quantitative assessment of glass foams bioactiv-

ity  in vitro  by monitoring the kinetics of HA formation on scaffold struts 

(Fig. 8.5). The potential of micro-CT in characterizing tissue-engineered 

bone-scaffold constructs was recently highlighted by Belicchi  et al.  (2009), 

who showed how this technique can provide important information about 

mineral phase, organic compounds, newly formed tissue and stem cell hom-

ing, after appropriate cell labelling with metal nanoparticles.       

  8.5     Current clinical applications 

 In comparison to other bioceramic materials, such as HA and calcium 

orthophosphates that have been studied and tested since a longer period 

(a) (b) (c)

HA HA

HA

HA

 8.5      Micro-CT evaluation of HA formation on the struts of GC-CEL2 

foams after  in vitro  tests in acellular SBF: (a) GC-CEL2 scaffold before 

soaking in SBF; (b) GC-CEL2 scaffold after soaking for 14 days in SBF 

(the growth of HA, visible as dark areas on scaffold struts, starts from 

the periphery) and (c) GC-CEL2 scaffold after soaking for 28 days in SBF 

(large zones coated by HA can be distinguished).  
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 Table 8.4     Overview of commercial BGs approved for clinical use 

 Commercial 

name 

 Composition  Form and use  Producer 

 Bioglass ®   45SiO 2 –24.5CaO–

24.5Na 2 O–

6P 2 O 5  (wt.%). 

It is the 45S5 

Hench’s glass. 

 NovaBone ®  Putty and 

NovaBone ®  Dental Putty: 

mouldable glass-based 

paste that can be also 

injected in the bone/

dental defect site by a 

syringe 

 NovaBone ®  Particulate 

(90–710  μ m) for small 

graft areas 

 NovaBone ®  Morsels: 

porous granulates 

 PerioGlas ® : fi ne particulate 

to be used in dental 

surgery and restoration 

 NovaBone ®  porous blocks 

 Novabone (US); 

Mo-Sci Corp. 

(US) 

 TheraGlass ®   70SiO 2 –30CaO 

(mol.%) 

 Sol-gel powders  MedCell (UK) 

 S53P4 

(BoneAlive ® ) 

 53SiO 2 –20CaO–

23Na 2 O–

4P 2 O 5  (wt.%) 

 Powders, pieces of 

adjustable size and 

dimensions that can 

be custom-made 

processed 

 Abmin 

Technologies 

Ltd/Vivoxid 

(FI); Mo-Sci 

Corp. (US) 

 13-93  53SiO 2 –6Na 2 O–

12K 2 O– 

5MgO–

20CaO–4P 2 O 5  

(wt.%) 

 Cast shapes, quenched 

frit, rods, fi bres, discs, 

spheres and micro-

sized powders 

 Mo-Sci Corp. 

(US) 

 S55F5  52SiO 2 –

11.7CaO–

19.6Na 2 O–

5.8P 2 O 5 –

10.9CaF 2  

(wt.%) 

 Cast shapes, quenched 

frit, rods, fi bres, discs, 

spheres and micro-

sized powders 

 Mo-Sci Corp. 

(US) 

 StronBone ®   SrO-containing 

silicate glass 

 Powders and porous 

granules 

 RepRegen (UK) 

of time (Dorozhkin, 2010), a quite limited number of biomedical glasses 

are available on the market, also due to the extensive procedures to gain 

defi nite clinical approval. 45S5 Bioglass ®  has been marketed worldwide 

since 1985, about 15 years before the fi rst reported attempt at producing 

Bioglass ® -derived scaffolds by Yuan  et al.  (2001). In the last 40 years, many 

glass formulations have been proposed for biomedical use; a selection of 

compositions, commercial forms and producers of bioactive glasses clinically 

approved and implanted in Europe and USA are collected in Table 8.4. The 
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development of commercial products based on Bioglass ®  and other glass 

formulations has also been recently chronicled by Hench (2006, 2010).      

 All the reported biomedical commercial glasses exhibit an SiO 2 -based 

composition containing modifi er oxides in specifi c amounts with the aim 

to enhance the bioactive properties or to impart special characteristic (for 

instance, SrO is introduced in StronBone ®  to reduce bone resorption) to the 

material. In general, commercial biomedical glasses are used as bone fi llers 

in orthopaedics, dentistry and maxillofacial/craniofacial surgery. To the best 

of the authors’ knowledge, only 45S5 Bioglass ®  is commercially available in 

form of porous blocks (scaffolds).  

  8.6     Future trends 

 This section depicts eight ‘hot’ topics of research related to biomedical 

glass foams that, in the authors’ opinion, will have a signifi cant impact 

from technological, clinical and patient’s life quality viewpoints in the next 

future. It is appropriate to introduce this fi nal part of the chapter with an 

impressive statement by Prof. Larry L. Hench, the inventor of Bioglass ® : 

‘Creative studies of novel glasses and GCs are needed more than ever to 

cope with the problems of a world that has fi nite resources but infi nite 

desires’ (Hench, 2011). 

  8.6.1      Drug release 

 Improvement of the biological activity and performance of bone-substitute 

biomaterials and scaffolds through the uptake and release of therapeu-

tic agents is one of the most challenging fi elds of bone tissue engineering. 

Mourino and Boccaccini (2010) recently published a comprehensive over-

view on controlled drug delivery from 3-D scaffolds. In most cases, fully 

polymeric or ceramic (glass)/polymer composite scaffolds were proposed 

for drug delivery purposes, as the therapeutic agent can be incorporated 

in the polymer and subsequently delivered during the degradation of the 

organic phase. 

 Drug uptake is more diffi cult in the case of foam-like ceramics (porous 

monomaterials), but in recent years two interesting approaches based on 

the use of mesoporous materials, exhibiting a more or less ordered tex-

ture of nanopores in the 2–50 nm range, have been successfully proposed 

in the biomedical literature. The fi rst approach was originally developed, 

by a group of researchers working at the Politecnico di Torino, in a series 

of publications dealing with the fabrication and characterization of glass-

based multi-scale porous structures, constituted by GC macroporous scaf-

folds used as carriers for mesoporous silica spheres (Cauda  et al. , 2008; 
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Mortera  et al. , 2008, 2009, 2010; Vitale-Brovarone  et al. , 2009c). The goal of 

these hierarchically porous composite scaffolds was the combination of the 

properties of glass-derived macroporous architectures, i.e. mechanical sup-

port in the defect zone, bone-bonding ability and bone tissue regeneration, 

with the drug adsorption/release ability of mesoporous materials. Thanks 

to host–guest physico-chemical interactions between drug molecule and 

mesopore surface, ibuprofen can be incorporated into the nanopores of the 

mesophase in order to impart an added value to the macroporous bioactive 

scaffold. At present, MCM-41 and SBA-15 have been loaded on bioactive 

GC scaffolds produced by polyethylene burning-out method (Baino  et al. , 
2009) and, accordingly, their 3-D architecture cannot be actually considered 

as foam-like; open direction of research could concern the mesophase incor-

poration into proper foam-like scaffolds, characterized by a higher degree of 

structural bio-mimicry with trabecular bone. 

 Even though interesting and innovative, this approach exhibits two poten-

tial weaknesses: (i) problems related to interfacial bonding between GC 

scaffold and silica mesophase, and (ii) lack of bioactivity of pure silica meso-

phases – even if a certain degree of bioactivity has been reported by some 

authors (Izquierdo-Barba  et al. , 2005). In order to solve these problems, the 

second approach involves the fabrication of monomaterial (non-composite) 

bioactive scaffolds with multi-scale porosity by using MBGs. For instance, 

drug release studies of using gentamicin demonstrated that the drug uptake 

ability of MBG scaffolds was over two-fold higher than that of non-mesopo-

rous bioactive glass scaffold; in addition, as far as drug delivery is concerned, 

during the whole release period in SBF, gentamicin was delivered from the 

MBG scaffold at a much lower release rate compared to that from non-

mesoporous scaffolds (Zhu and Kaskel, 2009). Studies of ibuprofen incor-

poration and release from MBG membranes were also recently performed 

(Baino  et al. , 2012). The interested reader is pointed towards a couple of 

comprehensive pictures on biomedical mesoporous materials (including 

MBGs) and related challenges (incorporation and release of therapeutic 

agents) that were recently provided by Vallet-Regi and co-workers (Arcos 

and Vallet-Regi, 2010; Izquierdo-Barba and Vallet-Regi, 2011). However, 

the fabrication of MBG foams or constructs with adequate mechanical 

strength allowing safe manipulation and implantation still remains an open 

issue (Wu  et al. , 2010, 2011a; Baino  et al. , 2012) that should contextually 

deserve future experimental work.  

  8.6.2      Metal ion incorporation and release for 
targeted therapy 

 Biomaterials scientists often fi nd that some crucial aspects involved in tis-

sue engineering scaffold design are in confl ict with each other. For instance, 
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some very convenient methods used for fabricating scaffolds are incom-

patible with the incorporation and stability of organic drugs (Mourino and 

Boccaccini, 2010). Therefore, it is fascinating to explore the use of specifi c – 

usually metallic – ions as therapeutic and/or regenerative agents. Hench 

and co-workers (Xynos  et al. , 2000, 2001; Hench, 2009) demonstrated that 

ionic dissolution products released by bioactive glasses (mainly Si and Ca 

ions) can stimulate the genes of cells towards a path of regeneration and 

self-repair. Very recently, Gerhardt  et al.  (2011) demonstrated that the 

ions released by 45S5 Bioglass ®  have a stimulatory effect on angiogenesis, 

which is a signifi cant added value for biomaterials to be used in bone tissue 

engineering. 

 Metal ions for incorporation in scaffold biomaterials usually belong to 

the group comprising essential enzymatic cofactors; an extensive picture of 

this topic was recently provided in a couple of very comprehensive reviews 

(Hoppe  et. al. , 2011; Mourino  et al. , 2012). The use of metallic ions allows 

overcoming the risk of decomposition or instability, which is intrinsic to 

organic molecules. Each metal ion can have a specifi c therapeutic signifi -

cance and can alter cell functions and metabolism by binding to biologi-

cal macromolecules such as enzymes or nucleic acids and/or activating ion 

channels and secondary signalling. Incorporation of metal ions exhibiting 

magnetic properties, such as iron, can be also useful for  in situ  cancer treat-

ment trough hyperthermia, as discussed in the Section 8.6.6. 

 From a technological viewpoint, introduction of metal ions is usually eco-

nomic and compatible with the typical processes used for fabricating both 

polymeric and ceramic scaffolds. 

 At present, the literature covering the incorporation of metal ions in glass 

or GC foams is still extremely scarce (polymeric foams or calcium phos-

phate scaffolds were mainly studied in this regard). For instance, Zn- and 

Ti-containing foam-like phosphate glass scaffolds were produced by using 

appropriate reagents as sources of ZnO and TiO 2  to be introduced in the 

glass formulations (Navarro  et al. , 2004; Park  et al. , 2006). Vitale-Brovarone 

 et al.  (2008) followed a different approach, proposing the ion-exchange 

technique for the surface Ag-doping of GC-FaGC scaffolds (Table 8.3) able 

to exert local antibacterial activity. 

 It is interesting to underline that perhaps the most promising group of 

glasses suitable to be used for targeted therapy via metal ion release com-

prises phosphate glasses. Their solubility is strongly dependent on their 

composition, therefore their degradation rate can be tailored by proper 

addition of metal oxides, such as TiO 2 , CuO and Fe 2 O 3 , that, when released, 

are also able to induce specifi c biological responses (Abou Neel  et al. , 2009). 

In general, the existing studies demonstrated that these metal ions are able 

to exert antibacterial properties. 

 This fi eld of research is extremely challenging and opens new perspec-

tives for tissue engineering, but the potential toxicity of released metallic 
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ions (for instance, local accumulation, unwanted interactions with other 

ions and phenomena of systemic toxicity) is a complex, crucial and still 

often partially unknown issue that must be carefully taken into account in 

the development of such smart biomaterials and scaffolds.  

  8.6.3      Surface functionalization 

 Protein adsorption on the surfaces of biomaterials and medical devices 

is an essential aspect of the cascade of chemico-biological reactions that 

take place at the interface between a synthetic material and the biolog-

ical environment. A great challenge of modern biomedical sciences is to 

design biomaterials as vehicles to incorporate and, if necessary, locally 

release various molecules involved in protein signalling, including both 

growth factors and peptide sequences mimicking the whole protein. 

Incorporation of biomolecules in biodegradable polymeric matrices able 

to release them over time has been widely investigated, but there has 

been much less research work on designing strategies to load inorganic 

substrates, such as bioactive glasses (Vern é   et al. , 2009, 2010), with analo-

gous biomolecules. Protein grafting on the surface of biomedical glasses, 

commonly referred to as surface functionalization, typically involves three 

major steps: (i) hydroxyl exposure (for instance by means of a cleaning 

treatment), (ii) introduction of a specifi c functional group (for instance 

by means of silanization with an appropriate sol-gel precursor) to pro-

mote and stabilize bonding between the material and the organic mole-

cule, and (iii) biomolecule anchoring (for instance by soaking the samples 

in a protein-rich solution). As for the functionalization of foam-like glass 

scaffolds, a very limited number of reports have been documented in the 

literature. Protein-release kinetics studies for sol-gel 58S and 70S30C 

glass scaffolds were carried out by Lenza  et al.  (2003), but organic sol-

vents were used for silanization, which are not ideal from the viewpoint 

of biocompatibility. Chen  et al.  (2006b) functionalized highly porous 45S5 

Bioglass ® -derived GC scaffolds by silanization followed by glutaralde-

hyde grafting without using toxic organic solvent, and found that aqueous 

heat treatment involved in the functionalization process accelerated the 

structural transition of the crystalline phase of the sintered Bioglass ®  to 

an amorphous one during soaking in SBF, thereby promoting hydroxyap-

atite formation  in vitro  (bioactivity). 

 Loading of ceramic scaffolds without using coupling agents has been 

also experimented for ceramic scaffolds (Rosengren  et al. , 2003), but 

conformational changes of the native biomolecule structure, due to 

remarkable electrostatic and hydrophobic interactions, should be taken 

into account.  
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  8.6.4      Polymeric coatings 

 Polymer-coated glass scaffolds belong to the group of composite biomateri-

als, which are discussed in Chapter 9 of the present volume. However, the 

two major added values carried by the use of polymeric coatings on porous 

glass substrates are briefl y mentioned here, as promising fi elds for future 

research. 

 From a mechanical viewpoint, polymeric coatings have been recently pro-

posed to reduce the intrinsic brittleness and to increase the toughness of 

45S5 Bioglass ® -derived GC foams. Chen and Boccaccini (2006) performed 

a comparative investigation on the mechanical properties and  in vitro  bio-

activity of Bioglass ® -based foams before and after applying a poly(D,L-

lactic acid) (PDLLA) coating on the scaffold struts. In comparison to bare 

Bioglass ® -derived foams, the bioactivity upon soaking in SBF was main-

tained, although the kinetics of HA formation were delayed by the presence 

of the polymeric coating, the compressive (0.9 MPa vs. 0.3 MPa) and 3-point 

bending strengths were slightly improved, and the work of fracture was con-

siderably enhanced, thereby increasing the scaffold toughness. 

 One year later, Bretcanu  et al.  (2007) fabricated porous composites by 

coating foam-like GC-Bioglass ®  scaffolds with poly(3-hydroxybutyrate): 

the polymer strengthened the inorganic porous matrix acting as a glue and 

holding the GC particles together when the scaffold struts began to fail. 

The results were encouraging: the values of compressive strength obtained 

(up to 1.5 MPa) were still far from the typical range of cancellous bone, but 

superior to those of uncoated scaffolds (up to 0.4 MPa) (Chen  et al. , 2006a). 

In the near future, it will be necessary to act on (i) the sintering conditions 

of the glass foam (Baino  et al. , 2013), (ii) the type of polymer used for the 

coating, and (iii) the technique to coat the original glass foam, in order to 

really obtain scaffold suitable for clinical use. 

 An approach similar to that followed by Chen and Boccaccini (2006) and 

Bretcanu  et al.  (2007) was also followed by Wu  et al.  (2010) to improve the 

mechanical strength of MBG scaffolds that were soaked in silk solution; the 

authors found that silk-induced modifi cation improved the uniformity and 

continuity of scaffold pore network, maintained high porosity (~94 vol.%) as 

well as large pore size (200–400  μ m), and increased the mechanical strength 

up to 250 kPa (with respect to 60 kPa of the uncoated ones). 

 The use of polymeric coatings on biomedical glass (ceramic) foams 

can also provide additional extra-functionalities to the biomaterial: from 

pharmaceutical and therapeutic viewpoints, biodegradable polymeric 

coatings can be used as matrices for incorporating biomolecules, drugs 

or specifi c moieties for local treatment of various diseases; a valuable 

picture on this topic was provided in a recent review by Mourino and 

Boccaccini (2010).  
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  8.6.5      Carbon nanotube coatings 

 Carbon nanotubes (CNT), fi rst developed and characterized in the early 

1990s (Iijima, 1991), exhibit attractive properties, such as high mechanical 

strength, fl exibility, high aspect ratio, excellent thermal and electrical con-

ductivity. The effect of interaction between cells and CNTs is a crucial issue 

from the biocompatibility viewpoint: recent studies have been particularly 

focused on this topic (Zanello  et al. , 2006), but defi nite conclusions have 

not yet been reached. It is generally recognized that scaffold enrichment by 

the integration of CNTs can potentially carry a signifi cant added value for 

tissue engineering applications from various perspectives. First, CNTs can 

provide enhanced structural reinforcement, either embedded in a ceramic 

or polymeric matrix or deposited on the surface of scaffold struts. From a 

manufacturing viewpoint, Boccaccini  et al.  (2007) demonstrated that elec-

trophoretic deposition (EPD) is a versatile and effective technique to coat 

Bioglass ® -derived foams with a CNT layer. As a general rule, CNTs should 

be incorporated in very small concentration as they are non-degradable and 

possible cytotoxic effects could occur, as mentioned above. Another key rea-

son for incorporating CNTs into scaffolds is the ability to tailor the scaffold 

surface at the nanoscale, by modulating the biomaterial nano-roughness and 

nano-topography to enhance cells adhesion and proliferation. Furthermore, 

the enrichment with CNTs is expected to provide functional added values to 

the construct, such as cell tracking, radio-tracking functions for living tissues 

discrimination, sensing functions of microenvironments by exploiting CNTs 

electrical conductivity and biomolecule release. It was also demonstrated 

in the literature that external electrical stimulation can infl uence cell life 

cycles, maximizing tissue regeneration in comparison with non-stimulated 

biomaterials; in a pilot study, Meng  et al.  (2011) coated Bioglass ® -derived 

foams with CNT by electrophoretic deposition and cultured mesenchymal 

stem cells on the constructs with and without electrical stimulation, demon-

strating that the electrical conductivity associated to the CNTs can promote 

the proliferation and differentiation of the cells attached onto the scaffold.  

  8.6.6      Magnetic properties and hyperthermia for 
cancer therapy 

 Bone tumours are one of the main non-traumatic causes leading to the need 

for bone surgical resection. The treatment of such bone diseases typically 

comprises two surgical stages: (i) removal of the diseased bone portion, 

which results in a bone defect, and (ii) implantation of a graft biomaterial 

at the defect site. Therefore, the clinical challenge is two-fold: it is neces-

sary not only to successfully repair the – often quite large – bone defect, 
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but also to avoid the re-development of the tumour. Hyperthermia therapy 

using biocompatible magnetic materials has emerged as a promising option 

for the treatment of malignant bone tumours; an excellent overview of this 

topic was recently provided by Vallet-Regi and Ruiz-Hernandez (2011). 

These smart biomaterials are designed to be magnetic, and when exposed 

to an external magnetic fi eld, they can produce heat within the diseased tis-

sue region. It is known that cancer cells are killed if exposed at temperatures 

above 43 ° C, whereas normal cells can survive in such conditions: since the 

vascular system is poorly developed in the diseased tissue, the heat cannot 

be dissipated and results in a higher temperature than in the surrounding 

health tissues; therefore, hyperthermia therapy is virtually considered as an 

effective option for  in situ  treatment without adverse side effects. 

 A number of biomaterials, including calcium phosphates (Hou  et al. , 2009), 

glasses/GCs (Bretcanu  et al. , 2005; Bretcanu  et al. , 2006; Li  et al. , 2010), mes-

oporous silica (Martin-Saavedra  et al. , 2010) and composites (Bock  et al. , 
2010) have been considered and properly processed for possible application 

in hyperthermia. These materials, however, are usually prepared in form of 

bulk, thermoseeds, particles or powder; studies of magnetic scaffolds are 

extremely scarce (Bock  et al. , 2010; Wu  et al. , 2011a), and only one report 

on magnetic glass foams has been documented in the literature (Wu  et al. , 
2011a). In this study, the authors proposed an innovative approach to bone 

tumour treatment by combining hyperthermia therapy and local drug deliv-

ery in a multifunctional Fe-containing MBG scaffold prepared through 

co-templating method: large macropores were useful to allow cells coloni-

zation and subsequent tissue regeneration, mesopores allowed sustained 

drug release and the magnetic properties of the Fe-containing glass were 

exploited for  in situ  treatment by hyperthermia. Although this approach is 

highly fascinating, one of the major limitations of these Fe-MBG scaffolds 

is their dramatic brittleness (compressive strength results around 50 kPa), 

that compromise any real clinical application; improvement of the scaffold 

strength by using polymeric coating could be a valuable option to be consid-

ered in future investigations.  

  8.6.7      Pore-graded foams for high-strength applications 

 As recently reviewed by Miao and Sun (2010), calcium phosphate biocer-

amics, as well as their composites with biocompatible polymers, have been 

widely adopted for fabricating pore-graded scaffolds mimicking the hierar-

chical porous organization of bone. Among bioactive glasses, however, to 

the best of the authors’ knowledge only Bioglass ®  and CEL2 have been 

proposed for this purpose. Bretcanu  et al.  (2008) used pre-formed polyure-

thane sponges with tailored gradient of porosity as sacrifi cial templates for 
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manufacturing highly porous (> 80 vol.%) foam-like GC-Bioglass ®  scaf-

folds through the replication technique. The pore-graded architecture could 

contribute to improve the mechanical strength of GC-Bioglass ®  foams, but 

no data in this regard have been reported in the literature up to now. 

 Vitale-Brovarone  et al.  (2010) used CEL2 particles to fabricate graded 

GC scaffolds by means of different processing methods, i.e. sponge repli-

cation, polyethylene (PE) burning-out and enamelling together with var-

ious combinations of such techniques. GC-CEL2 scaffolds able to mimic 

the porosity gradient of cancellous bone or to reproduce the trabecular/

cortical bone system were successfully obtained, with signifi cant increase of 

compressive strength. This approach can be useful to fulfi l specifi c criteria 

depending on the end use, such as high-strength properties required for the 

substitution of load-bearing bone portions. 

 Very recently, Bellucci  et al.  (2010, 2012) fabricated GC-Bioglass ®  scaf-

folds by using a modifi ed sponge replication method involving the incorpo-

ration of polyethylene particles in the slurry used for sponge impregnation 

and the slurry removal under rotation in air fl ux. These scaffolds had a 

highly porous internal structure together with an external resistant surface 

similar to a shell; the compressive strength was found to be below 1 MPa, 

which demonstrates that, although being interesting, this method still needs 

careful optimization.  

  8.6.8      Trabecular coatings on prosthetic devices 

 As previously underlined, glass-based bone tissue engineering scaffolds are 

purposely designed to act as foam-like templates allowing and promoting 

the growth of new bone tissue in order to repair osseous defects. An inno-

vative application of GC scaffolds, intended to act not only as bone defect 

fi llers, was disclosed in a recent patent by Vern é   et al.  (2008) , who merged 

the concepts of bioactive glass coating and foam scaffold to propose the use 

of trabecular coatings on ceramic prosthetic devices. Referring specifi cally 

to the context of hip joint prosthesis, the authors proposed a monoblock 

acetabular cup that could be anchored to the patient’s bone without using 

either cement or metal-back, but by means of a bioactive trabecular GC 

coating (foam scaffold), mimicking the architecture of cancellous bone and 

able to promote implant osteointegration. The use of bioactive high-strength 

glass-derived foam scaffolds as key components of implantable devices to 

promote their osteointegration is highly innovative and could lead to the 

birth of a new generation of prostheses with relevant impacts from clinical, 

commercial and patient’s life quality viewpoints. 

 The same group of research tested and successfully demonstrated the 

feasibility of such an innovative device in a simplifi ed, fl at geometry: GC 
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scaffolds, prepared by polymeric sponge replication, were joined to alu-

mina square substrates by a dense glass coating (interlayer), and the devices 

thereby obtained were demonstrated to have good bioactive properties 

and adequate mechanical resistance to be safely handled and potentially 

implanted (Vitale-Brovarone  et al. , 2012b ). Indeed, the majority of medi-

cal implants are characterized by complex, often curved shapes, such as the 

semi-spherical one that is typical of the acetabular component of hip joint 

prostheses; extension of the promising results achieved in this pilot work to 

curved geometry, which involves optimization of glass composition, scaf-

fold shaping and coating techniques, is currently in progress in the frame-

work of an European Project (MATCh – Monoblock Acetabular cup with 

Trabecular-like Coating’).   
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  Abstract : The regeneration of extended bone defects is a serious concern 
and the number of patients affected by bone diseases is ever increasing. 
The continuous progress in materials science and nanotechnology is 
providing novel approaches to developing new porous materials with 
structures that are able to mimic the morphological and mechanical 
features of bone, thus achieving improved assistance to the regenerative 
processes. This chapter provides an overview of the technologies that have 
recently been developed for use in manufacturing porous ceramics and 
composites for bone scaffolding, including the new biomorphic processes 
that, by transforming ligneous sources into hierarchically organized 
hydroxyapatite, may provide solutions to assist the regeneration of long 
segmental bones. 

  Key words : biomimesis, bone regeneration, porous scaffolds, 
hydroxyapatite, hierarchical organization. 

    9.1     Introduction 

 In recent decades, scientifi c research into the development of biomaterials 

for bone grafting has continuously progressed and bio-devices with improved 

performances have been designed and manufactured. The increasing knowl-

edge of the biological processes and mechanisms yielding the formation and 

structural rearrangement (remodeling) of new bone tissue has provided an 

awareness of the importance of physico-chemical and structural biomimicry 

that bone implants should possess in order to activate tissue regeneration. 

For this reason, designs have moved from dense, bioinert implants to new 

implants that contain bioactive phases such as biomimetic calcium phos-

phate phases and porous, osteoconducting structures that have the ability to 
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host human cells. Therefore, inert dense or microporous implants have now 

evolved into macroporous scaffolds designed to sustain and assist exten-

sive cell colonization and anchorage to the existing bone, fi nally leading to 

osteointegration and progressive resorption, which allows the new bone to 

replace the scaffold and restore full functionality. Hydroxyapatite was soon 

recognized as the ideal material to be developed into porous scaffolds for 

bone repair, since it is the main inorganic component of bone and can easily 

induce cell adhesion and proliferation. Upon recognition of the true nature 

of the inorganic bone, i.e. a multi-substituted, poorly crystalline hydroxyapa-

tite, and of the relevant function of the various ions contained in the apatite 

structure, biomaterial synthesis became focused on reproducing the com-

plex chemical composition of bone. In the attempt to fi nd a balance between 

composition, structure, porosity, and mechanical strength, material scientists 

developed many different approaches to create structures with open and 

interconnected pores by imposing different geometries or by allowing the 

formation of complex structures by using natural templates. In this respect, 

features such as the quality of the newly formed bone became increasingly 

important; accordingly, the establishment of angiogenesis soon became one 

of the key features of synthetic bone grafts. 

 This chapter covers all these aspects, exploring the main features that 

may enhance the  in vivo  behavior of bone scaffolds, i.e. the surface chemis-

try, morphology, and porosity extent. These characteristics will be described 

in relation to bone scaffolds of different natures, including ceramic and 

ceramic/polymeric composites, new biologically inspired hybrid compos-

ites that mimic the features of newly formed bones, and fi nally the recently 

developed hierarchically organized scaffolds that are obtained by wood 

transformation.  

  9.2     Chemical and morphological biomimesis: 
the key for osteointegration 

 The ideal device for bone regeneration must exhibit good biocompatibil-

ity without inducing infl ammation or toxic reactions. Moreover, it has to 

promote strong bonding with the host bone and extensive bone ingrowth 

into the graft, as well as allowing bio-resorption. To do this, regenerative 

bone scaffolds must exchange suitable chemical signals with the surround-

ing extra-cellular matrix (ECM) in order to activate and promote the series 

of events at cell level, thus triggering the formation and organization of new 

bone tissue. In this respect, the fi rst interactions between the cells and the 

scaffold surface defi ne the quality of the tissue implant interface, which is 

a key issue for the regenerative ability of the bio-device. The interactions 

between ECM and the implant’s surface are mediated by early adsorption 
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of water molecules and the subsequent adsorption of proteins from the bio-

logical fl uid, which in turn transcribe the surface characteristics into infor-

mation for cells (Boyan  et al ., 1996) (Fig. 9.1). Therefore, the performances 

of implanted materials are strictly related to a variety of features, such as 

chemistry and topography, at the macro-, micro-, and nano-scale.      

 In this respect, a close biomimicry to natural tissues enables cells to attach, 

proliferate, and differentiate, following a quasi-physiological bone genera-

tion/remodeling path. From a chemical–physical perspective, the mineral part 

of bone is a poorly crystalline apatite containing ions such as CO 3  
2 −  , Mg 2+ , 

SiO 4  
4 −  , Sr 2+ , HPO 4  

2 −  , Na + , and K + , which have specifi c functions in the for-

mation, stabilization, and maturation of bone (LeGeros and LeGeros, 1984; 

LeGeros, 1991). The nano-size of the biologic apatite, the bio- availability of 

these ions, and the presence of acidic and alkaline surface sites at defi ned 

crystal planes (i.e. the so-called C and P sites, respectively) provide the poten-

tial for protein and cell adhesion as well as proliferation (Webster  et al ., 1999, 

2000, 2001; Kandori  et al ., 2002 ; Capriotti  et al ., 2007; Corno  et al ., 2010). 

For several decades synthetic hydroxyapatite (HA) has been considered the 

best biomaterial for bone scaffolding. The development of preparation tech-

niques has led to methods for obtaining HA in nanosized forms that mimic 

those naturally occurring in bone (Robinson, 1952; Lowenstam and Weiner, 

1989; Iafi sco  et al ., 2010; Sakhno  et al ., 2010). Moreover, it is now possible to 

change bulk structures from highly crystalline to poorly crystalline or dis-

ordered by changing the preparation conditions (such as the temperature, 

presence of anionic and/or cationic substituents, and nucleation on collagen 

fi bers) (Landi  et al ., 2000; Tampieri  et al ., 2003; Celotti  et al ., 2006). 

 Indeed, in its stoichiometric composition [Ca 10 (PO 4 ) 6 (OH) 2 ], hydroxy-

apatite (HA) is virtually insoluble in physiological conditions and thus has 

low bio-availability. The bioactivity and bio-solubility of bone is induced by 

the incorporation of several foreign ions (namely calcium, phosphorus, and 

hydroxyl) into the HA lattice, which disturbs the crystallographic order of 

the apatite structure itself and thus reduces its stability in the physiologi-

cal environment (Fig. 9.2). In particular, CO 3  
2 −   ions in the phosphate site 

 9.1      Schematic draw of the sequence of events leading to cell 

attachment on scaffolds.  
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(i.e. B position) are the major source of structural disorder in bone, as they 

increase the chemical reactivity and enhance the apatite solubility without 

changing the surface polar property and the affi nity of the osteoblast cells. 

As bone matures, carbonate ions are more likely to be located in place of 

hydroxyl (i.e. A position). Particularly in young bone, CO 3  
2 −   ions are also 

present in non-apatitic domains, mainly located in a hydrated layer sur-

rounding the apatite crystals and thus representing a group of ions that pro-

mote the remodeling processes (Boskey, 2006). The increased solubility of 

synthetic HA containing carbonates was proved in ion release tests, which 

were carried out in simulated body fl uid at 37 ° C (Sprio  et al ., 2008; Landi 

 et al ., 2008a). The ability to be bio-resorbed is a key feature for osteoclas-

togenesis, as this can regulate the physiological bone turnover and enhance 

osteoblast proliferation and osteogenesis (Spence  et al ., 2009, 2010).      

 Divalent ions that replace calcium (such as magnesium and strontium) are 

particularly active during the fi rst stages of the regenerative and remodel-

ing processes (Driessens, 1980; Bigi  et al ., 1997). In particular, magnesium is 

associated with the fi rst stages of the bone formation and enhances skeletal 

metabolism and bone growth. Like carbonate, magnesium decreases with 

increasing calcifi cation and with the aging of the bone (Bigi  et al ., 1992). In 

synthetic HA, the controlled substitution of calcium ions with magnesium 

increases the chemical–physical mimesis of the mineral bone. In fact, mag-

nesium increases the kinetic of HA nucleation on collagen and retards its 

crystallization, affecting the size and shape of mineral nuclei. The incorpo-

ration of Mg 2+  into the HA structure induces a disordered state on the HA 

surface where ions are continuously exchanged from the outer hydrated 

layer to the well-crystallized apatite lattice. Moreover, the replacement 

Ca(I)

Ca(II)

OH

O

P

CO3
2–

HPO4
2–SiO4

4–

Sr2+, Mg2+

Na+, K+

 9.2      Scheme of some possible ionic substitution in the hydroxyapatite 

lattice.  
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of calcium by magnesium in surface crystal sites increases the number of 

molecular layers of coordinated water (Bertinetti  et al ., 2006); all of these 

phenomena favor protein adsorption and the adhesion of cells to the scaf-

fold (Cazalbou  et al ., 2005). The increase of osteogenic activity in the pres-

ence of magnesium-substituted HA was shown in  in vivo  studies: a greater 

osteoconductivity over time and higher material resorption, compared to 

stoichiometric HA, were detected in granulated Mg-HA powders that were 

implanted in a rabbit’s femur (Landi  et al ., 2008b). Additionally, studies of 

osteoblast gene expression profi les from Mg-HA grafts revealed a higher 

expression of specifi c markers of osteoblast differentiation and bone forma-

tion, which are associated with a lower osteoclastogenic potential (Crespi 

 et al ., 2009). 

 Strontium is also considered to be a relevant trace ion that enhances 

osteogenesis while reducing bone resorption; this effect provides enhanced 

collagen synthesis and improved physical stabilization of the new bone 

matrix, as shown in  in vitro  and  in vivo  studies (Dahl  et al ., 2001; Marie  et al ., 
2001). Due to its potential as an anti-osteoporotic agent, the incorporation 

of strontium ions into the HA lattice has been practiced in recent years 

(Bigi  et al ., 2007; Landi  et al ., 2007), and increasing effort is being dedicated 

to the development of strontium-containing bone cements (Guo  et al ., 2005; 

Boanini  et al ., 2010; Pina  et al ., 2010; Tadier  et al ., 2012). 

 Like strontium, silicon is an essential trace element for the formation 

and stabilization of bones and connective tissues (Carlisle, 1970, 1988; 

Jugdaohsingh, 2007). Aqueous silicon in the form of orthosilicic acid 

(Si(OH) 4 ) has been shown to enhance osteoblast proliferation, differentia-

tion, and collagen production and to have dose-dependent effects on oste-

oclast cells under  in vitro  conditions (Xynos  et al ., 2001). The synthesis of 

silicon-substituted HA was performed, showing that silicon yields tetrahe-

dral distortion and disorder at the hydroxyl site of the HA lattice, which 

can potentially decrease the stability of the apatite structure and enhance 

apatite solubility and bio-availability of silicon (Vallet-Reg ì  and Arcos, 

2005; Thian  et al ., 2006; Pietak  et al ., 2007; Sprio  et al ., 2008). An increase of 

the osteoblast activity induced by silicon was also detected  in vivo  (Porter 

 et al ., 2003), where the migration of Ca, P, and Si ions to the bone–HA inter-

face, consequent to apatite dissolution, accelerated the precipitation of bio-

logical apatite and induced bone apposition at the surface of the ceramic. 

Metal ions such as zinc, copper, iron, and manganese are also essential fac-

tors that enhance the functions of enzymes involved in the synthesis of the 

constituents of the bone matrix (Saltman and Strause, 1993; Reid and New, 

1997) (Table 9.1).      

 To achieve a synergistic effect, the synthesis of a multi-substituted HA 

phase is obtained in biomimetic conditions by carrying out the nucleation of 

the apatite phase in simulated body fl uid (SBF) that has been enriched with 
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biomimetic ions at 37 ° C. This procedure mimics the physiological condi-

tions of bone formation and allows synthetic HA to incorporate various ions 

(Na + , K + , HPO 4  
2 −  , Mg 2+ , SiO 4  

4 −  , Sr 2+ , CO 3  
2 −  ), which are present in the phys-

iological environment (Landi  et al ., 2005; Sprio  et al ., 2008). In particular, 

co-substitution with carbonate favored higher bio-availability of osteogenic 

chemical agents, thus increasing solubility in physiological conditions (Sprio 

 et al ., 2008) and yielding improved  in vitro  results compared to silicon-free 

carbonated HA (Landi  et al ., 2010). 

 Biomimetic HA powders can be synthesized and used as granules to fi ll 

bone defects of limited size. However, the lack of specifi c morphology and 

mechanical stability of granulated bio-devices does not enable regenera-

tion of extended bone parts; in this case the implantation of a 3D porous 

scaffold is required, with characteristics of bioactivity and osteoconductivity 

associated to bio-mechanic performance suitable for the specifi c implant 

site (Babis and Soucacos, 2005; Sprio  et al ., 2011). More specifi cally, scaf-

folds have to provide the space for new bone formation and the necessary 

support for cells to proliferate and maintain their differential function. 

Moreover, they should exhibit suitable architectures for inducing the forma-

tion and maturation of well-organized tissue (Daculsi, 1998; Kessler  et al ., 
2003). Osteoconductivity ensures physical and mechanical integration with 

the surrounding bone, which in turn prevents micro-movements and the 

possibility of early mechanical loading  in vivo ; this process can be facilitated 

by the use of bioactive scaffolds that permit osteoclastic resorption. 

 Porosity in bone scaffolds is essential because it allows the transmission 

of changes in hydrodynamic pressure, thus activating mechanotransduction 

processes. It has been reported that around 80% of total porosity is the criti-

cal point for ensuring both pore interconnectivity and suffi cient mechanical 

properties of scaffolds (Burdick  et al ., 2002, 2003). Pore volume and size, both 

 Table 9.1     Indicative ions content in human 

bone mineral 

 Ion  (mol.%)  (wt.%) 

 Ca 2+   8.7  34.8 

 PO 4  
3 −    4.9  46.6 

 Na +   0.4  0.9 

 K +   0.01  0.03 

 Mg 2+   0.2–0.5  0.5–1.3 

 CO 3  
2 −    0.5–1.3  3–8 

 F  −    0.02  0.03 

 SiO 4  
4 −    0.15–0.30  1.4–2.7 

 Cl  −    0.04  0.13 

 Ba 2+   trace  trace 

 Sr 2+   trace  trace 
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at the macroscopic and the microscopic level, are important morphological 

properties of a scaffold for bone regeneration (Karageorgiou and Kaplan, 

2005). Although no precise measurements can be provided for optimal void 

volumes and pore sizes due to the wide range of bone features in different 

anatomical districts, some general indications can be provided. Firstly, there 

is general consensus on the key effect of high porosity and large pores for 

the activation and enhancement of bone ingrowth and osseointegration of 

the implant after surgery. However, the extent of the porosity and the pore 

size should be associated with mechanical properties suitable for the spe-

cifi c implant site. The minimum pore size for cell colonization and substan-

tial bone ingrowth was reported as 100  μ m (Hulbert  et al ., 1970), whereas 

smaller pores can result in the growth of unmineralized osteoid tissue or 

fi brous tissue. However, there is wide consensus that the mean pore size 

should be approximately 300  μ m to achieve better osteogenesis, as this size 

provides improved vascularization and oxygenation (Tsuruga  et al ., 1997; 

Kuboki  et al ., 2001; Gotz  et al ., 2004). Macroscopic porosity (i.e. several hun-

dreds of  μ m) should also be interconnected with channel-like microporosity 

that enables fl uid exchange throughout the whole scaffold, thus providing a 

supply of nutrients and the elimination of metabolic waste products.  

 Besides these general guidelines, the pore size of bone scaffolds should be 

designed with consideration of the features of the specifi c bone tissue to be 

repaired. In this respect, cortical bone is characterized by reduced porosity 

and activity and higher compression strength, compared to spongy bone, 

which exhibits a complex pore organization that allows physical stability 

and resistance against complex biomechanical stimuli. Hence, the design of 

bone scaffolds in a graded form allows for the reproduction of both parts 

of bone (Tampieri  et al ., 2001) that may improve the scaffold performance, 

thus enabling application in long-bone regeneration. The architecture of the 

scaffold is relevant since the bone ingrowth is guided by the scaffold voids 

and may be interrupted by lack of pore interconnection, thus creating spa-

tially discontinuous ingrowth with the formation of bone islands through-

out the whole scaffold. The formation of new bone in the inner part of the 

scaffold is a key feature for ensuring optimal osseointegration and reduced 

physical mismatch at the bone–scaffold interface.  

  9.3     Foaming: an approach to fabricate highly 
porous bioactive scaffolds 

 In the last two decades, different technological approaches have been devel-

oped to manufacture biomimetic 3D foams with specifi cally designed phase 

composition and porosity (Cooke, 1992). Due to intrinsic brittleness, porous 

scaffolds made of HA can only exhibit limited fracture strength, which limit 
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their use to non-load-bearing sites. For this reason, recent designs have 

aimed at bone scaffolds made of HA with anisotropic and a more organized 

structure in order to achieve improved bone-mimicking. 

 Generally, techniques aimed at forming porous ceramics are based on 

aqueous suspensions of pulverized raw materials (also known as slurries), 

opportunely dispersed and processed to form a porous structure that is then 

consolidated by using thermal processes (Sprio  et al ., 2011). The forming 

process can be subdivided into template-assisted and template-free tech-

niques. In both cases, as the process should generate green ceramic bodies 

with high particle packing and homogeneous pore distribution, the rheolog-

ical properties of the suspension are a key feature. The control of the slurry’s 

properties is less critical when using sacrifi cial phases that are uniformly 

dispersed into a ceramic matrix and then eliminated by controlled processes 

so as to produce defi ned porosity distribution. The method of sacrifi cial 

template has been successful for obtaining porous bodies in a variety of 

compositions (e.g. alumina, zirconia, hydroxyapatite, tricalcium-phosphate, 

titania, silica, and mullite). Polymeric components are the most commonly 

used pore-forming agents and include polyethylene, polystyrene, polyvinyl-

chloride, and polymethylmethacrylate. However, natural sources (e.g. gel-

atin, textile fi bers) and inorganic soluble salts (NaCl, BaSO 4 , K 2 SO 4 ) are 

also employed. The organic components are usually removed by processes 

of thermal decomposition, whereas inorganic agents are extracted through 

chemical processes, such as solubilization in water or other solvents. 

 The replica method is a template-assisted process that makes use of poly-

meric templates with defi ned pore size and 3D arrangement that can be repeat-

edly soaked into ceramic suspensions to allow the loading of the matrix. Green 

ceramic bodies formed by the imbibition of synthetic polymeric matrices (e.g. 

polyurethane) reproduce the ‘negative’ shape of the matrix. Therefore, when 

subjected to fi ring, the decomposition of the polymer leaves equally spaced 

voids that retain the original shape of the matrix (Studart  et al ., 2006). 

 In the case of using a support made of natural polymers (e.g. cellulose), 

their fi brous nature creates micron-sized voids, which permit the imbibition 

of the matrix at a smaller scale due to the increased hydrophilic character. 

Therefore, repeated imbibition can provide green bodies that reproduce the 

‘positive’ shape of the template (Tampieri  et al ., 2001). To achieve this, the 

suspension must exhibit thixotropic properties, i.e. they must be able to per-

meate the micro-struts of the organic template without fi lling its pores and 

allowing water to fl ow away. To achieve this, several parameters should be 

well defi ned and optimized, including the specifi c surface area (SSA), parti-

cle size distribution, and the surface activity of the powder. Surface activity 

is a key factor governing particle agglomeration, which in turn can alter the 

homogeneity of the ceramic green body. Hence, the surface activity of HA 

can be reduced by thermal treatments aimed at allowing partial particle 
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coalescence and increasing the crystal order while reducing the SSA (Landi 

 et al ., 2000; Sprio  et al ., 2012; Cunha  et al ., 2013). Suitable dispersion of the HA 

powder can be achieved by using defl occulating agents (Pretto  et al ., 2003). 

Thermal consolidation processes include a step where the organic template 

is slowly eliminated; this is a crucial stage of the process, since mechanical 

micro-damage can occur due to inappropriate heating rates and/or lack of 

suitable procedures for the elimination of the combustion products. The use 

of cellulose sponges and the fi ne set-up of slurries based on HA powders 

enable the fabrication of bone scaffolds with irregularly arranged, intercon-

nected porosity that is similar to that of bone (Tampieri  et al ., 2001). Due to 

the different rheological behaviors of HA powders with different degrees 

of crystal order (Landi  et al ., 2000), forming techniques based on template 

imbibition were designed to produce scaffolds with graded morphology that 

mimicked spongy and cortical bones (Tampieri  et al ., 2001). 

 Template-free approaches have the advantage of avoiding the use of solid 

structures that need to be eliminated during the manufacturing of the scaf-

fold; among these techniques, forming processes based on foaming effects 

are of particular interest (Studart  et al ., 2006; Sprio  et al ., 2011). The pore-

forming agents are usually organic-based components that are able to induce 

the formation of bubbles through nucleation, coalescence, and growth phe-

nomena. The composition of the suspension, the use of suitable stabilizing 

agents, and careful homogenization enable control of these phenomena, 

thus achieving the formation of bubbles of controlled size. The rheological 

properties of the slurry should include high powder concentration and thus 

high viscosity, which helps to achieve the early stabilization of the slurry and 

the immobilization of the bubbles. Upon slow evaporation of the residual 

water, the green body is then fi red by thermal routes, ensuring the elimi-

nation of the organic components and the sintering of the ceramic matrix 

while also retaining the spherical voids left by the bubbles (Sprio  et al ., 
2011; Cunha  et al ., 2013). The high porosity and osteoconductivity of HA 

porous scaffolds obtained by a foaming method are illustrated in Fig. 9.3, 

where MG63 osteoblast-like cells covered the entire scaffold’s surface after 

14 days of incubation and also penetrated the inner parts of the scaffold. 

This technique enables the design of ceramic compositions that are suit-

able for developing composites with improved features, such as mechanical 

strength or osteogenic character (Cunha  et al ., 2013; Sprio  et al ., 2013). The 

absence of any templates allows the establishment of stable suspensions, 

yielding porous scaffolds with improved properties.      

 Freeze-casting techniques have recently been investigated. They can be 

considered as a development of foaming processes and can be designed 

to produce bone scaffolds with defi ned pore orientation. The technique is 

based on the controlled freezing of ceramic slurries, which induces the for-

mation of structures oriented along the cold propagation front. Both the 
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kinetics and the freezing have an effect on the shape and orientation of 

the scaffold’s porosity upon sublimation of the liquid medium (Lu  et al ., 
1998; Deville, 2008). The key parameters related to the process are the char-

acteristics of the additives (e.g. dispersants, plasticizers), the solvent used, 

the solid/liquid ratio (hence, the slurry viscosity), and the freezing kinetics, 

which strongly infl uences the distribution of the frozen solvent crystals, in 

turn affecting the pores of the fi nal device upon sublimation (Landi  et al ., 
2008c) (Fig. 9.4). Such features also infl uence the porosity distribution and 

the mechanical strength of the fi nal construct (Deville, 2008). The uni-direc-

tional orientation of pores induced by freeze-drying techniques mimics the 

structural organization of long bones and promotes higher cell conductiv-

ity and faster vascularization (Deville  et al ., 2006). Like bone, the mechan-

ical properties of freeze-dried scaffolds with lamellar porosity are strongly 

anisotropic, which is a good feature for load-bearing applications.      

  9.3.1      Foams as net-shaped scaffolds 

 Although the features of bioactive, osteoconductive ceramics have several 

advantages for tissue regeneration, certain properties are drawbacks, e.g. 

brittleness. In the past 20 years, polymeric, or ceramic–polymer composite, 

scaffolds have been developed and increased elasticity and the potential 

for bio-degradation of polymeric phases has been considered. The versatil-

ity of polymers enables the implementation of various manufacturing tech-

nologies, including freeform fabrication, phase separation, emulsion-solvent 

diffusion, porogen leaching (Taboas  et al ., 2003; Karageorgiou and Kaplan, 

2005), as well as electrospinning (Li  et al ., 2002), which is able to generate 

pure and composite scaffolds with controlled pore size, geometry, orienta-

tion, and interconnectivity. 

 9.3      HA porous scaffold cell colonization. (a) DAPI  stains cell nuclei. 

(b) Detailed analysis of cell morphology assessed by scanning electron 

microscopy. Scale bars: (a) 200  μ m. (b) 150  μ m.  
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 The versatility of chemically synthesized polymers enables the fabrica-

tion of scaffolds with different features (shape, porosities and pore sizes, 

rates of degradation, mechanical properties) to match tissue specifi c applica-

tions. Among the polymers suitable for bone scaffolding, poly(D,L-lactide), 

poly(ethylene glycol), poly(lactide-co-glycolide), and poly ( ε -caprolactone) 

are particularly suitable, due to their biocompatibility and ability to trigger 

and sustain cell proliferation and differentiation (An  et al ., 2000; Schaefer 

 et al ., 2000; Yang  et al ., 2001; Hu  et al ., 2002; Oh  et al ., 2003; Taboas  et al ., 
2003; Gloria  et al ., 2013). Polymeric phases are also suitable as beads to be 

incorporated into ceramic scaffolds to produce porosity of defi ned extent 

with thermal consolidation processes. Alternatively, composites can be 

developed by loading porous polymeric matrices with functional, bioac-

tive inorganic phases (Ba ñ obre-Lopez  et al ., 2011; Iafi sco  et al ., 2012; Gloria 

 et al ., 2013). This approach is suitable for providing mechanical reinforce-

ment and for tailoring the hydrophilic character of the scaffold, which is 

a key feature affecting the capability of cell attachment. Moreover, in the 

case of scaffold loading with apatite nanoparticles, the reinforcing phase 

also provides chemical signals to cells to promote osteogenic differentiation. 

Recently, experiments were done with new approaches that were designed 

to improve tissue regeneration. They used localized magnetic fi elds to assist 

tissue regeneration by both cell stimulation and delivery of growth factors 

 9.4      Different microstructures achievable by foaming/freeze-casting 

techniques.  
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(Ba ñ obre-Lopez  et al ., 2011; Tampieri  et al ., 2012; Panseri  et al ., 2012a, b). 

The use of bioactive scaffolds endowed with superparamagnetic properties 

may represent a new concept of scaffold that provides controlled delivery 

of osteogenic and angiogenic growth factors, thus aiding the regeneration 

of extended bone parts, also including long bones. In particular, the recent 

discovery of a bioactive superparamagnetic apatite phase, obtained by con-

trolled ion substitution of Ca 2+  with Fe 2+/3+  ions in the HA lattice (Tampieri 

 et al ., 2012), promises new advances in tissue regeneration. This is because 

this new phase may replace superparamagnetic iron oxides such as magne-

tite and maghemite, which are cytotoxic (Tampieri  et al ., 2011a).   

  9.4     Freeze-dried hybrid gels for bone 
and osteochondral regeneration 

 Despite the continuous progress in material science and technology to develop 

bone scaffolds with complex structures, conventional approaches are still far 

from developing inorganic matrices that really mimic natural tissues. In the 

last decade, increasing efforts were dedicated to creating fabrication methods 

that could reproduce biological processes thus generating complex devices 

with features similar to natural materials. Also, the use of natural polymers for 

the fabrication of bio-devices is gradually being increased. Natural polymers 

have the advantage of biocompatibility and biodegradability as they are the 

structural components of living tissues (i.e. collagen and glycosaminoglycans). 

In spite of the intrinsically low mechanical strength of their components, bio-

logical structures exhibit outstanding physical and mechanical properties, 

such as high resistance, lightness, and the ability to continuously adapt to con-

stantly changing external stimuli; the establishment of these properties is due 

to the complexity and hierarchical organization of the natural structures (e.g. 

shells, plants, exoskeletons) from the nano- to the macro-scale. The complex 

arrangement of nanosized organic and inorganic elements is obtained due 

to information exchanged at the molecular level between the organic struc-

ture, which acts as a template, and the inorganic phases that heterogeneously 

nucleate on it (Fratzl and Weinkamer, 2007; Meyers  et al ., 2008).  

 In particular, the hard tissues in mammals are generated by a biomin-

eralization process (Mann, 2001), where collagen-based components self-

assemble and organize, thus acting as templates for the heterogeneous 

nucleation of ion-substituted apatites by mediation of chemical, physical, 

morphological, and structural control mechanisms. In other words, the 

exposed functional groups of collagen in specifi c regions, represented and 

delimited by insoluble macromolecules, act as sites of heterogeneous nucle-

ation for the mineral phase upon precipitation of the ions present in the 

surrounding ECM (e.g. Ca 2+ , PO 4  
3 −  , Na + , K + , Mg 2+ ). The apatite nuclei subse-

quently grow under the physical constraints of the complex macromolecular 
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organic structures and assume specifi c morphologies and crystal orienta-

tions, which results in the exposure of crystal planes that specifi cally enable 

the adhesion of proteins that promote focal adhesions. The structural orga-

nization of the newly formed bone proceeds from the nanometer to the 

macroscopic scale, where the mineral phase exhibits a complex architecture 

that is strictly dependent on the combination of the various phenomena that 

are described above (Tampieri  et al ., 2011a). 

 Due to the large amount of information relating to the complexity of these 

constructs, as well as the reduced size of their elemental components, it is 

not possible to build a similar structure with conventional manufacturing 

methods. In this respect, over the past decade, the establishment of assem-

bling processes guided by control mechanisms similar to those existing in 

nature is increasingly being viewed as a feasible way of creating bio-devices 

with smart multi-functionality. In the early 2000s, a new concept for bone 

scaffolding was developed, involving a biologically inspired fabrication pro-

cess with the purpose of obtaining 3D constructs that strongly mimic the 

chemico-physical, morphological, and structural features of hard human 

tissues (Tampieri  et al ., 2003). By this process, type I collagen fi brils, dis-

persed in quasi-physiological aqueous solutions containing ions involved in 

bone formation, are assembled and organized by pH variation, thus yielding 

hybrid fi brous mineralized constructs that mimic the composition and struc-

ture of the newly formed bone (Fig. 9.5, left). These scaffolds exhibit bio-

mimetic chemico-physical features (i.e. a collagen fi brous matrix) formed 

by the spontaneous assembling and hierarchical organization of nano-fi brils 

that are embedded in the nano-nuclei of biomimetic apatite (HA/Collagen), 

the heterogeneous nucleation of which took place in specifi c sites corre-

sponding to the periodic gaps of the collagen bands (Sprio  et al ., 2012). The 

devices that were obtained exhibited very high open surface and macro-

scopic porosity that could easily be tailored by different approaches (Fig 9.5, 

right). The soft nature of the bio-inspired hybrid HA/collagen composite 

allows for specifi c pore sizes and orientations during the synthesis process 

through the use of chemical cross-linking or freeze-casting/drying processes 

(Tampieri  et al ., 2011a). The controlled cross-linking enables the improve-

ment of the physical stability of the scaffold against early enzymatic resorp-

tion as well as the tailoring of the pore size. In turn, pore size affects the local 

oxygen tension and this can infl uence cell differentiation; hence, a reduced 

pore size can promote cell differentiation in chondrocytes rather than osteo-

blasts. This is of particular interest in the view of developing scaffolds for 

the regeneration of multi-functional tissues, such as the osteochondral or 

periodontal regions. Moreover, the bio-inspired synthesis process allows for 

the control of the mineralization extent (i.e. the amount of mineral phase 

heterogeneously nucleated onto the collagen fi bers), which can range from 

zero to bone-mimicking composition (i.e.  ≈ 70%). Hence, graded hybrid 



262   Biomedical Foams for Tissue Engineering Applications

composites were developed, which mimic the composition and structure 

of the subchondral bone and mineralized cartilage (Tampieri  et al ., 2008). 

Mineral-free layers, enriched with hyaluronic acid, were also produced 

to mimic the cartilaginous region: processes of controlled freeze-drying 

allowed for the suitable orientation of the fi bers of the cartilage-like layer 

into a columnar-like structure (Schoof  et al ., 2001), converging toward the 

external surface into horizontal fl at ribbons, thus resembling the morphol-

ogy of the lamina splendens (Fig. 9.6).  

 The morphological and compositional gradients exhibited by the multi-

layered osteochondral scaffold offer spatially-defi ned environmental cues 

that are able to guide specifi c cell differentiation and fast tissue regeneration 

(Kon  et al ., 2010). This shows the importance of biomimicry in the design of 

scaffolds for tissue regeneration (Sprio  et al ., 2012). Moreover, the possibility 

of controlling the processes of scaffold formation by soft chemistry offers 

high fl exibility of production and functionalization. In this respect, due to the 

high exposed surface area and the presence of many different active surface 

sites (e.g. COO- and –NH 2  groups), bio-inspired hybrid composites offer the 

possibility to associate suitable signaling molecules to improve the biologi-

cal response in terms of the amount and quality of the newly formed tissue 

(Hench and Polak, 2002; Schulz-Ekloff  et al ., 2002; Brown and Puleo, 2008).  

 Relevant bio-triggers can be proteins or short peptide epitopes; for 

bone regeneration, the most commonly used peptide for surface modifi -

cation is Arg-Gly-Asp (RGD) (Durrieu  et al ., 2004; Zurlinden  et al ., 2005; 

Balasundaram  et al ., 2006), which is a signaling domain derived from fi bro-

nectin and laminin (Hersel  et al ., 2003). Moreover, the high surface activity 

of natural polymers allows the possibility of biomimetic composite scaffolds 

 9.5      Bone scaffold obtained by bio-inspired mineralization process (left: 

macroscopic view; right: microscopic detail).  
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with improved mechanical properties (i.e. strength, elasticity, stiffness) by 

association of collagen with other natural sources that are able to mediate 

bio-inspired mineralization processes (Li  et al ., 2005; Svensson  et al ., 2005; 

Mano  et al ., 2007; Wang  et al ., 2009; Venkatesan and Kim, 2010). The potential 

to tailor the features of multi-functional hybrid scaffolds will pave the way to 

the development of scaffolds with wider applications in the fi eld of regenera-

tive medicine. For instance, with reference to dental tissue, the alveolar bone 

and cementum form upon processes of assembling and mineralization similar 

to those involved in the formation of bones and their main cells follow sim-

ilar behavior (Linde and Goldberg, 1993). Dental pulp and dentinal tissue 

are collagen-based constructs where the degree of assembling, mineralization, 

and organization progressively increase from the pulp to the predentin and 

the dentin, therein reaching a very high mineralization extent, organized in 

micron-sized tubules. The application of controlled processes of casting/dry-

ing, which are able to yield channel-like morphologies, may enable the future 

development of scaffolds for dental regeneration, which would be a break-

through in medicine with huge socio-economic impacts.            

  9.5      In vivo  performances of bioactive foams with 
defined morphology and microstructure 

 The scaffold morphology and pore size have a key effect on the amount and 

quality of the newly formed bone  in vivo . As a result, several studies have 

 9.6      Graded osteochondral scaffold obtained by bio-inspired 

mineralization process. (a) Macroscopic view (upper part: cartilage-like 

layer, lower part: bone-like layer); (b) microscopic details (upper part: 

cartilage-like layer, lower part: bone-like layer); (c) scanning electron 

microscope (SEM)  image showing adhesion of mesenchymal stem cells 

(MSCs) on mineralized collagen fi bers.   
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investigated the key features that improve bone regeneration. In particu-

lar, systematic studies were carried out on  in vivo  implanted HA scaffolds 

that had been specifi cally manufactured with defi ned porosity, pore size, and 

pore organization/interconnection, thus confi rming that these factors are all 

key issues in infl uencing cell colonization, osteointegration, and the quality 

of the newly formed tissue. 

 Among the various animal models, sheep are of particular interest from 

a biomechanical point of view, since they have patterns of bone remodeling 

similar to humans; in particular, they exhibit chewing forces similar to those 

of humans and, due to daily mastication, the articular tubercles and emi-

nences are thin and similar to human temporomandibular joints (TMJ). In 

the case of mandibular sheep defects fi lled with HA scaffolds with defi ned 

macro-porosity, those with homogeneous, interconnected pores favored the 

formation of interpenetrating matrices of newly formed bone, thus leading 

to better integration and functionality of the construct (Chu  et al ., 2002). 

With respect to the quality and 3D penetration of the newly formed bone, 

the development of substantial angiogenesis is a key feature for cell colo-

nization and new bone formation in the inner parts of the scaffolds. It was 

observed that, by increasing pore size from 100 to 300–400  μ m, the extent 

of bone formation increased, also evidenced by the expression of osteocal-

cin and alkaline phosphatase. Moreover, bone scaffolds with porosity in the 

300–400  μ m range were the minimum requirement for achieving capillary 

development (Tsuruga  et al ., 1997; Kuboki  et al ., 2001). The positive effect 

of angiogenesis was also highlighted in further studies and a correlation was 

shown between the pore size and the cell phenotype expressed in contact 

with the HA scaffold. In particular, smaller sizes induce chondrogenesis and 

then osteogenesis via further mineralization. In contrast, larger pores induce 

direct osteogenesis; this result was correlated with the extensive angiogen-

esis that was detected, which was promoted by increased oxygen tension 

and supply of nutrients (Jin  et al ., 2000; Kuboki  et al ., 2001, 2002). The pore 

morphology also had an effect on direct bone formation; pore tortuosity 

and restraints in the pore lumen hindered the penetration of cells and the 

development of angiogenesis, thus resulting in the formation of new bone 

only in the outer part of the scaffold (Kuboki  et al ., 2002). As a result of the 

ordered porosity, a channel-like orientation of pores was found to promote 

the synthesis of osteon structures, whereas randomly-oriented porosity was 

more likely to favor the formation of woven new bone (Chang  et al ., 2000). 

In this respect, when specifi c orientation is present and pore tortuosity is 

reduced, the development of blood vessels can be achieved in cases where 

the pore size was lowered to ~50  μ m. 

 The repair/regeneration of large bone defects is still a concern due to 

several factors, including the reduced mechanical strength of bioactive 

materials and the insuffi cient cell conductivity in the scaffold core. Over 
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the last two decades, the strategies to repair large bone defects have been 

increasingly oriented toward the use of scaffolds associated with tissue-

engineering strategies. In particular, cell seeding on bone scaffolds can 

greatly enhance the extent of cell colonization, which has a positive impact 

on tissue regeneration (Kon  et al ., 2000; Petite  et al ., 2000; Schliephake 

 et al ., 2001; Annaz  et al ., 2004; Bensa ї d  et al ., 2005; Marcacci  et al ., 2007; 

Yuan  et al ., 2007). However, in this case the use of scaffolds with highly 

exposed and interconnected macro-porosity is mandatory. In fact, many 

of the current tissue-engineering scaffold-based strategies have suffered 

from limited cell-depth viability when cultured  in vitro , with viable cells 

only existing within the outer 250–500  μ m from the fl uid–scaffold inter-

face (Freed  et al ., 1994; Dunn  et al ., 2006). This is believed to be due to a 

lack of nutrient delivery and of waste removal from the inner regions of 

the scaffold (Ishaug-Riley  et al ., 1998; Galban and Locke, 1999). Bone sub-

stitutes have been used in combination with osteogenic cells for use in the 

prefabrication of bioartifi cial bone grafts in several studies with animals 

(Ellisseef  et al ., 2000; Nuttelman  et al ., 2006; Tampieri  et al ., 2011). The use 

of multipotent mesenchymal stem cells (MSC) has opened up new ther-

apeutic options for bone substitution (Ohgushi  et al ., 1989). The scaffold 

can be implanted into the patient to function as replacement tissue after 

 in vitro  MSC colonization, or it may be seeded with MSCs during surgery. 

From a clinical perspective, the establishment of channel-like porosity may 

increase cell seeding effi ciency and the distribution of viable cells in the 

inner part of the scaffolds by improving fl uid conductivity and permeabil-

ity. This feature helps to prevent the formation of necrotic regions (Conor 

and O’Kelly, 2010) and also creates anisotropic mechanical strength, i.e. 

increased resistance along the direction of the channels, which can promote 

the development of new bone with tailored textures and is thus particu-

larly suitable for segmental bone regeneration (see the next section). The 

primary fi xation and the absence of micro-movements, in particular during 

the early stages after  in vivo  implantation, are also key factors that ensure 

cell colonization and osteointegration. A recent study developed bone scaf-

folds made of hydroxyapatite via a foaming method that were used in the 

replacement of sheep TMJ condyles (Ciocca  et al ., 2012). CAD/CAM tech-

niques were used extensively for the virtual creation of mandibular bone 

defects and subsequent 3D scaffold prototyping and machining, in order 

to achieve precise adaptation to the bone defect. Also, fi xation media were 

suitably designed and produced for optimal scaffold fi xation. The scaffold 

porosity was designed to have 150–500  μ m pores, interconnected by 70–120 

 μ m pores; smaller size micropores (10  μ m) were also present, which played 

a primary role in the fi rst stages of cell anchorage and attachment. This 

approach enabled fi rm stabilization of the scaffold upon implantation and 

the formation of new bone throughout the whole scaffold. 
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 In spite of the ever-increasing potential offered by current manufactur-

ing approaches, there are limitations in achieving high biomimicry of the 

target tissues and controlled bio-resorption behavior. Hybrid scaffolds 

manufactured by biologically inspired assembling/organization/mineral-

ization processes represent a new concept in tissue regeneration (see also 

previous section).  In vivo  studies on sheep have demonstrated that the 

chemical–physical and morpho-structural characteristics of the biologically 

inspired graded composites functioned as biomimetic cues that were able 

to differentially support and direct the formation of different tissues (i.e. 

bone and cartilage) in the different histological layers, as occurring in the 

native healthy tissues (Kon  et al ., 2010). The formation of newly hyaline-

like tissue and orderly patterns of tissue could also take place in the case 

of implantation without any seeded cells, with a strong proteoglycan stain-

ing and columnar rearrangement of chondrocytes, as well as an underlying 

well-structured sub-chondral trabecular bone. Moreover, the biological-like 

features of the scaffolds allowed complete resorption and replacement with 

new healthy tissue, which was detected after only six months from implan-

tation. The high elasticity of these scaffolds provided good shape memory 

that allowed easy deformation and adaptation to bone cavities by press-fi t. 

These properties are of great relevance in orthopedic surgery, since ease of 

handling in the implantation of scaffolds is a feature that helps greatly to 

increase the level of reliability and confi dence.  

  9.6     Future trends 

 The new concept of fabrication based on the reproduction of biological pro-

cesses may pave the way to a new generation of smart devices with multi-

ple functionalities. However, the low mechanical properties of the hybrid 

tissue-mimicking devices are described in the previous section, as a result of 

their soft nature, pose some limitations in their use. In particular, the regen-

eration of segmental long bones is still an unmet clinical need. Presently, 

the healing of load-bearing bone segments still relies on bioinert dense 

implants based on alumina, titanium, etc., due to the inability of the current 

manufacturing technologies to form mechanically strong porous inorganic 

structures with a hierarchic pore organization and complex morpholog-

ical details in the sub-micron scale. The main goal is the implantation of 

osteoinducting, osteoconducting scaffolds with spatially organized macro-

porosity and mechanical strength suffi cient for early  in vivo  loading upon 

implantation and elastic properties close to those of bone. This may enable 

scaffolds to actively respond to the complex biomechanical loads and acti-

vate the mechano-transduction processes, yielding formation and remodel-

ing of new functional bone (Ingber, 1993; Sikavitsas, 2001; Bilezikian  et al ., 
2002; Pavalko  et al ., 2003). The outstanding mechanical performances of 
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bones are mostly due to their complex structure, hierarchically organized 

from the nano- to the macro-scale, and to the interaction taking place across 

all levels of organization. For this reason, long-bone regeneration should 

be assisted by scaffolds endowed with bone-like composition and similar 

structural complexity; however, the conventional manufacturing methods 

do not produce inorganic, mechanically resistant scaffolds with the required 

bioactivity and hierarchical pore organization. The expression of chemical 

biomimesis in scaffolds for long-bone regeneration is made diffi cult by the 

reduced mechanical strength of HA-based materials. Several solutions based 

on composite materials have been studied, making use of strong bioinert or 

bioactive phases (Abdelrazek  et al ., 2007; Heilmann  et al ., 2007; Sung  et al ., 
2007; Encinas-Romero  et al ., 2008; Sprio  et al ., 2009) that were dispersed in 

a calcium phosphate matrix. However, the limitation in the achievement of 

hierarchically organized structures still remains. 

 To address this problem, the attention of scientists has been dedicated to 

investigating and reproducing complex morphologies that exist in nature, 

particularly among ligneous structures that strongly resemble bones in their 

morphology, structural organization, and mechanical performances (Wegst 

and Ashby, 2004; Fratzl and Weinkamer, 2007). 

 Like bone, wood can be regarded as a cellular material at the scale of 

hundred micrometers to centimeters. At the cell level, the mechanical prop-

erties are governed by the diameter and shape of the cell cross-section, as 

well as by the thickness of the cell wall. In particular, the ratio of cell-wall 

thickness to cell diameter is directly related to the apparent density of wood, 

which in turn is a determining factor for the performance of lightweight 

structures (Fengel and Wegener, 1989). The unique hierarchical architecture 

of the cellular microstructure gives wood a remarkable combination of high 

strength, stiffness, and toughness at low density (Gibson, 1992; Lucas  et al ., 
1995). The alternation of fi ber bundles and channel-like porous areas makes 

the wood an elective material to be used as a template in the preparation 

of a new bone substitute that is characterized by a biomimetic hierarchical 

structure. 

 The transformation of wood into inorganic, hierarchically organized 

materials (e.g. oxidic ceramics such as Al 2 O 3 , ZrO 2 , TiO 2 , MnO and non-

oxidic ceramics such as SiC, TiC, ZrC) was the subject of investigation in 

the late 1990s (Greil  et al ., 1998a, 1998b; Binghe  et al ., 2004; de Arellano-

Lopez  et al ., 2004; Singh and Yee, 2004; Cao  et al ., 2004a, 2004b; Rambo 

and Sieber, 2005; Rambo  et al ., 2005;  Li  et al ., 2006). This approach was 

addressed to the synthesis of hierarchically organized bone scaffolds made 

of SiC (de Arellano-Lopez  et al ., 2004), which have the advantage of offering 

very high fracture strength and bio-tolerated surfaces. More recently, these 

kinds of biomorphic transformations were also used to manufacture hierar-

chically organized scaffolds made of hydroxyapatite (Tampieri  et al . 2009). 



268   Biomedical Foams for Tissue Engineering Applications

The complexity of the apatite phase, in comparison with oxides, carbides, 

and nitrides, required the settling of a multi-step transformation route, 

where the native wood was sequentially transformed into pure carbon, cal-

cium carbide, calcium oxide, calcium carbonate, and fi nally hydroxyapatite. 

Due to their bone-mimicking composition, microstructure, and hierarchical 

organization, these newly conceived bioceramics promise to offer enhanced 

osteogenesis, integration and biomechanical behavior when implanted 

 in vivo . 

 Woods such as rattan and sipo have strong morphological similarities to 

spongy and cortical bones, respectively (Fig. 9.7). Rattan is characterized 

by channel-like pores (simulating the Haversian system in bone), intercon-

nected with a network of smaller channels (such as the Volkmann system) 

(Tampieri  et al ., 2009). Sipo is a tougher, denser wood that has a microporos-

ity that can promote cell adhesion and anchorage.      

 The multi-step transformation process (Fig. 9.8) allowed precise control 

of the phase composition, crystallinity, and microstructure, since the differ-

ent reactions occurred between a gas and the solid template, where calcium, 

oxygen, carbonate, and phosphate ions were progressively added while 

building the HA molecules. The control of the kinetic reaction throughout 

the different steps of the transformation process enabled precise control 

of the scaffold composition, microstructure, and bioactivity (Ruffi ni  et al ., 
2013). Importantly, the maintenance of the original wood microstructure 

allowed scaffolds to exhibit mechanical strengths comparable to those of 

spongy bone (~4 MPa) when measured along the channel direction, even 

in the absence of thermal consolidation treatments. The bioactivity of the 

rattan-derived HA scaffolds was assessed by  in vitro  investigation of MG63 

osteoblast-like cells’ adhesion and morphology in contact with the scaf-

fold, revealing a nearly complete covering of the scaffold surface after only 

7 days (Fig. 9.9) and a good morphology of the attached cells, which were 

well distributed on the scaffold trabeculae. The cells appeared to interact 

 9.7      Microstructure of pyrolyzed woods. (a) sipo wood; (b) rattan wood.  
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closely with the scaffold surface, which is evidence of good material biocom-

patibility. The implantation of rattan-derived scaffolds in critical defects cre-

ated in the femoral distal epiphysis of skeletally mature, adult, disease-free, 

New Zealand White rabbits confi rmed the  in vivo  bioactivity and osteocon-

ductivity after 1 month follow-up. Extensive bone formation inside the scaf-

fold channels with a regular architectural pattern was detected, without any 
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 9.8      Scheme illustrating the multi-step transformation process of 

natural wood into biomorphic HA scaffold.  

 9.9      SEM image of human osteoblast-like cells seeded on rattan-derived 

HA scaffold. Scale bars: (a, b) 150  μ m. (c) 20  μ m.  
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infl ammatory or toxic reaction against the scaffolds, nor connective capsules 

or bone gaps (Fig. 9.10).                

 The establishment of biomorphic transformations that are able to trans-

form woods into biomimetic bone scaffolds can provide solutions for long-

bone regeneration and can be designed in a custom-made fashion. The 

association of a mechanically resistant cortical-like shell and a highly bio-

mimetic sponge-like core may enable the substitution of segmental bone 

parts (Tampieri  et al ., 2011b). Selected wood structures could reproduce 

different bone portions that are characterized by different porosities and 

pore distributions, as occurring in cortical and spongy bones. Such structures 

can enable complete regeneration of bones, in particular long bones, pro-

vided that: (i) the core exhibits a structure with bone-like composition and 

is highly permeable to cells and physiological fl uids to allow cell coloniza-

tion and proliferation as well as extensive angiogenesis; and (ii) the external 

shell exhibits porosity suffi cient for cell anchorage and mechanical strength 

that is able to withstand biomechanical stimuli, so as to load the scaffold 

soon after implantation. 

 Such devices may enable the establishment of a biological chamber that 

encloses a suitable environment that is conditioned to promote and enhance 

bone formation and remodeling. The implant will function as an  in vivo  bio-

reactor, thus facing an unsolved clinical problem related to the vanishing of 

the regenerative process at distances far from the bone–implant interface.  

  9.7     Conclusion 

 With the continuous advances in material science and nanotechnology, great 

progress has been made in the development of biomedical devices for bone 

regeneration. However, some serious limitations still exist that are related 

 9.10      (a) Histomorphometry of a biomorphic bone implant made of 

rattan-derived HA, inserted into a diaphyseal defect in rabbit. Follow-up 

time: one month.; (b) a detail evidencing osteointegration.  
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to the development of bio-devices that mimic the structure and composition 

of biological tissues with high complexity and load-bearing properties, such 

as extended bone and osteochondral parts or segmental bones. For this rea-

son, in the absence of well-established regenerative devices for such appli-

cations, the related clinical needs remain unmet and their socio-economic 

impact is large and continuously increasing due to the progressive aging of 

the population and the new lifestyles that expose younger people to serious 

injuries and traumas. The recent advances in materials science offer many 

possibilities for solving these concerns in the coming decades; the new fab-

rication approaches that draw inspiration from nature and from the mul-

titude of outstanding biological structures and phenomena will enable a 

new generation of smart and multi-functional devices. Moreover, the recent 

discovery of superparamagnetism in bioactive Fe-substituted apatite will 

pave the way for new biomedical devices endowed with a number of smart 

functionalities that can be switched on and off by exposure to magnetic 

fi elds. Bio-inspiration and remote activation are thus two new concepts that 

will allow material science and knowledge of biomaterials to progress well 

beyond the current state of the art and will give an outstanding contribution 

to the biomedical fi eld. The preliminary steps that have already been taken 

in this direction are very promising and, although the development of bio-

inspired materials is still in its infancy, it is rapidly becoming a priority for 

the development of new smart materials. It is expected that, in the years to 

come, a number of unmet clinical needs will benefi t from a new generation 

of biologically inspired smart devices.  
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  Abstract:  The growing clinical need for synthetic bone grafting materials 
has given rise to the development of injectable and  in situ  self-setting 
calcium phosphate foams. The present chapter aims at providing an 
overview of the state of the art of the processing and characterization 
of these low temperature macroporous ceramics, suitable for bone 
grafting applications via minimally invasive surgery. Based on their low 
temperature processing, multimodal porosity, ranging from the nano- to 
the macro-scale, biocompatibility, bioactivity, and osteoconductivity, these 
foams can also be used as scaffolds for bone tissue engineering or as 
controlled drug delivery systems for the treatment of bone pathologies. 

  Key words:  calcium phosphates, hydroxyapatite, injectable material, 
calcium phosphate cement, bone regeneration. 

    10.1     Introduction 

 Bone is among the most transplanted tissues. Although autologous bone 

grafts are still the gold standard in bone regeneration, they have some disad-

vantages, such as the need for a second surgery, morbidity, and limited avail-

ability. Grafts from the bone bank or other animals are also not free of such 

problems as immune responses or disease transmission. For these reasons, 

the development of synthetic materials has emerged as an alternative strat-

egy to overcome the limitations associated with these problems. This chap-

ter provides an overview of a specifi c type of synthetic bone graft, namely 

injectable calcium phosphate foams. The chapter reviews the state of the 

art in the processing and characterization of calcium phosphate foams suit-

able for bone grafting applications. First, the concept of self-setting calcium 

phosphate foams and the requirements they should comply with are intro-

duced. Second, the structural and mechanical characteristics of the foams, 

together with their behavior during injection are presented, followed by an 

overview of their biological interactions both  in vitro  and  in vivo . Third, spe-

cifi c applications of these calcium phosphate foams are discussed. 



282   Biomedical Foams for Tissue Engineering Applications

  10.1.1      Biomaterials for bone regeneration 

 Bone and teeth are the only mineralized connective tissues in the human 

body. 

 Bone is a nanocomposite material formed by a matrix of type I colla-

gen fi bers reinforced with hydroxyapatite nanocrystals. Collagen is the most 

abundant protein in the body. It assembles in an organized pattern, pro-

viding bone calcifi cation sites. The mineral phase represents approximately 

65% by weight of bone tissue. 

 Moreover, bone is a self-repairing structural material; it is capable of 

adapting its mass, shape, and properties to the changes in mechanical and 

physiological requirements, and to regenerate small bone defects. This 

capacity stems from the fact that bone is in fact alive, and contains cells that 

work continuously to regenerate and repair it. 

 The regeneration mechanism, however, fails in some situations. This 

applies, for example, to large bone defects caused by trauma, or open resec-

tion of tumors. Moreover, sometimes it is necessary to increase the amount 

of bone prior to implant placement or in some pathologies. In these situa-

tions it is necessary to have materials that act as a bridge, leading to bone 

growth and, if possible, encouraging it. Among the different synthetic bio-

materials, the best alternatives to regenerate bone are those that are able to 

bond directly with bone tissue, without the formation of a fi brous layer. The 

materials that fulfi ll this requirement are named bioactive materials (Cao 

and Hench, 1996). Bioactivity is defi ned as the property of materials to 

develop a direct, adherent, and strong bonding with the bone tissue. From a 

cellular perspective, bioactivity refl ects the attachment and differentiation 

of osteogenic cells on ceramic surfaces. The concept of bioactive materials, 

as opposed to the inert biomaterials, was born in the 1970s. It was a fea-

ture of those materials that, instead of eliciting the formation of a fi brous 

capsule that isolated them from the surrounding tissue, they allowed bone 

growth on the surface. Besides the bioactive glass developed by Hench 

(Hench, 1998), calcium phosphates such as hydroxyapatite (HA), beta tri-

calcium phosphate ( β -TCP) and the biphasic ceramics (BCP, a combination 

of HA and  β -TCP) belong to the group of bioactive materials (LeGeros, 

2008). These ceramics now comprise most of the market for synthetic bone 

substitutes. 

 HA is the calcium orthophosphate most similar to bone mineral, which 

in fact can be defi ned as a low-crystallinity, non-stoichiometric carbonated 

hydroxyapatite, also known as biological hydroxyapatite (Dorozhkin and 

Epple, 2002). Synthetic HA can be obtained either through high temperature 

ceramic routes or by low temperature precipitation processes, in the form 

of biomimetic coatings, or as calcium phosphate cements. Low temperature 
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processes that get biomimetic hydroxyapatite closer to the bone mineral 

phase, result in a material with lower crystallinity, ionic substitutions, higher 

surface area and, therefore, higher reactivity and resorption rate (Ginebra, 

2008). Furthermore, they allow the incorporation of drugs, bioactive mol-

ecules, or even cells to promote bone formation or to combat infections or 

other pathologies (Ginebra  et al ., 2012).  

  10.1.2      The relevance of porosity and injectability in bone 
tissue engineering and regenerative medicine 

 In addition to allowing bone formation on its surface, the structure of a 

bioactive material should foster cell migration from the surface to the 

bulk of the structure. For this reason porosity has emerged as one of the 

key requirements for the materials designed to act as substrates for bone 

regeneration (Hutmacher, 2000). In fact, it is known that porous materials 

can guide the growth direction of blood vessels, muscle, and nerve tissue 

(Stokols and Tuszynski, 2004). In bone, osseointegration has been improved 

using porous materials (Hutmacher, 2000; Jones, 2013). Porosity provides 

higher surface area for cell adhesion, proliferation, and differentiation, 

thereby increasing the probability of bone regeneration. Last but not least, 

open porosity improves the diffusion of oxygen, nutrients, and waste cel-

lular products, enabling the survival of the cells in the bulk of the material 

(Annabi  et al ., 2010). Furthermore, to allow the complete regeneration of 

the bone tissue, it is necessary that the bioactive material disappears over 

time, and porosity enhances material resorption (Bohner and Baumgart, 

2004). Hence, structural characteristics of bioactive materials that should be 

tuned to improve bone healing include porosity, defi ned as the volumetric 

percentage of empty spaces in the material, pore size, pore shape, pore vol-

ume/pore area ratio, and pore interconnectivity. 

 In the biomaterials fi eld, pores are usually classifi ed in two different cat-

egories according to their size: micropores (pores smaller than 100  μ m) and 

macropores (pores larger than 100  μ m). Both microporosity and macropo-

rosity are important for the bone regeneration potential of the material; on 

the one hand, macroporosity plays an important role in guiding new tissue 

ingrowth within the material, so that cell colonization and angiogenesis events 

can take place along with the progressive bioresorption of the substrate. On 

the other hand, microporosity results in larger surface area, which is believed 

to contribute to higher bone-inducing protein adsorption as well as to ionic 

exchange and bone-like apatite formation by dissolution and reprecipitation. 

Despite there being no universal rule applicable to all tissues, the following 

trends are in general accepted (Green  et al. , 2002; Yang  et al. , 2001).  
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   Pores smaller than 40  • μ m favor the growth of fi broblasts.  

  Pores between 40 and 100  • μ m favor the formation of non-mineralized 

bone.  

  Pores larger than 100  • μ m favor the formation of mineralized bone.   

 Nowadays, the use of minimally invasive surgical techniques represents a 

major achievement in orthopedic surgery for different applications. In con-

trast to traditional open surgery, minimally invasive surgery uses laparo-

scopic devices, inserted through small incisions, to carry out the intervention 

(Assaker, 2004; Park  et al. , 2007). This new approach reduces damage to the 

patient, the risk and cost of intervention, but requires injectable materials 

that after implantation remain in place. Therefore, injectability followed by 

 in vivo  self-setting ability is a new requirement for the next generation bio-

active materials for bone regeneration.   

  10.2     Injectable calcium phosphate foams 

 Injectable and self-setting calcium phosphate foams can be obtained by 

applying a foaming process to calcium phosphate cements (CPC). CPCs are 

osteoconductive hydraulic cements that harden  in vivo  through a setting 

reaction. As shown in Fig. 10.1, CPCs are formed by one or more calcium 

phosphate powders, which upon mixing with a liquid, usually water or an 

aqueous solution, form a moldable paste that can be injected through a can-

nula. Due to its mouldability, the cement paste can easily adapt to complex 

shaped bone cavities, ensuring a perfect contact that encourages a good 

osteointegration of the cement. CPCs can be classifi ed according to the end 

product of the setting reaction, and despite the large number of possible for-

mulations, up to now only two different end products have been obtained, 

hydroxyapatite (apatite cements) or brushite (brushite cements) (Bohner 

 et al ., 2005c).      

 CPCs are intrinsically porous materials, with total porosities ranging 

between 30 and 50 vol.%. However, the pore size falls within the nano/

micrometer range and therefore is too small to allow for cell colonization or 

angiogenesis (Espanol  et al. , 2009). The absence of macropores limits the  in 
vivo  active resorption of the cement, mediated by cell activity, which is espe-

cially needed in the case of apatite CPCs, given their low solubility. 

 Different strategies have been adopted over the last decade to introduce 

macroporosity in CPCs, as summarized in Table 10.1. Macroporosity can 

be created by the dissolution of sacrifi cial particles after the cement sets. 

The porogenic agents can be added within the cement paste that, after set-

ting, degrade faster than the cement itself, giving rise to the macroporosity. 

Different porogenic agents have been suggested, such as mannitol (Markovic, 

 et al. , 2001), sucrose (Takagi and Chow, 2002), PLA fi bers or particles (Ruh é  
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 et al. , 2005; Xu and Quinn, 2002), or frozen sodium phosphate solution par-

ticles (Barralet  et al. , 2002). However, one of the drawbacks of this approach 

is that it is necessary to add a large amount of porogenic agent to guarantee 

interconnectivity of the porosity.      

 In a different approach, macroporosity can be introduced in the cement 

paste before it sets, while it has a viscous consistency. After setting, a solid 

macroporous construct is obtained. Macroporosity can be produced by 

the addition of some gas-generating compounds, such as hydrogen per-

oxide (Almirall  et al. , 2004) or sodium bicarbonate (del Real  et al. , 2002; 

Georgescu  et al. , 2004). However, the risk of gas embolism associated with 

gas bubbles being released from the material after implantation compro-

mises this strategy. An attractive alternative is the fabrication of self-setting 

calcium phosphate foams by the incorporation of a foaming agent in the 

cement formulation. The selection of the foaming agent is of paramount 

relevance in the development of successful implantable calcium phosphate 

foams. The most important requirements of the foaming agent are the fol-

lowing: (1) it must be soluble in water; (2) it must be biocompatible; and (3) 

it should not hinder the setting reaction of the cement. The candidates can 

be selected from either among synthetic surfactants approved for paren-

teral administration, or among macromolecular surfactants, namely, some 

Molding by
spatula

Molding by
injection

Setting and
hardening

Solid body

+

Moldable paste

Liquid Powder

 10.1      CPCs consist of a liquid and a powder phase. The liquid phase is 

water or an aqueous solution that can contain phosphate salts and/

or polymers as additives. The powder phase consists of one or several 

calcium phosphate powders. When the liquid and powder phases are 

mixed, they produce a paste that can be molded either by injection 

or by spatula. After some minutes the paste sets and fi nally, after 

some hours, it becomes a solid body through dissolution/precipitation 

chemical reactions. The composition of the end product (normally 

either apatite or brushite) depends on the starting powder, and the 

properties of the cement such as workability, setting time, porosity, and 

mechanical strength depend also on other parameters such as the L/P 

ratio of the mixture, usually expressed in milliliters per gram (mL/g).  



 Table 10.1     Different processing techniques for the preparation of CPC-based macroporous scaffolds 

 Approach  Process  Category  Additive  Macroporosity 

(%) 

 Macropore 

size ( μ m) 

 References 

 After setting  Leaching  Particles  Mannitol, sucrose, 

sodium carbonate, 

or sodium phosphate 

 17–65  125–270  Cama  et al ., 2009; Markovic 

 et al ., 2001; Takagi and 

Chow, 2002; Xu and Simon 

2005 

 Frozen sodium 

phosphate solution 

 29–41  1000  Barralet  et al ., 2002 

 Calcium sulfate 

dehydrate 

 Fern á ndez  et al ., 2005 

 Fibers  Polyglactin 910 

(Vicril ® ) 

 25–35  322  Xu and Quinn, 2002; Xu 

 et al ., 2006, 2008 

 Aramid, carbon, 

E-glass, or 

polyglactin 

 2–9  8–200  Xu  et al ., 2000, 2001 

 Poly ( ε -

polycaprolactone) 

or poly (L-Lactic 

acid) 

 5–30  180–210  Zuo  et al ., 2010 

 Meshes  Polyglactin 910 

(Vicril®) mesh 

 140  Xu and Simon, 2004a; 

Xu  et al ., 2004b 

 Microspheres  Poly(DL-lactic-co-

glycolic acid) 

(PLGA) 

 30–69  17–66  Habraken  et al ., 2006 

 Gelatin  45–57  20–37  Habraken  et al ., 2009; Link 

 et al ., 2008 



 Emulsion  Oil/water  High viscous paraffi n 

with sorbitan 

monooleate as 

dispersed phase 

 52–64  100–900  Bohner, 2001; Bohner  et al ., 

2005b 

 Templates  Positive and 

negative 

replica 

 Polyurethane 

template 

 700–1000  Miao  et al ., 2004, 2005 

 Negative resin  20–50  300–1000  Charriere  et al ., 2003; Li  et al ., 

2005; Guo  et al ., 2009; 

Li  et al ., 2007 

 Before 

setting 

 Foaming  Gas 

generation 

 Decomposition of 

NaHCO 3  

 13–20  100–170  Del Real  et al ., 2002, 2003; 

Hesaraki and Sharifi , 2007; 

Hesaraki  et al ., 2008 

 Decomposition of 

H 2 O 2  

 11–36  200  Almirall  et al ., 2004 

 Freeze 

drying 

 Alginate or gelatin 

water solutions 

 100–380  Panzavolta  et al ., 2009; 

Qi  et al ., 2009 

 Rapid 

proto-

typing 

 3D printing  12–27  Gbureck  et al ., 2007a, 2007b; 

Habibovic  et al ., 2008 

 Robocasting  Alginate  Lee  et al ., 2011 

 Gelatin  Maazouz  et al ., 2012 

 Miglyol-Tween 

80-Amphisol 

 Lode  et al ., 2012 
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proteins and polysaccharides with amphiphilic character, able to form and 

stabilize colloidal systems. 

  10.2.1      Foams and surfactant theory 

 Foams are a particular case of colloidal systems. In general, colloidal sys-

tems consist of a disperse phase, also called an internal phase, in the form of 

particles, drops, or bubbles, and a continuous phase, also called an external 

phase, which can be either gas, liquid, or solid. Foams can be liquid or solid 

depending on the physical state of the continuous phase, while the dispersed 

phase is always a gas, usually air (Schramm, 2005). Liquid foams are not 

thermodynamically stable systems, with a lifetime that can range from sec-

onds until days. During the life of a liquid foam the following stages can 

be distinguished (Weaire and Hutzler, 1999): (1) foam formation, through 

turbulent fl ow of gases or liquids, or the destabilization of a gas previously 

dissolved in a liquid; (2) foam maturation, by the progressive disruption of 

the foam due to two mechanisms acting in parallel, namely gravitational 

separation of the liquid (drainage) leading to the thinning of the walls of the 

bubbles until they are in direct contact; and coarsening of the bubbles due 

to pressure differences between the cells (Ostwald ripening), which leads to 

the coalescence and disappearance of the smaller bubbles – these mecha-

nisms are relevant in the period prior to the setting of the cement paste; and 

(3) the foam collapse would be the fi nal stage, corresponding to the extinc-

tion of the foam at the end of the maturation period. However, the setting 

of the cement paste hinders this last phase, leading to the formation of a 

solid foam. 

 Relatively stable foams can be obtained by the incorporation of a sur-

factant in the liquid phase of the CPC. Surfactants are amphiphilic mole-

cules that are absorbed in the liquid/gas interphase, reducing the interfacial 

energy and therefore stabilizing the bubbles inside the liquid (Porter, 1994). 

A greater interfacial area can be stabilized when more quantity of surfac-

tant is incorporated, generating more bubbles with lower size. Furthermore, 

the incorporation of the surfactant can also increase the viscosity of the 

continuous phase of the foam, resulting in the reduction of the drainage, or 

in other words increasing foam stability. Alternatively, drainage can be fur-

ther reduced with the incorporation of soluble polymers or particles in the 

continuous phase of the foam (Porter, 1994; Schramm, 2005).  

  10.2.2      Foaming agents 

 Foaming agents can be divided in two main categories, namely low and high 

molecular weight surfactants (Bos and van Vliet, 2001). Basically, synthetic 
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surfactants correspond to the low molecular weight category. Their main 

disadvantage is that most of them are toxic. Some of them are known to 

interfere with the homeostasis of the physiological fl uids, or to disrupt the 

cell membrane. Only few non-ionic surfactants are considered biocompat-

ible, such as Polysorbate 80 and Poloxamer 407 (Aulton, 2002). They are 

used in biomedical applications as additives in drugs for parenteral adminis-

tration. They are effi cient foaming agents, produce foams with good stability, 

and are not known to have any immunogenic response. Polysorbate 80 has 

been proven to be a very effi cient synthetic surfactant for the fabrication of 

calcium phosphate foams (Montufar  et al. , 2009). It is a non-ionic surfac-

tant with critical micelle concentration in water between 13 and 15 mg/L 

(Hillgren  et al. , 2002). It is approved by the food and drug administration 

as carrier of drugs for parenteral administration in a maximum dose of 4 

mg/mL (Floyd, 1999). 

 An alternative approach is based on the good emulsifying and foaming 

properties of some proteins or polysaccharides, which are natural surfac-

tants. The foaming properties of proteins depend on their ability to adsorb 

and unfold at the surface, forming a fl exible, elastic interfacial fi lm that is 

capable of entrapping and retaining air. For instance, it is well known that 

albumen, the protein mixture derived from egg white, has an excellent foam-

ing capacity (Zayas, 1997). Native albumen contains as many as 40 different 

proteins (Powrie, 1973) and some of them are water-soluble surface-active 

proteins that can migrate to the air/water interphase. In particular, foaming 

properties of albumen are related to surface denaturation of the globulin 

fraction of albumen. Albumen has been proven to be an effi cient foaming 

agent for CPCs (del Valle  et al. , 2007; Ginebra  et al. , 2007b). 

 Gelatin, denaturated collagen, is another example of an amphiphilic 

protein with good foaming capacity. In fact, calcium phosphate foams have 

been produced with gelatin that show enhanced injectability and cohe-

sion (Montufar  et al. , 2010). Moreover, in addition to their foaming ability, 

proteins can endow the material with other interesting bioactive function-

alities. For instance, in the case of gelatin, it can improve cell recruitment 

due to adhesive peptide sequences naturally present in its composition. 

Moreover, since gelatin is partially hydrolyzed collagen, in combina-

tion with calcium phosphates, it mimics the composite structure of bone.  

Nonetheless, it should be kept in mind that the use of heterogenic proteins 

can increase the probability of immunogenic responses (De Groot and 

Scott, 2007). 

 Soybean-derived proteins have also been studied as foaming agents for 

CPCs (Perut  et al. , 2011). Rather than being a pure protein, the soybean 

extract consists of a mixture of proteins, carbohydrates, and natural oils. The 

attraction of soybean extract resides in that it contains isofl avones, which 

are similar to estrogens and can thus prevent bone decalcifi cation, due to 
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the depression of the osteoclast activity, and can also stimulate osteoblast 

differentiation (Morris  et al. , 2006; Santin  et al. , 2007). 

 The various foaming agents reported in the literature for the preparation 

of apatite foams are summarized in Table 10.2.       

  10.2.3      Calcium phosphate foam processing 

 Few years ago Ginebra  et al.  (2007a) proposed a method to obtain inject-

able self-setting calcium phosphate foams. It consists in mixing the pow-

der phase of a CPC with a previously foamed liquid. The mixing must be 

performed with caution, to avoid the breakdown of the bubbles (Montufar 

 et al. , 2009). Alternatively, the liquid foam can be mixed with a previously 

prepared cement paste (Ginebra  et al. , 2007b). In the two cases, the liquid 

foam acts as a template for the cement paste. The difference between the 

fi rst and the second method lies in the shear stress produced during mixing, 

which is lower when the liquid foam is mixed with a previously prepared 

paste than when it is mixed with a dry powder. The two alternative methods 

are summarized in Fig. 10.2.      

 The continuous phase in the foamed CPCs is a suspension of reactive 

cement particles. As a consequence, the foamed paste is very stable because 

the high viscosity of the suspension prevents drainage and Ostwald ripen-

ing. The high elasticity of this viscous foam tolerates high deformation levels 

during the injection of the paste without bubble breakdown. Moreover, due 

to the cement setting reaction taking place, the continuous phase is trans-

formed over time from liquid into solid. In contrast to liquid foams, solid 

foams are stable systems. Therefore, once the CPC is set, the calcium phos-

phate foam retains its shape permanently. This allows the implantation of 

the calcium phosphate foam using a minimally invasive surgical technique. 

The foam will perfectly adapt to the shape of the bone cavity, being able to 

harden afterwards under physiological conditions. 

 In principle, any CPC formulation can be used to prepare calcium phos-

phate foams, in combination with the previously mentioned foaming agents. 

 Table 10.2     Summary of the foaming agents reported for the fabrication of 

injectable calcium phosphate foams 

 Category  Foaming agent  Type of 

solid foam 

 Reference 

 Low molecular weight  Polysorbate 80  CDHA  Montufar  et al ., 2009 

 High molecular 

weight 

 Albumen  CDHA  Ginebra  et al ., 2007b 

 Gelatin  CDHA  Montufar  et al ., 2010 

 Soybean extract  CDHA  Perut  et al ., 2011 

    CDHA: calcium-defi cient hydroxyapatite.    
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However, most studies have used monocomponent apatite CPCs, based on 

α -tricalcium phosphate ( α -TCP). This phosphate is hydrolyzed in contact 

with water, resulting in calcium-defi cient hydroxyapatite through a disso-

lution/precipitation process according to the following chemical reaction 

(Ginebra  et al. , 1997).  

   
 3 3 2 4 5

α - Ca P3 O H O Ca HPO PO OH4 22
H

2 4HPO( ) ( )( )( ) ( ) ( )s s5
OH4POCa 4HPO9 ( )( )l) (   [10.1]

     

  10.3     Porosity and mechanical performance 
of calcium phosphate foams 

 While porosity and mechanical properties of the calcium phosphate foams 

evolve along the setting process, the fi nal values reached are the most 

Calcium
phosphate
foam

PastePowder

Foamed paste

Liquid foamLiquid foam

Mixing Mixing

Setting

Air

Air

(a) (b)

Air

Cement liquid Cement liquid

Cement paste

10.2      CPCs can be used to fabricate calcium phosphate foams following 

two different routes: (a) mixing the cement powder with a liquid foam, 

or (b) mixing the cement paste with a liquid foam. In both cases, the 

liquid foam acts as a template for the formation of macropores in the 

cement. After mixing, the foamed cement paste replicates the liquid 

foam and progressively transforms into a stable solid foam due to the 

setting and hardening reactions.  
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relevant for clinic applications. In this section, after a brief description of 

the techniques available for the characterization of porous materials, the 

porous structure and mechanical properties of the solid calcium phosphate 

foams obtained after setting are described. 

  10.3.1      Porosity characterization 

 Various techniques are available for the study of porous systems, with dis-

tinct advantages and disadvantages. There is not a single technique that 

describes comprehensively the porous systems. Therefore, the characteriza-

tion of the calcium phosphate foams requires the combination of several 

techniques, the most relevant being described below. 

 Microscopy gives information about pore morphology, homogeneity, 

and pore size. Quantitative estimations can be derived by image analysis 

techniques. However, the extrapolation to three dimensions of the lengths 

observed in the bidimensional images must be carried out carefully to avoid 

erroneous estimations. The resolution of the microscope determines the 

degree of accuracy for the analysis of the porosity. In general, conventional 

optical microscopes have resolutions around 1–5  μ m. For smaller pore sizes 

scanning electron microscopy (SEM) is the best alternative. Moreover, SEM 

has larger depth of fi eld, allowing better panoramic images of macropores. 

 Mercury pycnometry is the simplest and cheaper way to quantify the total 

porosity. However, it does not give any information about pore size or mor-

phology. The technique is based on the Archimedes’ principle using mercury 

as immersion medium, which allows the characterization of permeable and 

hydrophilic materials. 

 Mercury intrusion porosimetry (MIP) is a technique that determines the 

percentage of open pores between 0.006 and 360  μ m together with the pore 

entrance size distribution, and also gives information on pore shape and 

tortuosity. In contrast to mercury pycnometry, MIP forces the intrusion of 

mercury in the material by gradual increments of pressure. The pressure 

required for mercury intrusion is related through the Washburn model to 

the size of the channels that connect the pores (Webb and Orr, 1997). Thus, 

strictly speaking this technique does not determine the pore size but the 

size of pore interconnections. Furthermore, the volume of mercury used 

to fi ll the pores corresponds to the volume of free spaces in the material 

(porosity). Note that pores detected by this technique should be accessible 

for mercury from the surface of the material. Therefore, isolated pores, also 

called closed pores, do not contribute to the quantifi cation of the porosity. 

This is not a drawback for the characterization of the calcium phosphate 

foams, since open porosity or the pores accessible for the cells are those 

that are relevant for bone ingrowth. Indeed, despite the presence of a large 
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number of macropores, without macro-connections cell colonization and 

vascularization would not be possible. 

 Microcomputed tomography is an alternative method to determine 

porosity, pore morphology, and pore size. The advantages of this technique 

over MIP are that it is a non-destructive method, and it can quantify pores 

larger than 360  μ m. Besides, images acquired with this technique can be 

used to obtain three dimensional reconstructions of porous materials, very 

useful for the analysis and fi nite element modeling of the pore structure and 

behavior. The disadvantages are the high computational power required to 

manage the images of a representative volume of the sample, and the limited 

resolution. In this respect, it has to be mentioned that signifi cant advances 

have been made in recent years, leading to resolution up to 500 nm, with 

even higher resolution expected to be achievable shortly.  

  10.3.2      Micro- and macro-structure of calcium 
phosphate foams 

 After this brief summary of the techniques for the analysis of porous mate-

rials, the structure of the calcium phosphate foams will be described from 

the nano- to the macro-scale. As shown in Fig. 10.3, the multimodal porosity 

of calcium phosphate foams results from the overlapping of the macropores 

generated by the foaming process with the intrinsic porosity of CPCs.      

 It is well known that the intrinsic porosity of CPCs increases when the 

volume of liquid used to prepare the paste increases or, in other words, 

when the liquid to powder (L/P) ratio increases (Espanol  et al. , 2009). As an 

example, Fig. 10.4a shows the dependence of the total porosity of an apatitic 

 α -TCP cement on the L/P ratio. Interestingly, the information provided by 

MIP shows that not only the total porosity, but also the pore size distribu-

tion is affected by the L/P ratio. As shown in Fig. 10.4b, at an L/P ratio of 0.35 

mL/g, the cement has a broad pore size distribution in the submicrometric 

region, with a main peak centered at the lowest size range. When the L/P 

ratio increases to 0.55 mL/g, a bimodal pore size distribution is found. The 

left hand peak (1) shifts to slightly larger sizes with respect to the main peak 

observed with the L/P ratio of 0.35 mL/g. Moreover, a new sharp peak is 

found (2). As represented in Fig. 10.4b, the smaller-size peak corresponds 

to the porosity between the individual entangled crystals formed during the 

setting of the cement, while the right hand peak corresponds to the poros-

ity between crystal aggregates, and refl ects the crystal organization in the 

cement matrix, which precipitates surrounding the original  α -TCP particles 

(Espanol  et al. , 2009).      

 Similarly, the L/P ratio is a relevant parameter to control the total poros-

ity of the calcium phosphate foams. In this case, the global increment in 
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Calcium phosphate cement
intrinsic nano/microporosity

Macroporosity incorporated
by the foaming process

Calcium phosphate foam

 10.3      The total porosity of a calcium phosphate foam, represented in 

light gray, results from the intrinsic porosity of the calcium phosphate 

cement used to fabricate the foam and the macroporosity incorporated 

by the liquid foam template. Note that in the calcium phosphate 

foam the intrinsic porosity of the cement is located in the walls of the 

macropores.  
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 10.4      (a) Total porosity and (b) pore entrance size distribution, 

determined by MIP, for a cement based on  α -TCP prepared with several 

liquid to powder (L/P) ratios. The inset in (b) represents the pores 

between the crystals precipitated during the hardening reaction (1), and 

the pores between crystal aggregates (2). The latter are more evident at 

higher L/P ratio because as the amount of liquid increases, the distance 

between the original particles of the cement powder also increases.  
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porosity results from the higher intrinsic porosity of the foam walls (contin-

uous phase) together with the higher number of macropores formed during 

the foaming process due to the lower viscosity of the paste. This is illustrated 

in the SEM micrographs of two calcium phosphate foams with different L/P 

ratios shown in Fig. 10.5, where it is clear that the number of macropores 

incorporated by the foaming process increases with the L/P ratio. There are 

two reasons for this. First, since the surfactant is incorporated in the liquid 

phase of the CPC, the higher the L/P ratio the higher the number of surface-

active molecules, allowing the formation of higher number of macropores. 

Second, the smaller amount of powder incorporated in the foam produces 

less viscous cement pastes, which can be foamed more easily than thick 

pastes. It is interesting to note that there is a critical L/P ratio for the forma-

tion of connections between macropores. In fact, the connections between 

macropores are formed before setting, by partial breakage of the pore walls. 

As shown in Fig. 10.5, the thickness of the pore walls is inversely propor-

tional to the number of macropores. When few macropores are produced, 

they are connected only by the microporosity of the walls. In contrast, if 

macropore density increases, the walls become thinner and the probability 

of wall breakage to form macroscale connections increases. Therefore, using 

L/P ratios above the critical L/P ratio is a requirement to obtain intercon-

nected macroporosity.      

200 μm 200 μm

3 μm3 μm

(a) L/P = 0.45  ml/g (b) L/P = 0.55  ml/g

 10.5      SEM micrographs for two calcium-defi cient hydroxyapatite foams 

fabricated with two different L/P ratios, (a) 0.45 and (b) 0.55 mL/g. The 

space between white arrows highlights the thickness of the walls of 

the macropores. The insets in the bottom show the intrinsic porosity of 

the walls, which interconnects the macropores in the nano/micro scale 

range. Note that only at 0.55 mL/g circular interconnections between 

macropores are observed.  
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 In addition to the L/P ratio, also the properties of the surfactant used, and 

more specifi cally the stability and elasticity of the liquid foams, determine 

the fi nal interconnectivity of the solid foam. In fact, even if the macropo-

res can be separated by very thin walls, if the stability of the foam is high 

the walls will not break before setting, and consequently the macropores 

will be connected only by the intrinsic porosity of the cement. For example, 

Fig. 10.6 shows the pore entrance size distribution and the macropore struc-

ture of an apatitic foam prepared with gelatin as foaming agent. Gelatin 

is a temperature-sensitive polymer that presents  a gelling process below 

37–40 ° C. At room temperature, below its gelling temperature, the stability 

of the foam is high (Montufar  et al. , 2010). This is consistent with the pore 

size distribution determined by MIP, where no pore entrances larger than 

10  μ m are found, as an indication that no windows are formed in the pore 

walls. The main peak of the MIP pore entrance size distribution shown in 

Fig. 10.6, centered at 2  μ m, is relatively high as a consequence of the method 

of determining the porosity by MIP. According to this technique, the size 

of the pores is estimated through the pressure needed by the mercury to 

enter them. When big macropores with microporous walls are found, the 

total volume of the macropore is ascribed to their entrance size, in this case 

in the micrometric range. Thus, when carefully interpreted, MIP results are 

in agreement with the structure observed by SEM, clearly showing spheri-

cal macropores without connections at the macroscale, which according to 

mercury pycnometry corresponds to nearby 15% porosity. Note that the sta-

bility of the foamed paste depends on the capacity of the foaming agent to 

form stable gels, and on its concentration. In general, higher concentrations 
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 10.6      (a) Pore entrance size distribution determined by MIP and 

(b) macropore structure observed by SEM, of a calcium-defi cient 

hydroxyapatite/gelatin foam obtained with an L/P ratio of 0.80 mL/g. 

Note that although the spherical macropores are near to each other, no 

interconnections are formed between them. This fact is refl ected in the 

pore size distribution, where no pore entrances larger than 10  μ m are 

found.  
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result in higher stability of the pore walls. Furthermore, foam stability also 

tends to increase with the molecular weight of the foaming agent.      

 An MIP diagram showing the pore size distribution of an apatite foam 

with open macroporosity is presented in Fig. 10.7a. In this example, the 

peaks that correspond to the intrinsic nano-/micro-porosity of the cement 

are hardly visible due to the large volume associated to the macropores, 

since most of them are connected by apertures larger than 10  μ m, and only 

the walls of the pores contribute with some nano/micropores. Figure 10.7 

also shows SEM images of various foams obtained with different foaming 

agents (Table 10.2). In general, all foams present spherical macropore struc-

ture, with several circular connections between them.      

 As shown in Fig. 10.8, open macropores are also present on the surface of 

the foam. This is important to facilitate surrounding cells and blood vessels 

to enter the foam. Once inside, the interconnections provide a way to fully 

colonize it.       

  10.3.3      Mechanical properties of calcium 
phosphate foams 

 Mechanical properties of ceramic materials are strongly dependent on their 

porosity. 
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 10.7      (a) Pore entrance size distribution determined by MIP for a 

calcium-defi cient hydroxyapatite foam obtained with 1 wt.% of low 

molecular weight foaming agent (L/P = 0.65 mL/g). The inset in fi gure 

(a) shows the relationship between the peaks in the distribution and the 

pore interconnections observed by SEM. SEM micrographs for different 

calcium-defi cient hydroxyapatite foams obtained with different foaming 

agents: (b) 1 wt.% polysorbate 80 (L/P = 0.55 mL/g), (c) 20 wt.% gelatin 

(L/P = 0.80 mL/g), (d) 20 wt.% soybean extract (L/P = 0.40 mL/g) and 

(e) 5 wt.% gelatin plus 20 wt.% soybean extract (L/P = 0.60 mL/g).  
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 The compressive strength of the calcium phosphate foams can be math-

ematically modeled by the critical size defect theory, considering the com-

pressive strength of the continuous phase of the foam as the strength of 

the CPC used to prepare the foam (see Equation [10.2]) (Ginebra  et al. , 
2007b). Thus, the model considers both the intrinsic porosity of the CPCs 

and the macroporosity incorporated during the foaming process, to estimate 

the compressive strength.  

    σ σ ρ ρ( ) ( )0 * exp
m

bP−        [10.2]  

where σ     is the compressive strength for the set calcium phosphate foam; σ 0    

is the theoretic compressive strength of the continuous phase of the foam 

without porosity (for the monocomponent apatitic cement based on  α -TCP 

this strength corresponds to 112.36 MPa (Ginebra  et al. , 2007b)); ρ ρ* 0     is 

the relative density of the cement;  P  is the macroporosity incorporated by 

the foaming process, expressed as volumetric fraction; and m and b are con-

stants that depend on the material (for the  α -TCP cement are 2.64 and 6.56, 

respectively (Ginebra  et al. , 2007b)). 

 As shown in Fig. 10.9, the experimental data obtained for an apatitic foam 

fi t well with this theoretical model. Its main limitation is that it does not take 

into account the possible binding forces that some agglutinant additives can 

have on the crystals that compose the foam.      

 The low mechanical strength of the foams, and the poor toughness 

associated with their ceramic nature, limit their use to non-load-bearing 

5 mm

 10.8      Optical image of the surface of a calcium-defi cient hydroxyapatite 

foam obtained with 0.5 wt.% of polysorbate 80 (L/P = 0.55 mL/g). The 

arrows indicate the presence of open macropores at the surface of the 

foam, which in fact are connected with the internal macropores through 

macroscopic connections.  
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applications. When used in load-bearing zones, they must be combined with 

orthopedic fi xation systems that can withstand the external load. It is impor-

tant to highlight that the main benefi ts of the calcium phosphate foams are 

not associated with their mechanical performance, but rather to the possi-

bility of using them via minimally invasive surgery, generating  in situ  a bio-

active ceramic with macropore structure that can promote the regeneration 

of bone tissue.   

  10.4     Injectability and cohesion of calcium 
phosphate foams 

 Injectability allows implantation of calcium phosphate foams via minimally 

invasive surgery. However, there is another property that is crucial to ensure 

that the foam stays in place during setting, keeping its dimensions and geo-

metrical structure, and this is cohesion. 

 Injectability of a paste is defi ned as its ability to be extruded through 

an aperture without the separation of the liquid and the powder that com-

pose it (Bohner and Baroud, 2005a). This defi nition can be extrapolated 

into the calcium phosphate foams as the additional ability of the foam to 

be extruded without breaking of the bubbles and disruption of the foamed 

structure. The injectability of calcium phosphate foams increases when the 

L/P ratio increases (Montufar  et al. , 2009). Furthermore, the use of high 

molecular weight foaming agents also improves the injectability of calcium 

phosphate foams (Montufar  et al. , 2011). Although increasing the L/P ratio 
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10.9      (a) schematic diagram showing the model proposed for the 

mathematical determination of the compressive strength of the foamed 

cements through the critical size defect theory; (b) semilog plot of the 

experimental results obtained for σ ρσ ρ* 0( )m
 versus macroporosity for 

a calcium-defi cient hydroxyapatite foams obtained with 7–10 wt.% of 

albumen. ( Source : Image reproduced with permission (Ginebra  et al ., 

2007b).)  
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compromises the mechanical strength of the foam, it improves the open 

macroporosity and injectability. The preservation of the geometry of the 

macropores during injection depends on the time elapsed since the foaming 

process. As shown in Fig. 10.10, if injection is performed soon after foaming, 

the spherical macropore structure is maintained; otherwise the macropores 

are distorted, resulting in irregular shapes with random connections, which 

disappear when the injection is considerably delayed. This behavior can be 

attributed to the advance of the setting reaction, which decreases the elastic-

ity of the paste. Shear stresses produced during injection overcome the yield 

stress of the foam, leading to plastic deformation and eventually collapse of 

the macropores.      

 The cohesion of the foamed paste determines if the foam can be used or 

not as an injectable bone grafting material. Cohesion can be defi ned as the 

ability of the foamed paste to maintain its shape until setting when in con-

tact with body fl uids. Indeed, if the injected foam is not able to support the 

blood pressure and the perfusion of physiological fl uids after implantation, 

the foam structure will collapse, leaving behind the bone defect unfi lled. 

Moreover, the release of particles can trigger the infl ammatory response 

against foreign body (Velard  et al. , 2013), which can compromise the clinical 

success of the treatment. 

 It is generally accepted that the cohesion of CPCs depends on different 

parameters, such as the particle size of the powder, pH and ionic strength 

of the liquid phase, L/P ratio, incorporation of polymeric admixtures, rate 

of cement setting, and osmotic pressure between the cement paste and 

the surrounding liquid (Bohner  et al. , 2006). In the case of foams, cohe-

sion in addition depends on total porosity, and as a general rule cohesion 

decreases with increasing macroporosity and pore interconnectivity. The 

nature of the foaming agent also affects the cohesion of the foam. Thus, 

while the foams containing gelatin have good cohesion (Montufar  et al. , 
2010; Perut  et al. , 2011), those obtained with low molecular weight non-

ionic surfactants tend to have poor cohesion (Montufar  et al. , 2009, 2011). 

(a) (b) (c)

200 μm 200 μm 200 μm

 10.10      Differences in the macropore morphology when the calcium-

defi cient hydroxyapatite foam (1 wt.% of polysorbate 80 and L/P = 0.55 

mL/g) was injected at different post mixing times, (a) just after mixing 

(2 min), (b) after 6 min and (c) after 16 min.  
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The further improvement of cohesion remains a challenge for the optimal 

use of low molecular weight foaming agents in injectable calcium phos-

phate foams. 

 While the selection of the foam composition to maximize simultaneously 

porosity and cohesion is mandatory for the correct performance of injectable 

calcium phosphate foams, cohesion is not a requirement for the fabrication 

of preset foams, since in this case the foams can be set in controlled mois-

ture atmospheres. Despite the preset foams not being injectable, they retain 

other advantages related to their low temperature processing. Moreover, 

complex shapes can be processed, due to the malleability of the foam before 

setting, enabling the fabrication of customized foams for bone grafting and 

tissue engineering applications.  

  10.5      In vitro  and  in vivo  response to injectable 
calcium phosphate foams 

 Calcium phosphate foams obtained with different foaming agents are able 

to support osteoblastic-like cell adhesion, proliferation, and differentiation. 

In comparison with non-ionic surfactants, the use of gelatin as foaming 

agent has been shown to improve the attachment of osteoblastic cells, which 

was attributed to the presence of the RGD (Arginine-glycine-aspartate) 

sequence as a signaling cue in the inorganic structure of the foam (Montufar 

 et al. , 2011). 

 Another example of the synergistic effect of the foaming agent was found 

when defatted soybean extract was used together with gelatin as foaming 

agent. The intrinsic bioactivity of soybean and gelatin was shown to favor 

osteoblast adhesion and growth. Moreover, the osteoblastic phenotype of 

cells seeded on apatite foams was promoted as revealed by the higher pro-

duction of collagen and alkaline phosphatase (Perut  et al. , 2011). 

 The calcium phosphate-based foams can fi nd application also as scaffolds 

for  in vitro  tissue engineering. As an example, a perfusion bioreactor is shown 

in Fig. 10.11a, together with a calcium phosphate foam used as a scaffold for 

the dynamic culture of mesenchymal stem cells (Fig. 10.11b). The cells were 

able to attach and penetrate inside the macroporous structure when seeded 

under dynamic conditions. Figure 10.11c and 10.11d demonstrate the good 

permeability of the foam due to macropore interconnectivity, allowing the 

cells to homogeneously colonize the bulk of the scaffold.      

 Despite the good  in vitro  performance, there are still few  in vivo  stud-

ies on the application of calcium phosphate foams for bone regeneration. 

Del Valle  et al.  (2007) showed that albumen-based apatitic foams were 

resorbed signifi cantly faster than their unfoamed counterparts and were 

progressively replaced by new bone, proving a good biocompatibility, 
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osteoconductivity, and enhanced resorption in a femoral diaphyseal defect 

model in rabbits. 

 Calcium phosphate foams prepared with other high molecular weight 

foaming agents such as gelatin and soybean-derived polymers have also 

been tested as injectable bone grafts in a femoral diaphyseal critical size 

defect model in rabbits (G ö ckelmann, 2010; G ö ckelmann  et al. , 2009). As 

shown in Fig. 10.12a, the foams were implanted by injection in cylindri-

cal drilled cavities of 5 mm diameter and 10 mm depth. The injected paste 

adopted the shape of the cavity, fi lling it completely. Furthermore, as can be 

observed in Fig. 10.12b, the freshly injected foam had enough cohesion to 

resist the blood pressure without collapsing. The presence of homogeneously 

distributed macropores can be observed in a representative transversal sec-

tion of the foam (see Fig. 10.12c). The setting of the foams was confi rmed 

after one month of implantation by X-ray diffraction, showing the presence 

of hydroxyapatite as the main phase with very small traces of unreacted 

 α -TCP. The histological analysis of the implants after 5 months of implanta-

tion showed the partial resorption of the foam, together with the formation 

of new trabecular bone (see Fig. 10.12d), with no signs of infl ammation or 

immunological response. This confi rmed that the self-setting hydroxyapa-

tite foams are suitable for bone grafting applications via minimally invasive 

surgery.       

(a)
(b)

(c) (d)

2 mm 3 mm

 10.11      Dynamic culture of rat mesenchymal stem cells in direct contact 

with a calcium-defi cient-hydroxyapatite foam (1 wt.% of polysorbate 

80 and L/P = 0.55 mL/g) in a perfusion bioreactor system. (a) Image 

of the perfusion system showing the medium reservoir, the scaffold 

chamber and the fl ow direction. (b) Optical image of the macroporous 

foam placed in the chamber (6 mm in diameter and 10 mm in length). 

(c) Cell distribution observed at three different transversal sections of 

the scaffold after 3 h seeding. Images were obtained with a fl uorescent 

stereoscope using calcein-AM as vital cell staining. (d) Morphology of 

the cells inside the foam observed by SEM.  
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  10.6     Applications of injectable calcium 
phosphate foams 

 In the previous sections the processing routes and the properties of inject-

able calcium phosphate foams have been presented. In this section the 

advantages of this family of materials for different applications, like bone 

grafting, tissue engineering, and drug delivery are reviewed. 

(a) (b)

(c) (d)

 10.12      Preclinical study of a calcium-defi cient hydroxyapatite foam (20 

wt.% soybean extract plus 5 wt.% gelatin and L/P = 0.55 mL/g). (a) The 

foam was implanted by injection in a critical size defect at the femoral 

diaphysis of New Zealand white rabbits. (b) Foam placed in the bone 

defect. Good cohesion was observed after injection, with no collapse 

or disintegration. (c) Micro tomography of the site of implantation 

after 1 month of surgery. The bright zone corresponds to the implanted 

foam that perfectly adapts to the shape of the defect. Macropores can 

be observed in the material. (d) Histology of the site of implantation 

after 5 months of surgery (Paragon One staining), where T indicates the 

growing bone trabecula and M the remaining material.  
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  10.6.1      Bone grafting 

 The main fi eld of application of calcium phosphate foams is bone regenera-

tion in clinical areas such as orthopedic, craniofacial, and dental surgery. In 

general terms, calcium phosphate foams are designed to be used as substi-

tutes of bone autografts, which nowadays represent the gold standard in 

bone regenerative medicine. Depending on the porosity and cohesion, these 

synthetic bone grafts can be used as: (1) injectable bone grafting material 

through minimally invasive surgery procedures; (2) preset bone grafting 

material used in traditional surgery; or (3) macroporous scaffold for tissue 

engineering applications. Possible orthopedic applications include recon-

struction of bones after simple or comminuted fractures, bone fi ller mate-

rials after removing previous implanted materials, or resections of tumor 

or cysts, treatment of nonunion fractures, arthrodesis, and osteotomies. In 

dentistry they can be used for nasal sinus lift, fi lling cavities caused by dental 

extractions, periodontal disease or traumas, or the augmentation of alveolar 

ridge before placing a dental implant. In any case, the application should 

be restricted to non-load-bearing situations. Otherwise calcium phosphate 

foams should be used in combination with an external fi xation device. The 

clinical approval of the calcium phosphate foams for the treatment of any of 

the preceding applications requires further specifi c preclinical studies that 

validate their effi cacy.  

  10.6.2      Tissue engineering 

 Tissue engineering is based on the combination of progenitor cells, signaling 

molecules, and scaffolds for the development of cell/material constructs to 

regenerate damaged tissues in the human body (Place  et al.,  2009). In particu-

lar, bone tissue engineering requires the successful  in vitro  interaction of these 

factors to direct mesenchymal stem cells extracted from the own patient into 

the osteoblastic phenotype, to further use the obtained constructs to repair 

the bone lesion. The correct selection of the scaffold is of paramount impor-

tance, since it must support the cells, direct its differentiation and provide the 

appropriate biomechanical environment and fl uid fl ow dynamics. 

 Due to the bioactivity and cytocompatibility of apatites, calcium phos-

phate foams are promising scaffold materials for bone tissue engineering. In 

fact, as mentioned in Section 10.5, calcium phosphate foams fabricated with 

different foaming agents sustain the adhesion, proliferation, and differenti-

ation of osteoblastic-like cells cultured in static conditions (Montufar  et al. , 
2009, 2011; Perut  et al. , 2011). 

 Furthermore, as show in Fig. 10.11, mesenchymal stem cells are able to 

grow and colonize the bulk of calcium phosphate foams when seeded and 
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cultured under dynamic conditions in a perfusion bioreactor system. While 

cell infi ltration into the calcium phosphate foams was possible due to the 

open macropores connected by windows of around 100  μ m in diameter (see 

Fig. 10.7a), the space for cell proliferation was provided by the surface of the 

spherical macropores (see Fig. 10.5b). Cell intrusion was further improved 

by the dynamic seeding protocol, reaching cell seeding effi ciencies of around 

80%. Dynamic culture also improved cell proliferation, doubling the num-

ber of cells after three days of culture with respect to static conditions.  

  10.6.3      Drug delivery 

 A controlled drug delivery system is aimed at releasing the correct dose of 

a therapeutic directly in the desired zone and during the required period 

of time. This allows maximizing the effi cacy of the therapeutic and mini-

mizing the possible side effects. The incidence of musculoskeletal diseases 

(i.e. osteoporosis and osteoarthritis) has increased continuously in the last 

decades, driven by the aging of the population. This requires a renewed 

effort to develop new strategies for the regeneration of functional bone tis-

sues. In this context, the discovery of factors that induce bone growth, such 

as bone morphogenic proteins (BMP) has generated great expectations in 

their local application associated with biomaterials (Mehta  et al .,  2012). The 

local delivery of other active principles or drugs, such antibiotics, antiosteo-

porotic, or anticancer drugs, has also been shown to be a promising strategy 

to combat these pathologies (Arkfi eld and Rubenstein, 2005). An ideal drug 

carrier for the treatment of skeletal disorders should be bioactive, which 

would ensure the ability of the material to bond to bone tissue, and resorb-

able to allow its progressive substitution by newly formed bone. In fact, 

much attention has been given to the development of bioactive drug deliv-

ery matrices that combine bone-bonding ability and drug release capacity, 

i.e. bioactive glasses or CPCs (Baino  et al ., 2012; Ginebra  et al ., 2006). In this 

respect, the control of the kinetics of the two ongoing processes, namely, 

bone bonding and drug release, is a key issue. 

 Calcium phosphate foams add to the advantages of other bioactive mate-

rials their injectability (Ginebra  et al.,  2006) and macroporosity. Moreover, 

they can be resorbable, with a resorption rate that depends on their com-

position and microstructural features. In contrast to calcium phosphate 

granules or beads where pharmacological agents do only absorb on the sur-

face, self-setting CPCs and foams can incorporate pharmacological agents 

throughout their entire structure. In fact, drugs or active principles can 

be incorporated either in the liquid or in the powder phase of the foam. 

Alternatively, the drug can also be loaded in preset foams by droplet addi-

tion or immersion of the foam in the drug solution (Ginebra  et al. , 2012). 
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The presence of open macropores has been shown to facilitate fl uid fl ow 

within the carrier, enhancing diffusion and drug release in comparison to 

the unfoamed counterparts (Pastorino  et al. , 2012). 

 Calcium phosphate foams have been tested as delivery systems for BMPs 

with the aim of inducing  de novo  bone formation. BMP-2 was adsorbed in 

preset apatite foams. The release patterns showed a burst release during 

the fi rst 2 h, followed by a sustained release, reaching a maximum release 

of 4.6% after 15 days. Furthermore, the released BMP-2 was shown to trig-

ger mesenchymal stem cell differentiation into the osteoblastic phenotype 

 in vitro  and the formation of new bone when subcutaneously implanted in 

athymic nude mice (Montufar  et al. , 2012). In another study, an antibiotic, 

doxycycline hyclate, was incorporated into the powder phase of an apa-

titic foam before the foaming process. The  in vitro  release assay performed 

in phosphate buffer solution showed that the calcium phosphate foam 

released a higher percentage of doxycycline than CPCs. This was attributed 

to the macroporosity and interconnectivity introduced by foaming, which 

enhanced fl uid circulation within the CPC. No burst release was observed. 

Moreover, the concentration of doxycycline in the medium was in the ade-

quate range for the local treatment of bone infections such as periodontitis 

(Pastorino  et al. , 2012).   

  10.7     Conclusion and future trends 

 Calcium phosphate foams are promising materials for bone grafting appli-

cations, compatible with minimally invasive surgery techniques. Unlike 

CPCs, calcium phosphate foams are macroporous materials, with open pores 

suitable for cell infi ltration and angiogenesis, and enhanced properties for 

 in vivo  bone ingrowth and the local release of drugs. In general, low molec-

ular weight foaming agents, such as non-ionic surfactants, present a higher 

foamability than high molecular weight protein-based foaming agents, such 

as gelatin or albumen. Nevertheless, the use of proteins provides signaling 

cues that enhance the material’s biological performance. Two challenges 

still remain open in the design of injectable calcium phosphate foams with 

a very high interconnectivity, namely the improvement of cohesion and the 

enhancement of their mechanical properties. 

 Several applications are envisaged for these materials in the skeletal sys-

tem, such as their use as synthetic bone grafts, as drug delivery systems for 

the treatment of infections, tumors, or other pathologies, or as porous bio-

active scaffolds. The design of preclinical studies that validate the effi cacy 

of the calcium phosphate foams in such fi elds represents the next frontier 

in the study of these smart materials. These studies can provide us further 

insight into the mechanisms underlying bone tissue formation.  
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  10.8     Sources of further information and advice 

 Further information on the processing and properties of calcium phosphate 

foams can be found in the references listed in Table 10.2. Alternative low 

temperature processing routes for CPC-based porous materials can be found 

in the article ‘New processing approaches in calcium phosphate cements 

and their applications in regenerative medicine’ (Ginebra  et al. , 2010) and in 

the references listed in Table 10.1. For more information on CPC chemistry 

and properties the reader is referred to ‘Calcium orthophosphate cements 

for biomedical applications’ (Dorozhkin, 2008). Their application as drug 

delivery systems is reviewed in the article ‘Calcium phosphate cements as 

drug delivery materials’ (Ginebra  et al ., 2012). A general overview of bone 

tissue engineering can be found in the article ‘Tissue engineering strategies 

for bone regeneration’ (Mistry and Mikos, 2005).  
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  Abstract : Porous scaffolds based on polylactic acid (PLA) and its 
copolymers have been extensively used as templates for potential tissue 
regeneration applications. This chapter discusses the techniques involved 
in creating PLA-based foams, focusing on gas foaming. It also covers the 
structure, physical and mechanical properties of the scaffolds. It then 
reviews some of the applications of PLA-based foams for the engineering 
of soft and hard tissues. It also provides an insight into future trends in the 
design of PLA foams for biomedical applications. 
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    11.1     Introduction 

 Porous scaffolds based on biodegradable polymers have been extensively 

used as templates for tissue regeneration applications. Highly porous poly-

mer matrices are required to provide a homogenously distributed cell 

seeding density and effective oxygen and nutrient supply to maintain cell 

viability. 1  A critical challenge in tissue engineering (TE) is the material 

from which the scaffolds are fabricated, as these should provide physical, 

mechanical, and chemical cues to direct various cell growth and differen-

tiation programs. 2–4  In addition, modulation of cellular function and neo-

tissue formation signifi cantly depends on the engineering design of the 

three dimensional (3D) scaffolds. 5,6  For example, the size, orientation, and 

surface chemistry of the pores in a scaffold can considerably manipulate 

tissue ingrowth and the transmission of biomechanical signals within the 

scaffold. 7,8  Moreover, the regeneration process may be impacted as a conse-

quence of the lack of oxygen and nutrient transportation, since any poten-

tial for new blood vessel formation takes several days post implantation. 9  In 



314   Biomedical Foams for Tissue Engineering Applications

bone tissue engineering (BTE), for example, along with design issues there 

is also a challenge regarding the fabrication of reproducible biodegradable 

3D scaffolds that are able to function for a certain period of time under 

load-bearing conditions. 10  

 Polylactic acid (PLA) and its copolymer with poly(glycolic acid) 

((poly(lactide-co-glycolide) (PLGA)) are among the most widely used 

synthetic polymers in TE, due to their versatile biodegradability and bio-

compatibility. 11,12  PLA-based composites have also been investigated for 

TE applications by incorporating bioactive ceramics (e.g. hydroxyapatite 

(HA) and other calcium phosphates) 13–15  and glasses (silicate-based glass 

(SG) and phosphate-based glass (PG)) 16–18  into the matrix in an attempt to 

improve the bioactivity, degradation, mechanical properties, and ultimately 

the potential clinical performance of the scaffolds. 16,18,19  

 This chapter will focus on PLA foams for TE applications. It begins with 

an introduction on PLA as a biomaterial, followed by the fabrication of 

PLA-based foams and their specifi c TE applications, and will end with con-

clusions and future trends of these foams as potential substrates for tissue 

repair and regeneration.  

  11.2     Polylactic acid (PLA) 

 Polylactic acid ([-O-CH(CH 3 )-CO-] n ), belonging to the family of aliphatic 

polyesters commonly made from  α -hydroxy acids, is biodegradable and 

compostable. 20,21  Since lactic acid is a chiral molecule, PLA exists in two 

stereo-isomeric forms, D-PLA (PDLA) and L-PLA (PLLA), and a mixture 

of D- and L-lactic acid also exists as D,L-PLA (PDLLA). 22  The polymers, 

which are derived from optically active D and L monomers, are semi-crystal-

line while the optically inactive D,L-PLA is amorphous. Generally, L-PLA 

is preferred in applications where high mechanical strength and toughness 

are required, e.g. sutures and orthopedic devices. 22,23  In contrast, due to the 

amorphous nature of D,L-PLA, it is usually considered for applications such 

as drug delivery systems, as it is important to have a homogeneous disper-

sion of the active species within a monophasic matrix. 

 PLA degrades through hydrolysis of the ester bond, negating the need for 

enzymes. The degradation rate depends on the shape and size of the article, the 

isomer ratio, time and temperature of the hydrolysis, low-molecular-weight 

impurities, and catalyst concentration. 20  It is well known that the degrada-

tion rate of PLA is greatly infl uenced by the stereo-isomeric L/D ratio of 

the lactate units. In general, the crystallinity decreases with increased stereo-

isomeric ratio. 24,25  The degradation of PLA has also been demonstrated to 

be considerably decreased when the crystallinity increased. 26  Therefore, the 

polymer blend of PLLA and PDLLA is an effective approach for tuning the 

polymer crystallization and morphology, and hence its physico-mechanical 
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properties as well as hydrolysis  behavior. 27  This is of utmost importance, par-

ticularly in TE scaffolds where a tailored degradation rate is required along-

side adequate mechanical properties. For the aforementioned purpose, Carfi  

Pavia  et al.  24  produced PLLA/PLA foams in different proportions in order 

to tune scaffold morphology, as well as mechanical properties and degra-

dation kinetics up to 4 weeks. They showed that, while the crystallinity of 

pure PLLA and 95/5 (wt/wt) foams did not increase, that of the 90/10 foams 

increased from 40% to 70% after the fi rst week. Consequently, it was indi-

cated that pure PLLA and 95/5 PLLA/PLA do not exhibit signifi cant differ-

ences in terms of degradation rate; however, 90/10 PLLA/PLA foams display 

a faster degradation rate as a result of higher amorphous phase content. The 

data confi rmed that the characteristic time of degradation of the scaffolds 

can be tuned by blending different PLA typologies. 

 The degradation of PLA-based polymers is considered to be a collective 

process of bulk and surface diffusion, as well as bulk and surface erosion. 28  

However, since the water penetration into the matrix is higher than the 

rate of polymer degradation for these polymers, the degradation is domi-

nated by uniform bulk degradation of the matrix. In addition, the process 

is autocatalyzed with the increase of carboxylic end groups as a result of 

biodegradation. 28  It has also been demonstrated that when producing PLA-

based composite materials under certain conditions (e.g. high temperature), 

the addition of a second phase would change the degradation behavior of 

PLA. For example, the incorporation of SG and PG particles into PLA has 

been shown to signifi cantly accelerate the degradation of PLA. 29,30  Semi-

crystalline PLA has glass transition ( T   g  ) and melting temperatures ( T   m  ) of 

approximately 55 ° C and 175 ° C, respectively, 31  and at temperatures above 

200 ° C it undergoes thermal degradation due to hydrolysis, oxidative main 

chain scission, lactide formation, and inter- and intra-molecular transesteri-

fi cation reactions. 32   

  11.3     Fabrication of PLA foams 

 Numerous techniques have been used to produce TE scaffolds, 33  which 

include textile technologies, solvent casting, phase separation, gas foaming, 

freeze drying, electrospinning, UV and laser radiation, salt leaching, and 3D 

pore architecture designs (CAD/CAM and rapid prototyping). The selec-

tion of scaffolding technique can have a critical effect on the properties of 

the scaffold and its  in vivo  performance. Despite the progress made in the 

fabrication of 3D scaffolds, there are still some challenges that need to be 

overcome, which include accurate and consistent techniques and minimal 

variation in the properties in different scaffold batches. 34  It is worth men-

tioning that some techniques (e.g. electrospinning) may form porosity in 

the material; however, they do not allow the production of 3D structures, 
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namely foams. Therefore, in this section, the techniques that result in the 

creation of 3D porous structures (properly called foams) will be addressed. 

 Solvent casting with particulate leaching is the most widely used and one 

of the simplest methods to prepare the scaffold, fi rst described by Mikos 

 et al.  in 1994. 35  This technique involves the dissolution of the polymer in an 

organic solvent followed by mixing with ceramic granules and dispersing 

calibrated minerals, such as sodium chloride, sodium tartrate, and sodium 

citrate, or organic (e.g. saccharose) particles in the polymer solution. The 

salt particles are leached out by selective dissolution to create a porous 

polymer matrix. 34,36,37  Ease of manufacturing and the ability to incorpo-

rate drugs and chemicals into the scaffold are the main advantages of this 

technique, but there are several limitations, e.g. only simple shapes can be 

formed. 38  Furthermore, the very low pore interconnectivity usually makes it 

unsuitable for TE applications. In addition, highly toxic solvents are used 10  

and residual solvent may remain trapped, which would reduce the activity of 

bioinductive molecules, e.g. incorporated proteins. 36  Moreover, the mechan-

ical properties of these scaffolds are inferior to those of trabecular bone. 39  

 The thermally induced phase separation (TIPS) approach rapidly low-

ers the temperature of a homogenous solution of polymer to solidify the 

solvent and induce solid–liquid phase separation. The solidifi ed solvent 

forces the polymer into the interstitial spaces. Using a freeze-dryer, the 

frozen mixture is lyophilized to remove the solvent and create the foam 

structure. 40,41  Highly porous PLA and Bioglass ®  incorporated PLA scaffolds 

with anisotropic tubular morphology and extensive pore interconnectivity 

can be produced with this fabrication technique. 16,40,42  However, sensitivity 

of the technique regarding its processing parameters, use of toxic solvents, 

low mechanical stability, and pore size in the range of 10–100  μ m are main 

disadvantages. 38,43  Nevertheless, the TIPS technique has been demonstrated 

to produce microspheres of PLGA–bioactive glass composites, which have 

been investigated for potential tissue regeneration and drug delivery applica-

tions. 44,45  In order to produce fully degradable micro/macro-spheres, Blaker 

 et al.  45  incorporated PG particulates (3, 5, and 20 wt.%) into PLGA. TIPS 

technique was used to enable the rapid formation of monodisperse porous 

macro-spheres. Macro-spheres (up to 2 mm in diameter) with isotropic pore 

morphology (interconnected spherical pores of 30–70  μ m) were produced. 

PLA and blends of PLLA/PLA foams have also been prepared through the 

TIPS process for TE scaffold applications by La Carrubba  et al.  25  Dioxane 

and water were used as the solvent and non-solvent, respectively. Results 

demonstrated that morphology and mechanical properties of the foams 

depended upon a combination of the operating conditions, such as solvent/

non-solvent ratio, polymer concentration, and demixing time and tempera-

ture. It was found that by blending PLLA with PLA, the biodegradability of 

the foam could be tuned for various soft TE applications. Chen  et al.  46  also 
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investigated the production of PLA scaffolds from a ternary PLA–dioxane–

water system using the TIPS technique. The presence of water non-solvent 

was found to be essential for a liquid–liquid phase separation according to 

the phase diagram of this system. While the binary PLA-dioxane system 

shows only a solid–liquid phase separation resulting in a highly anisotropic 

tubular morphology with an internal ladder-like structure, the ternary PLA–

dioxane–water system resulted in liquid–liquid phase separation leading to 

the formation of scaffolds with isotropic morphology. 

 Solid free form (SFF) fabrication refers to techniques, including selec-

tive laser sintering, 3D printing, and fused deposition modeling (FDM), that 

are based on computer-aided design/manufacture (CAD/CAM) methodol-

ogies. 36,41  These methods have been developed to manufacture scaffolds for 

BTE with specifi c designed properties 47–50  and has been used for polymer 

composites containing calcium phosphate as the bioactive phase. For exam-

ple, PLLA–tricalcium phosphate (TCP) composites have been fabricated 

by Xiong  et al.  15  with up to 90% porosity by a layer-by-layer manufacturing 

method. PLA scaffolds with computationally designed pores (wide channels) 

in the range of 500–800  μ m and solvent-derived local pores of 50–100  μ m 

were also produced by Taboas  et al.  51  Complex equipment requirement and 

increased fabrication time compared to other direct techniques are short-

comings of this method. 36  There are also specifi c disadvantages associated 

with each SFF technique: e.g. use of organic solvents as binders, and lack of 

mechanical properties due to the combination of several stack up powdered 

layers in 3D printing. 52  While FDM does not use organic solvents, the non-

incorporation of growth factors and range of polymers that can be used due 

to the processing requirements and temperatures are the main disadvan-

tages of this method. 52  

 Gas foaming technique was developed for producing highly porous foams 

without the use of organic solvents. Carbon dioxide (CO 2 ) can be used as a 

porogen to create 3D polymeric structures to be used as scaffolds. There are 

different approaches in using CO 2  such as supercritical fl uids or high pres-

sure to process polymers into 3D TE scaffolds. 53   

  11.4     Gas foaming using supercritical CO 2  (scCO 2 ) 

 CO 2  exists at supercritical condition above a critical temperature 

( T   c   = 304.1 K) and pressure ( P   c   = 73.8 bar). It has the properties of both a 

gas and a liquid in this state. By changing the temperature and pressure, the 

phase changes from solid to liquid and then to gas. However, at the intersec-

tion of  T   c   and  P   c  , the liquid and gas phases cannot be distinguished, and the 

single fl uid phase CO 2  is said to be supercritical carbon dioxide (scCO 2 ). 53  

ScCO 2  is inexpensive, non-fl ammable, non-toxic, and its properties can be 

tuned through its density. 54  In addition, there is a high level of control over 
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porosity and morphology of scaffolds by applying scCO 2  and tuning the 

parameters of the process. 55  

 ScCO 2  has been found to be soluble in some polymers. 56  Plasticization 

occurs when scCO 2  diffuses into the polymer matrix and separates the 

polymer chains resulting in lower resistance to chain rotation resulting in a 

reduction of the polymer  T   g  . By reducing the CO 2  pressure, the solubility of 

the gas in the polymer decreases, 57  generating nuclei (or bubbles) that then 

grow to form the pores in the foam. The  T   g   begins to increase once the CO 2  

vacates the polymer making it glassy, and the pores cannot grow further, 

fi xing the porous structure. 56–58  Control of the nucleation and diffusion of 

the gas are very important in creating suitable scaffolds for TE. The nucle-

ation is rapid, leading to a large number of nucleation sites if the venting 

rate is high and the structure will have a uniform and homogenous pore size 

distribution. 

 In contrast, the pores that nucleate initially will be signifi cantly larger 

than others because of greater diffusion of gas from the surrounding matrix. 

Therefore, a wide dispersion in pore size would be present in the resultant 

structure. 59  The effect of changing the molecular weight of the polymer, 

pressure, and venting rate on pore structure has been demonstrated using 

different gases (CO 2 , N 2 , and He). 57,58,60–63  Sheridan  et al . 62  compared CO 2 , N 2 , 

and He gas foaming by fabricating 3D porous matrices from bioabsorbable 

materials (e.g. PLA-based polymers). It was demonstrated that the choice of 

gas and polymer has a large infl uence on the fi nal scaffold structure. While 

highly porous PLGA matrices were produced using CO 2 , use of N 2  and He 

led to no measurable pore formation. While the mechanism is not known, 

the greater degree of foaming with CO 2  compared to N 2  and He may be 

due to a specifi c interaction between CO 2  and carbonyl groups of PLGA. 

It has been demonstrated that specifi c interactions with CO 2  occur in poly-

mers with electron donating functional groups, as in the case of the carbonyl 

groups, most probably because of Lewis acid–base nature. In this case, the 

electron lone pairs of the carbonyl oxygen interact with the carbon atom of 

the CO 2  molecule. 64  The effect of gas type on porosity and a micrograph of 

typical scaffold by foaming PLGA are presented in Fig. 11.1. 62       

 A critical challenge in fabricating TE scaffolds certainly concerns the 

pore interconnectivity to assure appropriate colonization of cells. In gas 

foaming technique, pore interconnectivity still remains a challenge, espe-

cially based on the crystallinity and molecular weight of the polymer to be 

foamed. Amorphous polymers have the ability to foam more easily than the 

crystalline polymers due to increased gas dissolution in less organized mor-

phologies. 65  Therefore, gas foaming technique would be more diffi cult for 

semi-crystalline polymers (e.g. semi-crystalline PLA 18  or polycaprolactone) 66  

than amorphous polymers (e.g. PDLLA). 67  In addition, scaffolds made of 

a high molecular weight polymer have less porosity and interconnectivity 
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compared to the same polymer with lower molecular weight. Longer poly-

mer chains in high molecular weight polymers are likely to be entangled to a 

greater extent, which provides a stronger resistance to expansion during the 

phase separation step compared to shorter polymer chains. Tai  et al.  67  dem-

onstrated that the pore size and structure of PDLLA and PLGA scaffolds 

produced by scCO 2  can be modifi ed by altering the processing conditions. A 

longer soaking time and higher pressure resulted in a higher nucleation den-

sity due to more CO 2  molecules diffusion into the polymer matrix leading to 

a structure with smaller pores. Foams with larger pores were produced when 

higher temperatures were applied because increased diffusion rates facili-

tated pore growth. Moreover, a reduction in the depressurization rate led to 

larger pores, since it allowed for longer period of pore growth. Increasing 

the amount of glycolic acid content in the PLGA copolymer decreased the 

pore size of the scaffold. Mathieu  et al.  13,14  investigated supercritical fl uid 

foaming of PLA and PLA-ceramic (HA and  β -TCP). Neat PLA foams with 

78–92% porosities and interconnected pores (200–400  μ m) were prepared. 

The addition of fi llers reduced the foam porosity, and a higher density of 

smaller and more closed pores was achieved as a consequence of increased 

matrix viscosity due to the presence of fi llers. The compressive strength and 

modulus were increased up to 6 and 250 MPa, respectively, with fi llers for a 

given porosity. 

 The application of scCO 2  for producing PLA-based nanocomposite foams 

has also been investigated. For example, Blaker  et al.  68  have used scCO 2  

technology to simultaneously disperse a nano-clay in PLA and fabricate a 

porous structure for load-bearing applications. The incorporation of nano-

clay into PLA resulted in signifi cant improvement in mechanical properties 

(2.5-fold increase in compressive strength compared to neat PLA), and bio-

compatibility of the foams. The pore size of these porous nanocomposites 
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 11.1      (a) The infl uence of gas type on porosity. (b) Photomicrograph 

of typical PLGA scaffold foamed for 24 h in 850 psi CO 2 . PLGA (85:15) 

discs were equilibrated for 1 h in 850 psi gas prior to pressure release 

(340 psi/min). 62   
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was about 200  μ m which also suggested that they can support neovascular-

ization. Despite the advantages of this technique for preparation of poly-

mer/nanocomposites scaffolds, designing a porous polymer nanocomposite 

with adequate interconnected pores through scCO 2  remains a challenge. 55   

  11.5     Solid-state foaming with high pressure CO 2  

 Gas foaming can also be performed with high pressure CO 2  at low tempera-

tures (solid-state foaming). In this CO 2 -based foaming process, the polymer 

is initially saturated with CO 2 , and then followed by an expansion step. 69  The 

polymer is plasticized during the saturation step since the  T   g   of the poly-

mer decreases to a value below the saturation temperature. In addition, the 

polymer matrix swells, and the reduced viscosity allows the polymer–CO 2  

mixture to be processed at lower temperatures. Once the polymer matrix is 

saturated with CO 2 , a rapid decrease in pressure provokes a shift in the ther-

modynamic equilibrium. Consequently, an oversaturation of CO 2  occurs in 

the polymer. However, foaming (nucleation and cell growth) will not occur 

below the  T   g   because the polymer matrix can still be in the glassy state, e.g. if 

the saturation temperature is relatively low, and  T   g   has not been adequately 

depressed by CO 2  sorption. Therefore, phase separation and nucleation will 

only occur when the saturated specimen is heated to a temperature above 

 T   g  . It should be noted that the foaming will take place instantaneously if the 

saturation temperature is high enough, and the polymer is in the rubbery 

state due to suffi cient decrease in  T   g  . When the polymer returns to the glassy 

state, either by a decrease in temperature or a decrease in the CO 2  concen-

tration, cell growth will stop. 69  

 Mooney  et al . 70  developed this technique by foaming poly(D,L-lactic-co-

glycolic acid) that was exposed to high pressure CO 2  (5.5 MPa) for 72 h 

at room temperature. By reducing the CO 2  pressure to atmospheric levels, 

the solubility of the gas in the polymer matrix decreased rapidly, result-

ing in thermodynamic instability of the dissolved CO 2  and leading to the 

nucleation and growth of gas cells within the polymer matrix. Large pores 

(~100  μ m) and up to 93% porosity could be produced using this technique. 

The porosity and pore structure depend on the amount of gas dissolved in 

the polymer and the rate and type of nucleation, as well as the diffusion rate 

of gas molecules through the polymer to the pore nuclei. 61,65  By changing 

the gas pressure and temperature, the amount of dissolved gas can be con-

trolled. Homo/heterogeneous nucleation and the diffusion rate of dissolved 

gas can be regulated by the processing temperature and the rate at which 

the gas pressure is changed. By increasing the amount of dissolved gas in 

the polymer matrix, or increasing the gas diffusion rate after thermody-

namic instability, a more interconnected pore structure could be created. 70  

Singh  et al.  71  investigated the fabrication of PLGA foams for biomedical 
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applications. Porosity of 89% with a pore size ranging from 30 to 100  μ m 

was achieved at CO 2  pressures of 100–200 bar and temperatures up to 40 ° C. 

Hu  et al . 72  suggested that the foamability of the PLA depends on solubility, 

diffusion coeffi cient of CO 2  into the material, and the polymer degree of 

crystallinity. It was found that the presence of CO 2  induced crystallinity in 

PLA, and the degree of crystallinity increased with increasing saturation 

pressure. Foaming was performed by saturating the polymer for 2 days with 

CO 2  at different pressures and at room temperature. The pressure was rap-

idly released and samples were subsequently allowed to foam at a range of 

temperatures from 25 ° C to 160 ° C for 5, 10, 30, and 90 s. A more uniform cel-

lular structure was obtained when PLA samples were saturated at 2.8 MPa 

and room temperature followed by foaming at 100 ° C. 

 Matuana  et al.  73  investigated the effect of gas (CO 2 ) saturation condi-

tions on the expansion ratio of microcellular PLA through a batch foaming 

process. Various gas saturation times and pressures were applied at room 

temperature to produce PLA foams with a high expansion ratio. A high 

expansion ratio (10-fold) was achieved at a gas saturation pressure up to 

2.76 MPa corresponding to a critical gas concentration of approximately 

9.4%. There was a signifi cant reduction in foam expansion beyond this crit-

ical processing condition. 

 It is worth pointing out that CO 2  has also been used as a foaming agent to 

create porous structures of PLA blended with other polymers. For example, 

the gas foaming technique using supercritical and subcritical CO 2  has been 

shown to be effi cient in creating porosity in poly(D,L-lactide)/polyethylene 

glycol (PDLLA/PEG) blends. 74  PDLLA/PEG blend with 70/30 weight ratio 

was found to demonstrate the optimum properties. This foaming technique 

allowed for the production of 3D porous scaffolds whereby the pore size 

could be tailored by adjusting the process variables. While the average pore 

diameter was reported to be in the range of 15–150  μ m, the pore size was 

larger at subcritical conditions. The pore size had a considerable infl uence 

on the mechanical properties, as well as medium up-take and degradation. 

The pore size of the produced scaffolds could be modifi ed for various TE 

applications.  

  11.6     Tissue engineering applications of PLA 
and PLA-based foams 

 PLA-based materials have extensively been investigated for different TE 

applications such as skin, nerve, liver, vascular, intestine, cartilage, and bone 

regeneration. 

 PLA and PLA-blend foams alone have been a major focus of studies as 

TE biodegradable scaffolds; however, in order to improve the load-bearing 
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capacity, bioactivity, and biological response of the scaffolds for certain appli-

cations, composite foams based on PLA have widely been also developed. 

For this purpose, several fi llers have been incorporated into PLA, which 

include SGs (e.g. Bioglass ® ), 75  PGs, 18  HA, 14  TCP 14 , and silk. 76  Incorporation 

of these fi llers has been shown to successfully improve the mechanical prop-

erties of the foams, as well as induce bioactive functions (e.g. bone bonding 

ability through the formation of a HA-like surface layer). 77,78  Furthermore, 

the addition of HA and  β -TCP to PLA foams, processed by supercritical 

gas foaming, has been shown to increase alkaline phosphatase activity for 

fetal bone cells, and a stronger production of Gla-osteocalcin for adult bone 

cells. 79  In addition, the addition of fi llers can negatively or positively affect 

the foam morphology, which should be taken into account in the design 

of composite foams. For example, although the fi llers can act as nucleat-

ing agents, resulting in increased pore formation, higher volume fractions 

may lead to very small pore size impeding suitability for TE applications. 

Moreover, while increased amounts of fi ller can hinder the foamability of 

PLA by altering its viscoelasticity, the presence of fi llers can contribute to 

increased open pore morphology, and interconnectivity. Because of the 

aforementioned reasons, TE applications of both PLA and PLA-based com-

posites will be addressed in this section. 

 Dense and porous PLLA membranes with different pore size (< 45  μ m, 

between 180 and 250  μ m, and between 250 and 350  μ m) were investigated 

by Santos  et al.  80  for potential applications as substrates for skin regenera-

tion. A fi broblastic cell line, attached to the PLLA membranes, was found 

to proliferate, and produce extracellular matrix molecules such as collagen 

IV and fi bronectin, which suggested that PLLA membranes could have the 

potential to be used as substrates in skin injuries. PLA copolymers have 

also gained attention as skin dressing in wound healing applications, due to 

their mechanical properties and controlled degradation rate, such as PLLA/

PHBV (polyhydroxybutyrate-co-hydroxyvalerate). 81  

 Neural TE targets nerve regeneration by using scaffolds, neuronal sup-

port cells, and growth factors. 82  Reconnection of the proximal and distal 

ends of injured nerves is the route for the peripheral nerve regeneration of 

transacted nerves that is conducted by using autografts or tubular polymeric 

nerve guides. Non-degradable silicon tubes were initially used as nerve 

guidance channels for nerve regeneration. However, silicon tubes are being 

replaced by biodegradable polymers such as PLLA and PLGA, as these 

polymers negate the need for second surgery. 83  

 Liver replacement using isolated hepatocytes is a potential alternative 

to orthotropic liver transplantation that has serious limitations, such as 

rapid progression of the disease and donor shortages. Culturing the hepa-

tocytes in suspensions and encapsulating them in polymeric microcap-

sules have been investigated for this purpose. Among the biodegradable 
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synthetic polymers, PLA and PLGA have been considered as substrates 

for hepatocyte culture in liver TE. 

 Cardiovascular disease has been a major cause of mortality in the west-

ern world, particularly coronary artery disease. 84  TE approaches have been 

investigated to overcome the problems associated with surgical techniques 

using arterial grafts (e.g. acute thrombogenicity of the graft, anastomotic 

intimal hyperplasia, aneurysm formation, infection, and progression of ath-

erosclerotic disease). 85  TE approaches rely on using tubular porous struc-

tures, which should be biocompatible, fl exible, elastic, and biodegradable, 

are being seeded by autologous vascular cells, and subsequently cultured 

 in vitro  or immediately implanted. 86  Carfi  Pavia  et al.  87  have developed and 

characterized tubular scaffolds of PLLA/PLA blends (100/0, 90/10, 75/25 wt/

wt) for vascular tissue engineering (VTE) applications. A diffusion-induced 

phase separation (DIPS) process, after dip coating around a nylon fi ber 

with a diameter of about 700  μ m, was performed to produce the vessel-like 

scaffolds. The fi ber was initially immersed in a PLA/dioxane or PLLA/PLA 

blend/dioxane solution (dip coating bath) at 35 ° C, followed by immersion in 

a second bath (DIPS bath) containing pure water at the same temperature 

once it was pulled out at different constant rates. The as-produced scaffolds 

exhibited an open pore structure with interconnectivity along the wall. It 

was also demonstrated that the thickness of the wall could be changed by 

altering the rate at which the fi ber was extracted from the polymer/dioxane 

bath. Preliminary biological assessment of the scaffolds using endothelial 

cells (ECV304 continuous human endothelial cell) showed a good level of 

adhesion and proliferation with a development of a homogenous vessel-like 

monolayer. The results indicated promising applications of PLA scaffolds 

in VTE. 

 Lee  et al.  88  have used PLGA to produce macroporous foams for intes-

tine TE. In order to improve the hydrophobicity of PLGA, and also intro-

duce bioactive functionality, small intestine submucosa (SIS) was added as 

a natural source to produce SIS-powder-impregnated PLGA (SIS/PLGA) 

hybrid scaffolds. These macroporous foams were 90% porous, and had a 

relatively homogeneous pore structure, and good interconnected pores with 

an average pore size ranging between 69 and 106  μ m. After implanting the 

PLGA and SIS/PLGA scaffolds subcutaneously under the dorsal skin of an 

athymic nude mouse, SIS/PLGA scaffolds were found to be osteoconduc-

tive to allow remodeling and replacement by osseous tissue. 

 PLA, its copolymers and blends, have also been studied as scaffolds for 

cartilage TE. Freed  et al.  89  investigated the use of porous PDLLA mem-

branes as scaffolds for neocartilage formation. PDLLA scaffolds were pro-

duced using solvent casting particulate leaching technique. PDLLA sponges 

were 1  ×  0.5  ×  0.3 cm 3  with a porosity of 91%, and pores with diameters less 

than 308  μ m. Chondrocytes cultured on porous PLLA membranes showed 
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neocartilage formation, comparable to that observed for chondrocytes cul-

tured on collagen substrates prepared from articular cartilage. Chondrocytes 

grew on these substrates for up to 6 months, and maintained the shape of 

the initial apparatus, and a tissue with characteristics similar to those of 

cartilage was formed, i.e., the synthesis of glycosaminoglycans and collagen 

type I and II. A subcutaneous implant of human rib chondrocytes cultured 

on PLLA scaffolds in a nude mouse is shown in Fig. 11.2. The dimensions 

of the original polymer scaffold were maintained, and appeared glistening 

white macroscopically (Fig. 11.2b). PLLA scaffolds without seeded cells 

remained intact for up to 6 months, and explants appeared to be macroscop-

ically red (Fig. 11.2c). In this case, the polymers appeared to be infi ltrated 

by red blood cells in new blood vessels, lymphocytes, multinucleated giant 

cells, and fi broblasts. It should be mentioned that subcutaneous injection of 

isolated bovine chondrocytes resulted in irregular cartilaginous nodules in 

the absence of a polymer scaffold.      

 Bone repair has been considered to be a major application of TE. The gen-

eral concept of BTE includes the use of a construct to promote the regenera-

tion of the damaged tissue. 90  This construct is composed of a scaffold, viable 

(a) (b)

(c)

 11.2      (a, b) Nude mice with a subcutaneous implant of human rib 

chondrocytes cultured on a PLLA scaffold. (c) Explants with and without 

cultured bovine chondrocytes. 89   
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cells, and biologically active agents (e.g. growth factors). 90,91  An ideal scaffold 

for BTE applications should have biodegradability, biocompatibility, inter-

connected porosity with appropriate pore size, and appropriate mechanical 

properties to be able to stand the applied forces. 5,34,43,92  While current scaf-

folds in BTE are made either of polymers or ceramics, the inherent proper-

ties of these base materials, such as brittleness when made of ceramics and/

or relatively low mechanical strength when made of polymers, limit their 

use. To overcome this issue, porous structures based on composites have 

been developed for bone repair applications. In these, the mechanical prop-

erties of the polymer matrix are improved through particle reinforcement. 

Attributable to their bioactivity, bioceramics have been shown to improve 

the overall biological response of the construct. 93,94  PLA and PLGA have 

been extensively considered as degradable synthetic polymers for matrices 

of BTE scaffolds. 16  Osteoblastic cell adhesion, spreading, as well as ability 

to grow and proliferate on PLLA and PLGA fi lms, have been demonstrated. 

In addition, increased alkaline phosphatase activity and synthesis of colla-

gen I have been reported for cells grown on these polymers. 95  Bone mar-

row cells cultured on porous PLGA scaffolds were also found to be able to 

initiate ectopic bone formation when implanted into the rat mesentery. 96  

Porous materials present a better integration with the recipient tissue when 

implanted  in vivo . It has been reported by Salgado  et al.  34  that an optimal 

pore size for BTE should be between 200 and 900  μ m. However, according 

to Karageorgiou and Kaplan, 97  it is not possible to suggest an optimal pore 

size due to the large number of bone features  in vivo , and the diversity of 

biomaterials and cells used  in vitro  and  in vivo . They also reported that, 

although there is no optimal pore size, larger pore size favors osteogenesis 

as it allows suffi cient nutrient supplies and exchange of metabolic products. 

However, there is also an upper limit for the pore size, due to reduction in 

the mechanical stability of the scaffolds and surface area available for cell 

attachment. In contrast, pore occlusion by cells will prevent cellular diffu-

sion within the scaffold if the pores are excessively small. 

 Gugala  et al.  98  showed that porous PDLLA membrane provided a suit-

able scaffold for BTE since osteoblasts attached proliferated and expressed 

osteoblastic phenotype. Scanning electron microscopy micrographs of the 

PDLLA membranes are shown in Figs. 11.3a and 11.3b that reveal intercon-

nected open pores with a diameter in the range of 50–70  μ m. The osteo-

blasts, harvested from the calvariae of 8-day old OFA strain rats, attached 

to the PDLLA membrane grew into the pores while maintaining the pheno-

type and morphology (Fig. 11.3c). It was demonstrated that the cell number, 

DNA amount, alkaline phosphatase activity, and total protein amount were 

higher for the porous membranes as compared to those that were nonpo-

rous. Therefore, the benefi cial effects of porous membranes in the regener-

ation of bone could be attributed to the superior surface characteristics of 
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the porous membranes. It was also stated that such membranes seeded with 

autogenous osteoblasts have the potential to be used as tissue-engineered 

implants for the treatment of critical sized bone defects.      

 Although highly porous polymer matrices have a great potential for 

serving as TE scaffolds, they may be associated with poor mechanical prop-

erties (e.g. low strength), especially in BTE. Therefore, the incorporation 

of bioactive ceramics (e.g. calcium phosphates), or glasses (e.g. bioactive 

SGs and PGs) into biodegradable polymers has been of interest. In addi-

tion to improving the mechanical properties, such incorporation could also 

lead to increased osteoconductivity of the scaffolds. 47  Ma  et al.  99  produced 

highly porous PLLA and PLLA-HA scaffolds using TIPS technique. The 

fabricated foams have revealed interconnected porosity (approximately 

93% for PLLA and 89% for PLLA-HA composite) with pore size in the 

range of tens to hundreds of microns (Fig. 11.4). It was found that the 

PLLA-HA foams were mechanically strong, with architectures suitable 

for seeding and growth of osteoblast. The compressive modulus and yield 

strength of the PLLA-HA composite foam were signifi cantly greater com-

pared to those for neat PLLA foam. PLLA-HA foams were demonstrated 

to possess higher osteoblast survival rate. In addition, cell distribution 

(a) (b)

(c)

 11.3      Scanning electron microscope (SEM) micrographs of the porous 

PLA membranes; (a) surface and (b) cross-section (scale bars represent 

200  μ m). (c) SEM micrograph of osteoblasts on the porous PLA 

membrane: the cells attached to the membrane surface and grew into 

the pores (scale bar represents 50  μ m). 98   
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and growth was more uniform, and improved new tissue formation was 

observed. PLLA-HA composite foams revealed enhanced bone specifi c 

gene expression  in vitro  compared to neat PLLA foams. These fi ndings sug-

gested that the PDLLA-HA scaffolds were superior to the pure PDLLA 

scaffolds for osseous TE. 99       

 Phosphate glass incorporated PLA (PLA-PG) composite foams have also 

been produced and studied for BTE by Georgiou  et al . 18  using scCO 2 . The 

glass content was shown to affect the foam morphology. Smaller pores were 

created with increasing amounts of glass content and the foaming of PLA-

20 (wt.%) PG was found not to be effi cient. The addition of fi llers increased 

the foam densities; nevertheless, the required level of porosity for BTE 

remained above 75%. Direct contact of PLA-PG foams with human fetal 

bone cells and their proliferation have shown similar results compared to 

foams of PLA with HA or  β -TCP.  

  11.7     Conclusion and future trends 

 PLA and PLA-based foams have been extensively considered as scaf-

folds for TE applications as a consequence of their biodegradability, bio-

compatibility, and ease of fabrication with desired morphologies. Several 

fabrication techniques have been used to create PLA foams, including sol-

vent casting-salt leaching, phase separation, gas foaming, and freeze drying, 

among which gas foaming using CO 2  has been of interest since it negates 

the need for organic solvents. Although PLA satisfi es some of the required 

properties for TE applications, it lacks some important requirements, such 

as bioactive functionality and adequate mechanical properties for certain 

applications (e.g. load-bearing applications). Therefore, the incorporation 

of bioactive ceramics or glasses, and biofactors (e.g. proteins, genes and 

growth factors) into PLA scaffolds has been the focus of recent studies. For 

example, Ginty  et al.  100  developed composite scaffolds of alginate and PLA 

using scCO 2  and alginate entrapment technique to allow several degrada-

tion rates and release of selected biofactors. The encapsulation of vascular 

(a) (b)

200 μm 200 μm

 11.4      SEM micrographs of (a) PLLA and (b) PLLA-HA foams. 99   
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endothelial growth factor (VEGF) in the alginate fi bers, and bone morpho-

genetic protein (BMP) in PDLLA resulted in accelerated release of VEGF 

and slower release of BMP which play a prominent role in bone regener-

ation. Kanczler  et al.  101  investigated the delivery of human bone marrow 

stromal cells (HBMSC) onto the similar composite scaffold to enhance the 

bone regenerative capacity of the scaffold. It was demonstrated that a com-

bination of HBMSC and release of angiogenic and osteogenic factors from 

the alginate-VEGF/PDLLA-BMP scaffold improved the repair and regen-

eration of bone critical sized defects. Therefore, since the biodegradability, 

biocompatibility, and morphologies of PLA foams have been approved for 

TE applications, current and future research should be more focused on the 

enhancement of the biological response of these synthetic polymeric foams 

to improve the cell-scaffold interaction.  
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  Abstract : In the present chapter, the state-of-the-art of porous hydrogel 
foams will be described and emphasis will be made on their relevance 
for biomedical applications and, more specifi cally, tissue repair. The 
description aims at emphasizing both some novel aspects as well as the 
versatility of hydrogel foams. In addition, an overview of some general 
hydrogel aspects will be given. Next, a section will deal with natural 
polymers commonly used and suitable for hydrogel foam development 
and their respective tissue regeneration applications, followed by a 
description on advanced technologies applied to design and characterize 
novel hydrogel foams. 

  Key words : porous hydrogel scaffolds, surface modifi cation, tissue 
engineering, processing techniques, characterization tools. 

    12.1     Introduction 

 Mankind has always been looking for new ways to prevent or treat diseases 

and injuries. In infectious diseases, large steps forward have been taken 

with the introduction of antibiotics, vaccines, anti-virals, anti-fungals, etc. 

(Andre  et al. , 2008; Jayachandran  et al. , 2010). When it comes to injured or 

failing tissues, however, patients often end up on waiting lists for organ or 

tissue transplantation (Langer and Vacanti, 1993; Risbud, 2001; The Organ 

Procurement and Transplantation Network, 2012). Interestingly, the rela-

tively new research domain of regenerative medicine may offer new ways 

to treat patients with tissues that are failing due to trauma or disease. 

Regenerative medicine can be seen as an emerging interdisciplinary fi eld 

of research and clinical applications focused on the repair, replacement or 

regeneration of cells, tissues or organs to restore impaired function result-

ing from any cause, but including congenital defects, disease and trauma 
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(Greenwood  et al. , 2006). However, a more practical defi nition was pro-

posed by Mason and Dunnill (2008):

  ‘ Regenerative medicine replaces or regenerates human cells, tissues or organs, to 
restore or establish normal function .’   

 Because the aim of regenerative medicine is the restoration of normal 

function, it can be distinguished from organ transplantation, since patients 

receiving donor organs often require immunosuppressant drugs. This depen-

dence on pharmaceuticals cannot be considered ‘normal function’ (Yannas, 

2001; Mason and Dunnill, 2008). 

 One can distinguish four different strategies towards regenerative medi-

cine (Yannas, 2001). The fi rst strategy uses the patient’s own proteins, anti-

bodies or genes to restore tissue function (Go  et al. , 2011; Rios  et al. , 2011). 

The second is based on mature cells which are grown into functional tissues; 

this method is more commonly known as ‘tissue engineering’ (Langer and 

Vacanti, 1993; Risbud, 2001; Griffi th and Naughton, 2002; Tabata, 2009; Gojo 

 et al. , 2011; van Vlierberghe  et al. , 2011a). The third is the use of (embry-

onic) stem cells (Gojo  et al. , 2011). Finally, prosthetic devices can be used to 

replace the failing tissue’s function (Chehade and Elder, 1997). 

 Tissue engineering has been defi ned by Langer and Vacanti as an inter-

disciplinary fi eld that applies the principles of engineering and life sciences 

toward the development of biological substitutes that restore, maintain or 

improve tissue function (Langer and Vacanti, 1993). 

 One can distinguish four main strategies for engineering new tissues 

(Langer and Vacanti, 1993; Peter, 2004). The fi rst is the delivery of biologi-

cally active molecules, including growth factors, therapeutic genes and drugs, 

that can act as cues to induce new tissue formation (Langer and Vacanti, 

1993; Risbud, 2001; Dang and Leong, 2006; Go  et al. , 2011; Ladewig, 2011). 

In the second, isolated cells or cell substitutes can be applied. The third is 

the combination of donor cells with semi-permeable membranes, which are 

subsequently implanted; these biomedical devices are able to perform some 

biochemical tasks, which healthy tissue should perform, but without the risk 

of tissue rejection by the patient’s immune system (Langer and Vacanti, 

1993). The use of porous hydrogel foams where cells can be seeded onto, 

offers a fourth possibility. 

 Ideal scaffolds share a number of characteristics, as reported by Ma (Peter, 

2004):

   1.     Ideal cell supports should possess a high porosity and a suitable pore 

size fi ne-tuned to the cell type applied.  

  2.     They should have a large surface area.  

  3.     The materials should show adequate mechanical strength.  
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  4.     Both the scaffolds and their metabolites should be non-toxic and 

biocompatible.  

  5.     The scaffolds should positively interact with cells.  

  6.     Biodegradability is often required, and the degradation rate should ide-

ally match the rate of new tissue formation.   

 Interestingly, tissue engineering is not limited to medical applications. The 

possibility of growing tissues  in vitro  in such a manner that they mimic their 

 in vivo  counterparts could also have a great impact on drug development 

and physiological and biological research (Dutta and Dutta, 2009). 

 In the present chapter, the fourth strategy of tissue engineering will be 

described. Porous three-dimensional scaffolds can be designed and devel-

oped that resemble the natural extracellular environment. Therefore, the 

biomaterials which are often selected show similar physico-chemical 

properties to the extracellular matrix (ECM). One example includes the 

development of porous scaffolds containing bioactive compounds such as 

glycosaminoglycans and/or growth factors (Ellis and Yannas, 1996; Freyman 

 et al. , 2001; Pek  et al. , 2004; Zaleskas  et al. , 2004). Subsequently, autologous 

or allogenic cells can be seeded and cultured on these materials, resulting 

in newly formed tissue  in vitro  (Nehrer  et al ., 1997) or  in vivo  (Nehrer  et al ., 
1997; Lee  et al ., 2003).  

  12.2     Hydrogel foam materials 

 In the past, a large number of materials, both synthetic and natural, have 

been proposed as cell carriers, including hydrogels. Hydrogels are hydro-

philic polymer networks able to absorb large quantities of water, ranging 

from ten up to thousands of times their dry weight (Hoffman, 2002). When 

it comes to biomedical applications, hydrogels are in general biocompatible 

(Hennink and van Nostrum, 2002). Because of their high water content and 

rubbery nature, hydrogels resemble the aqueous environment cells reside in 

(van Vlierberghe  et al. , 2011a). Their hydrophilic nature will also result in a 

low tendency for proteins and cells to adhere to their surface (Hennink and 

van Nostrum, 2002). In tissue engineering, however, cell adherence is often 

desired. This implies that, in some cases, specifi c functional groups should be 

introduced enabling cell attachment. To this end, arginylglycylaspartic acid 

(RGD) sequences are frequently applied. These RGD motives can bind to 

cell surface integrins thus facilitating cell adhesion (Barczyk  et al. , 2010). 

Hydrogels are also by defi nition porous and therefore enable the homoge-

neous penetration of cells through the interconnected pores and the subse-

quent formation of three-dimensional tissues (Park  et al. , 2011). In addition, 

a steady supply of nutrients towards, and removal of waste products away 

from the cells will be ensured (Park  et al. , 2011). 
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 A disadvantage of hydrogels, however, is their limited mechanical stabil-

ity and challenging sterilization (Hoffman, 2002). To improve the mechan-

ical properties, the inclusion of synthetic or natural fi bres, inorganic clay 

particles and carbon nanotubes have already been suggested (Zhou and 

Wu, 2011). Interestingly, the formation of (semi-) interpenetrating polymer 

networks (IPN) or double networks have also been proposed to improve 

the mechanical strength of hydrogel materials. 

  12.2.1      Physical hydrogels 

 A hydrogel is defi ned as ‘physical’ or ‘reversible’ when the polymer net-

work is held together by molecular entanglements and/or secondary forces 

(Hennink and van Nostrum, 2002). 

 A fi rst class of physical hydrogels is formed via ionic interactions (Hennink 

and van Nostrum, 2002). This includes polyions which form a hydrogel by 

the addition of oppositely charged ions. A typical example includes alg-

inates. Interestingly, uncharged polymers can also be crosslinked using ions. 

Dextran, which lacks ionic binding sites for cations, forms hydrogels in the 

presence of potassium ions, although these gels are unstable in water. Finally, 

ionic crosslinking can also be observed between polycations and polyan-

ions. This is the case upon formation of chitosan hydrogels by complexation 

with dextran sulphate, polyphosphoric acid or alginate (Hennink and van 

Nostrum, 2002; George and Abraham, 2006). 

 Crystallization of polymer chains can also result in the formation of phys-

ical gels (e.g. poly(vinyl alcohol) (PVA)) (Hennink and van Nostrum, 2002). 

Aqueous PVA solutions stored at room temperature will gradually form 

gels with a low mechanical strength. When the same solution is subjected to 

a freeze–thaw process, a highly elastic gel is formed. The latter can be attrib-

uted to the formation of crystalline PVA domains upon cooling, which act 

as physical junction zones. 

 Crosslinking due to stereocomplex formation is an alternative, also 

enabling physical hydrogel formation (Ikada  et al. , 1987; Hennink and van 

Nostrum, 2002). For example, for blends of poly(L-lactic acid) (PLLA) and 

poly(D-lactic acid) (PDLA), a melting temperature ( T   m  ) of 230 ° C has been 

observed, while the homopolymers of both stereoisomers show a  T   m   of 170 ° C 

(Ikada  et al. , 1987). This increase was attributed to the formation of stereo-

complexes. As a result, PLLA–PDLA has already been applied frequently 

to physically crosslink a series of (bio)polymers, including poly(ethylene 

glycol) (PEG), dextran and poly(hydroxyethylmethacrylate) (pHEMA) 

(Lim  et al. , 2000; Hennink  et al. , 2004; Nouailhas  et al. , 2011). 

 A fourth strategy is based on the amphiphilic nature of block or graft 

copolymers (Hennink and van Nostrum, 2002). Hydrophobic regions will 
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aggregate due to hydrophobic interactions. When a polymer chain contains 

only two blocks, this will result in micelle formation. In order to obtain a 

hydrogel network, multiblock copolymers or graft copolymers should be 

applied. 

 In some cases, graft copolymers can also be crosslinked by the formation 

of inclusion complexes. Choi  et al . applied PEG grafts to physically crosslink 

dextran chains in the presence of  β -cyclodextrin (Choi  et al. , 2002). 

 In another strategy, the secondary interactions responsible for gelation are 

hydrogen bonds. The base pairing in DNA which results in the well-known 

double helix is probably the best example of this principle. This concept 

has already been applied to crosslink polymers onto which oligodeoxyri-

bonucleotides were grafted (Nagahara and Matsuda, 1996; Hennink and 

van Nostrum, 2002). Another example is the complexation of poly((meth)

acrylic acid) (P(M)AA) with PEG. The oxygen of PEG will act as a hydro-

gen bond acceptor for the (meth)acrylic acid hydrogen bond donors. Since 

the (meth)acrylic acid pendant groups need to be protonated to form hydro-

gen bonds, the gel formation will be strongly pH dependent (Eagland  et al. , 
1994; Hennink and van Nostrum, 2002). 

 A fi nal method of enabling physical hydrogel formation is crosslinking 

via protein interactions. This method can be considered as a special case of 

hydrogen bonding or crystallization, but with much tighter control of the 

complexation via the proper design of the genetic code in synthetic DNA 

sequences. Some proteins form so-called coiled coils (i.e. left-handed super-

helices of right-handed  α -helices), of which the collagen superhelix is an 

example. The same effect can be achieved via synthetic polypeptides that 

contain the so-called ‘leucine zipper’ motif (Petka  et al. , 1998; Hennink and 

van Nostrum, 2002). Because peptide conformations are strongly pH and 

temperature sensitive, gel formation can be induced or inhibited via exter-

nal stimuli (Petka  et al. , 1998; Hennink and van Nostrum, 2002).  

  12.2.2      Chemical hydrogels 

 A polymer network is permanent when the polymer chains are crosslinked 

via covalent bonds (Hennink and van Nostrum, 2002). Depending on the 

chemical bonds introduced, they may be biodegradable or not. 

 A fi rst method to develop chemical hydrogels is crosslinking of polymers 

using radical polymerization. This strategy often implies the introduction 

of vinyl moieties. These vinyl groups can be introduced as end-groups or as 

pendant moieties along the polymer backbone. When adding vinyl (macro)

monomers, radical polymerization enables the bridging of the different 

polymer chains. This method has already been applied for the development 

of a large variety of hydrogels. Hutson  et al . used this method to develop 
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gelatin–PEG composite hydrogels (Hutson  et al. , 2011). Lee  et al . applied 

PEG–diacrylate as crosslinker for the polymerization of N-methacrylated 

L-3,4-dihydroxyphenylalanine (L-DOPA) monomers (Lee  et al. , 2004a). 

 In a second strategy, reactions between complementary chemical moieties 

are applied. The coupling of amines and carboxylic acids using carbodiimide 

chemistry is a straightforward example of this strategy (Tillet  et al. , 2011). 

Other examples include the reaction of hydroxyl- or amine-containing 

polymers with dialdehydes (Balakrishnan and Jayakrishnan, 2005; Manju 

 et al. , 2011; Tillet  et al. , 2011) or condensation reactions including the Ugi or 

Passerini reactions (de Nooy  et al. , 1999; Hennink and van Nostrum, 2002). 

In the Passerini reaction, a carboxylic acid and an aldehyde or a ketone are 

condensed with an isocyanide, resulting in the formation of an  α -(acryloxy)

amide. In the Ugi reaction, an amine is added to the reaction mixture, which 

then yields an  α -(acylamino)amide. Both reaction schemes are shown in 

Fig. 12.1.      

 A third possibility is crosslinking via high-energy irradiation. This method 

can be used to form networks starting from water-soluble polymers. Gamma 

or electron beam irradiation is applied to generate radicals along the poly-

mer backbone by homolytic scission of C–H bonds. In addition, radioly-

sis of water results in the formation of hydroxyl radicals which can attack 

the polymer chains, resulting in additional radical centres. Recombination 

of the formed macroradicals results in a crosslinked network. This strategy 

has the advantage that it can be performed in water under mild conditions. 

Interestingly, the use of a potentially toxic crosslinker is avoided and steril-

ization and crosslinking can be performed simultaneously (van Vlierberghe 

 et al. , 2011a). 

 Covalent links can also be introduced by enzymatic processes. Several 

successful enzymatic crosslinking strategies have already been reported in 
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 12.1      Overview of Passerini (top) and Ugi (bottom) reactions.  
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literature (Sperinde and Griffi th, 1997; Sperinde and Griffi th, 2000; Ogushi 

 et al. , 2007; Sakai  et al. , 2009; Davis  et al. , 2010; Jin  et al. , 2010). 

 Interestingly, in recent years, various research groups have also described 

the potential of ‘click chemistry’ to develop chemical hydrogels (Hu  et al. , 
2011; Koschella  et al. , 2011). ‘Click chemistry’ is a term used to indicate a 

set of powerful and selective reactions able to form heteroatom links (Kolb 

 et al. , 2001; Bock  et al. , 2006). Click reactions to be applied for the modifi -

cation of macromolecules should meet certain conditions (Nandivada  et al. , 
2007; Barner-Kowollik  et al. , 2011):

   1.     Resulting in the formation of stable bonds  

  2.     Tolerating other functional groups  

  3.     Reacting in a quantitative manner  

  4.     Producing few or no side products  

  5.     Occurring under mild conditions  

  6.     Easy work-up and purifi cation possible.   

 A material to be applied as scaffold should fulfi l certain requirements. First, 

high porosity is required in order to support diffusion of oxygen and nutri-

ents towards the cells and drainage of waste products from the matrix. In 

addition, pore interconnectivity is important to promote phenomena such 

as cell migration and angiogenesis. Secondly, the porous biomaterials should 

be biocompatible and in some cases also biodegradable (Kang  et al. , 1999; 

O’Brien  et al. , 2004). 

 The pore size required for cellular ingrowth depends on the cell type 

seeded on the matrix (Whang  et al. , 1995). For porous silicon nitride scaf-

folds, for example, endothelial cells bind preferentially to scaffolds with 

pores smaller than 80  μ m, while fi broblasts preferentially bind to larger 

pores (> 90  μ m) (O’Brien  et al. , 2005). A pore size gradient through the scaf-

fold could be favourable in some cases to mimic the complex architectures 

of tissues. Porous scaffolds with spatially variable pore size can infl uence the 

location and mechanical properties required by tissue interfaces. Pore size 

gradients can also impact cell migration  in vitro  and  in vivo , which is a sig-

nifi cant advantage for generating the complex tissue interfaces required for 

functional tissue regeneration (Wang  et al. , 2006). 

 The most frequently used porous synthetic polymeric hydrogels include 

poly(hydroxyethylmethacrylate) (pHEMA) (Dragusin  et al. , 2012), 

poly(sodium acrylate) (Pourjavadi  et al. , 2008) and poly(vinylalcohol) (PVA) 

(Lee  et al. , 2009). Common natural cell matrices include chitosan (Lee  et al. , 
2004b; O’Brien  et al. , 2005), collagen (Schoof  et al. , 2001; O’Brien  et al. , 
2005) and gelatin (Kang  et al. , 1999; Ren  et al. , 2001; Ulubayram  et al. , 2002). 

Gelatin has also often been selected, since it is a self-assembling, non-toxic, 

biodegradable, inexpensive and non-immunogenic material (Ulubayram 
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 et al. , 2002). It has been widely applied in medicine as a wound dressing 

and as an adhesive and absorbent pad for surgical use (Choi  et al. , 2001). 

Moreover, several studies on gelatin-based sponges have already indicated 

that acellular sponges composed of gelatin have potential application in the 

fi eld of tissue engineering (Lee  et al. , 2003).   

  12.3     Equilibrium swelling theory and rubber 
elasticity theory 

 The upcoming subsections will give insight in the background of the equi-

librium swelling theory and the rubber elasticity theory. In addition, various 

examples will be given to indicate the applicability of both theories with 

respect to hydrogel characterization. 

  12.3.1      Equilibrium swelling theory 

 Different theoretical models exist to determine the number-average molec-

ular weight between crosslinks ( M   c  ), among which the model of Flory and 

Rehner is the most important (Peppas  et al. , 2000). This model is based on 

two assumptions:

   1.     The polymer chains follow a Gaussian distribution. This implies that the 

end-to-end distance between the chain ends is much smaller than the 

contour length of the chain.  

  2.     The crosslinks are tetrafunctional.         

 During swelling, the polymer chains of a hydrogel network are subject to 

two opposing forces, the thermodynamic force of mixing and the retrac-

tive force of the polymer chains (Peppas  et al. , 2000). At equilibrium swell-

ing, both forces are equal. The corresponding change in free energy during 

swelling can be described according to the following equation:

 
Δ ΔG GΔ GmiGG x eΔG l+      [12.1] 

  Δ  G  mix  = free energy of mixing (i.e. indication of the compatibility between 

polymer and solvent, expressed by polymer–solvent interaction param-

eter   χ   1 ), 

  Δ  G  el  = elastic free energy. 

 Differentiation of Equation [12.1] with respect to the number of solvent 

molecules at a constant temperature and pressure, results in the chemical 

potential of the solvent in a swollen hydrogel:
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μ   1  = chemical potential of the solvent in the hydrogel, 

μ   1,0  = chemical potential of the pure solvent, 

N  = Avogadro’s number, 

n  1  = number of moles of solvent, 

α   s  =  expansion factor which expresses the linear deformation of the net-

work structure due to isotropic swelling. 

 In Equation [12.2], the terms A and B rule out at equilibrium swelling. 

Upon equating these two contributions and substituting the free energies 

G  mix  and  G  el , an expression is obtained for the average molecular weight 

between two neighbouring junctions for a neutral hydrogel prepared in the 

absence of a solvent (Brannonpeppas and Peppas, 1991).  
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Mc     = average molecular weight between crosslinks, 

Mn     =  number-average molecular weight of the polymer before 

crosslinking, 

ν     = specifi c volume of the polymer, 

V  1  = molar volume of water, 

v2, s   = polymer volume fraction of the hydrogel at equilibrium swelling, 

χ   1  = polymer–solvent interaction parameter. 

 The original Flory-Rehner theory was extended by Peppas and Merrill to 

be applied for hydrogels prepared in the presence of water. This led to the 

following equation (Peppas and Merrill, 1977):
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v2, r   =  polymer volume fraction in the relaxed state (i.e. state of the polymer 

after crosslinking but before swelling). 



344   Biomedical Foams for Tissue Engineering Applications

 This equation thus takes into account the polymer volume fraction in the 

relaxed state. 

 Further theoretical descriptions for hydrogels containing ionic moieties 

will not be discussed in the present work, but can be found in the literature 

(Peppas  et al. , 2000). 

 Looking at Equation [12.4], Mc     can only be obtained when the values of 

the number-average molecular weight of the polymer before crosslinking 

(Mn    ), the specifi c volume of the polymer (ν    ), the polymer–solvent interac-

tion parameter (  χ   1 ) and the polymer volume fractions  v  2, r   and  v  2, s   are known. 

The number-average molecular weight can be obtained from size exclusion 

chromatography using universal calibration. The polymer volume fraction 

in the relaxed state can be determined from density measurements via pyc-

nometry. The polymer volume fraction in the swollen state and the specifi c 

volume of the polymer can be derived from a combination of pycnometry 

and swelling studies. The polymer–solvent interaction parameter can be 

determined from equilibrium swelling measurements (Bahar  et al. , 1987).  

  12.3.2      Rubber elasticity theory 

 A second theory which is often applied to obtain a variety of hydrogel prop-

erties is the rubber elasticity theory, which can be applied to hydrogels since 

they respond like rubber (i.e. elastically) to externally applied stresses. The 

rubber elasticity theory was originally developed for vulcanized rubbers by 

Treloar and Flory (Flory, 1944; Treloar, 1944). Later, it was extended to a 

larger class of polymers by Flory (Peppas  et al. , 2000). Since hydrogels are 

water-swollen networks, the rubber elasticity theory was further modifi ed 

by Silliman, Peppas and Merrill, enabling structure analysis of hydrogels 

prepared in the presence of a solvent (Peppas  et al. , 2000). Excellent reviews 

describing the various rubber elasticity theories developed can be found in 

literature (Gent, 1974; Boyce and Arruda, 2000; Kloczkowski, 2002). 

 Summarizing the main outcome of the rubber elasticity theory for hydro-

gels prepared in the presence of a solvent, the following equation gives the 

relation between a series of hydrogel parameters (Peppas  et al. , 2000):
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  τ    s   = stress applied to the polymer sample, 

   ρ   = density of the polymer, 

  R  = universal gas constant, 

  T  = absolute experimental temperature, 

 < α > = isotropic dilation factor (~  v  2, r   
1/3 ), 
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 The rubber elasticity theory has already been frequently applied to 

characterize various hydrogel systems (Anseth  et al. , 1996); Lee  et al.  have 

studied the degradation profi le of poly(aldehyde guluronate) hydrogels by 

monitoring the change of the crosslink density during degradation (Lee 

et al. , 2004c). Alternatively, the infl uence of the selected crosslinker on the 

crosslink density of poly(methyl methacrylate) beads was examined (Ding 

et al. , 1991). Chiu  et al.  have determined the effective network density of 

temperature and pH-sensitive hydrogels, prepared by copolymerization of 

N-isopropylacrylamide, N-t-butylacrylamide, acrylic acid and methacry-

loylglycylglycine p-nitrophenylester, using cystamine as crosslinker (Chiu 

and Yang, 2000). Finally, our research group has previously evaluated the 

effect of applying a cryogenic treatment on the crosslink densities of gel-

atin-based scaffolds using the rubber elasticity theory (VanVlierberghe 

et al. , 2009). 

 Looking at the various examples given, the rubber elasticity theory has 

shown to be a valuable tool to study the crosslink density of hydrogels, by 

applying straightforward experimental set-ups (Ding  et al. , 1991).   

  12.4     Overview of hydrogel properties 

 In the upcoming sections, an overview of a series of important hydrogel 

properties including the hydrogel crosslinking effi ciency and mechanical 

and swelling properties is presented. In addition, specifi c examples are given 

to highlight their relevance for several applications, together with a straight-

forward procedure on how to determine the hydrogel properties. 

  12.4.1      Hydrogel crosslinking effi ciency 

 Since UV curing of hydrogels results in water-insoluble polymer networks, these 

hydrogels cannot be characterized using conventional  1 H-NMR spectroscopy 

due to considerable line broadening. These broad signals can be attributed to 

the presence of dipolar interactions, chemical shift anisotropy and magnetic 

susceptibility (Shapiro and Gounarides, 2000; Li, 2006; Roy  et al. , 2008). 

 Interestingly, the observed line broadening can be strongly reduced by 

rapidly rotating the sample at an angle of 54.7 °  relative to the static mag-

netic fi eld (Li, 2006). At this magic angle   θ  , the ( c ) /1cos 22 θ     contribution 

of the Hamiltonian disappears, effectively removing the line broadening 

effects. Magic angle spinning-nuclear magnetic resonance (MAS-NMR) 

spectroscopy therefore allows the recording of NMR spectra of solids, with 

narrower signals. The applied spinning rates are generally in the order of a 

few kilohertz. 

 An additional improvement can be achieved for hydrogel samples which 

can be swollen in a deuterated solvent (e.g. deuterium oxide, D 2 O). As a 
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result, the polymer gains translational movement, enabling the chains to 

more closely resemble the conditions they would experience in solution. 

The latter results in a further decrease in line width in the recorded spec-

tra (Rueda  et al. , 2005). As a consequence, hydrogel materials with a high 

crosslinking degree will show broader peaks than less crosslinked materials 

because of their reduced chain mobility (Rueda  et al. , 2003a). 

 The combination of the above-mentioned effects thus enables the appli-

cation of  1 H-NMR spectroscopy to semi-solid samples. Because of this, 

HR-MAS NMR spectroscopy is increasing in importance as a characteriza-

tion tool in solid-state synthesis (Shapiro and Gounarides, 2000; Ramadhar 

 et al. , 2008), polymer chemistry (Capitani  et al. , 2001; Rueda  et al. , 2003a, 

2003b, 2005; Kimoto  et al. , 2005; Annunziata  et al. , 2007; Cuggino  et al. , 
2008; van Vlierberghe  et al. , 2010), food science (Castejon  et al. , 2010; Perez 

 et al. , 2011; Valentini  et al. , 2011), analytical chemistry (Simpson  et al. , 
2001; Bradley and McLaughlin, 2007), heterogeneous catalysis (Roy  et al. , 
2008) and in the biomedical fi eld (Birkefeld  et al. , 2003; Chen  et al. , 2004; 

Mancuso and Glickson, 2004; Cheng  et al. , 2006; Li, 2006). 

 As an example in the fi eld of hydrogel foams, HR-MAS  1 H-NMR spec-

troscopy has already been applied to determine the crosslinking degree of 

porous gelatin-based hydrogels. By comparing the integration of the sig-

nal corresponding to the double bonds present in methacrylamide-modifi ed 

gelatin with the integration of a signal that remains chemically inert during 

the crosslinking procedure, the crosslinking effi ciency can be determined 

(van Vlierberghe  et al. , 2010).  

  12.4.2      Mechanical properties 

 The fi rst technique which is applied to determine the mechanical properties 

of hydrogels is rheology. Rheology is the study of the deformation and fl ow 

of matter under the infl uence of an applied stress. The term was introduced 

in 1920 by Bingham, based on ‘panta rhei’ (i.e. ‘everything fl ows’) initiated 

by Heraclitus. Rheology is extending the conventional principles of elas-

ticity and Newtonian fl uid mechanics to materials whose mechanical prop-

erties cannot be described using classical theories. Rheological behaviour 

is particularly observed in polymeric hydrogels (Lohse, 2005; Seema and 

Kutty, 2005). 

 In general, oscillatory tests are used to examine all kinds of visco-

elastic materials including low-viscosity liquids (Nijenhuis and Winter, 

1989; Schurz, 1996), polymer solutions (Chambon et al., 1986; Bindal 

et al., 2003), melts (Li  et al. , 2005), pastes (Rasteiro and Antunes, 2005), 

gels (Ramakrishnan  et al. , 2004), elastomers (Shin  et al. , 1991) and even 

rigid solids (Telis  et al. , 2005). This mode of testing is also referred to as 

‘dynamic mechanical analysis’ (Wolfe  et al. , 1989). The measurements 
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can be performed by means of a rheometer, consisting of two basic com-

ponents separated by the sample (Fig. 12.2). Tests with controlled shear 

strain are applied on visco-elastic materials in the form of oscillatory sine 

functions according to:

    γ γ ω( )γγ i tγ ωω) sin0     [12.6]  

with   γ   0  = amplitude, 

ω   = frequency. 

 The shear stress corresponding to this deformation is a phase-shifted sine 

function:

    ω δ( )ττ sin( )δδωωτ) sin(0     [12.7]  

with the phase shift angle   δ   between the preset and the resulting curve, as 

illustrated in Fig. 12.2. The phase shift angle is always in the range from 0 °  

to 90 ° . For ideal elastic behaviour   δ   = 0 ° , for ideal viscous behaviour   δ   = 90 °  

and for visco-elastic behaviour 0 °  <   δ   < 90 ° .      

 Two important parameters exist enabling the characterization of visco-

elastic materials, namely the storage modulus ( G  ′ ) and the loss modulus 

( G  ″ ). 

 The  G  ′ -value is a measure of the deformation energy stored by the 

sample during the shear process. After the load is removed, this energy is 

Oscillation
stress or strain

Rotor

Hydrogel

Stator

δ

γ

τ

12.2      Preset shear strain function γ (t), and resulting shear stress 

function τ(t), applied during a rheological experiment.  
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completely available, now acting as the driving force for the reformation 

process, which partially or completely compensates the previously applied 

deformation of the structure. Materials which store the whole deforma-

tion energy show completely reversible deformation behaviour, since they 

resume an unchanged shape after a load cycle. Thus,  G  ′  represents the elas-

tic behaviour of a test material:

    ′ =G ( )))
τ δcos

γ
0ττ

0

    [12.8]  

The  G  ″ -value is a measure of the deformation energy consumed by the 

sample during the shear process and thereafter lost. This energy is spent 

during the process of changing the material’s structure, e.g. when the sam-

ple is fl owing. There exists relative motion between the molecules inducing 

frictional forces between these components, causing frictional heat. Energy 

is dissipated during this process. Part of this energy heats up the test mate-

rial, and another part may be lost to the surrounding environment. Energy 

losing materials are characterized by irreversible deformation behaviour, 

since their fi nal shape is changed after a load cycle. Thus,  G  ″  represents the 

viscous behaviour of a test material:

    ′ ( )G ω τ) = γ δ0 γ/ γγ        [12.9]  

In contrast to dynamic oscillation measurements, measuring at small defor-

mations (Osaki, 1993), large deformations are also applied in order to gain 

an idea of the mechanical properties of a material (Nunes  et al. , 2006). 

Usually tensile tests are performed (Stern  et al. , 2007). However, these 

are less suitable for hydrogels since cracks can occur at the fi xation points. 

Consequently, the majority of publications about large-deformation experi-

ments on hydrogels are concerned with compression tests (Bartkowiak and 

Brylak, 2006; Iritani  et al. , 2006). In general, large-deformation experiments 

can be performed by means of a texturometer, enabling fast and simple 

determination of the hydrogel properties. 

 Texturometry analysis is mainly used in the food industry (Soeda, 1995; 

Alasalvar  et al. , 2001). However, nowadays it has also proven its use in the 

pharmaceutical industry (Johnson  et al. , 1997; Pillay and Fassihi, 1999) and 

cosmetics (Jachowicz and Yao, 1996; Smewing, 1998). 

 By means of a plunger or probe (cylindrical, sphere-shaped, etc.), which 

compresses the sample at a constant rate, a compression force is applied to 

the testing material. Hydrogel samples can be positioned on a round open-

ing in the bottom plate and fi xed by the upper plate (Fig. 12.3).      
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 Different testing procedures can be applied when using texturometry. A 

‘texture profi le analysis test’ (TPA-test) can be performed in order to exam-

ine the ‘recovery’-properties of the hydrogels developed after compression. 

Fatigue and fracture tests give additional information on polymeric hydro-

gel samples (Tanahashi  et al. , 2006). 

 When performing the TPA-test, the sample is compressed twice by the 

plunger moving with the same speed. The theoretical curve, depicted in 

Fig. 12.4, always represents force as a function of time. From the surface 

Mobile arm
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Probe Fixation plate

Hydrogel

Bottom plate

Sample
Table

 12.3      Scheme of a texturometer apparatus and the TPA-test procedure.  
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 12.4      Overview of conventional texture profi le analysis test.  
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areas below the curves and from the measured forces, different parameters 

can be calculated, as shown in Table 12.1.      

 Fatigue tests are similar to TPA-tests. In contrast to TPA, where only two 

compression cycles are applied, hydrogel fi lms then undergo a large number 

of cycles in order to test for a possible change in mechanical properties after 

repeated loading (Cheng and Hwu, 2006). 

 In fracture experiments, only one compression cycle is applied until the 

hydrogel breaks. Parameters such as fracture force and fracture deformation 

are obtained after performing these tests (see Fig. 12.5) (Van Vlierberghe 

 et al. , 2011b). Elastic materials will break fast and suddenly. Plastic materi-

als, however, will break slowly (Bastun  et al. , 2006).       

 Table 12.1     Texturometrical parameters that can be obtained from a TPA-

experiment 

 Parameter  Unit  Defi nition 

 Hardness  N  The hardness value is the peak force of the fi rst 

compression of the product. 

 Fracturability  N  When a product fractures, the fracturability point 

occurs where the plot has its fi rst signifi cant peak 

(where the force falls off) during the probe’s fi rst 

compression of the product. 

 Cohesiveness  –  Cohesiveness is how well the product withstands 

a second deformation relative to how it behaved 

under the fi rst deformation. It is measured as 

the area of work during the second compression 

divided by the area of work during the fi rst 

compression. (i.e. Area 2/Area 1) 

 Springiness  –  Springiness is how well a product physically springs 

back after it has been deformed during the fi rst 

compression. Springiness is typically measured by 

the distance of the detected height of the product 

after the second compression (i.e. Length 2), 

divided by the original compression distance (i.e. 

Length 1). The original defi nition of springiness 

used Length 2 only, however, comparison could 

then only be made among products which were 

identical in their original shape and height. 

 Chewiness  N  Chewiness only applies for solid products and is 

calculated as Gumminess x Springiness. 

 Gumminess  N  Gumminess only applies for semi-solid products and 

is Hardness  ×  Cohesiveness. 

 Resilience  –  Resilience is how well a product ‘fi ghts to regain 

its original position’. You can think of it as instant 

springiness, since resilience is measured on the 

withdrawal of the fi rst penetration, before the 

waiting period is started. (i.e. Area 5/Area 4) 
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  12.4.3      Swelling properties 

 For some applications, not only the swelling capacity is important, the swell-

ing rate can also infl uence the applicability of materials. For certain  in vivo  

applications, knowledge of the swelling rate is important since it provides 

information on how quick a certain defect can be fi lled during or after a 

surgical procedure (Boelen  et al. , 2006). Therefore, the swelling kinetics of 

hydrogels foams can also be relevant. 

 An interesting alternative, if the experimental data obtained cannot be 

fi tted using simple power law expressions, was provided by the Voigt model, 

which consists of a spring and a dashpot in parallel (Omidian  et al. , 1998; 

Pourjavadi  et al. , 2006; Pourjavadi and Kurdtabar, 2007). The spring and 

dashpot respectively provide the immediate elastic and delayed viscous 

strain responses to an externally applied stress. Any number of arrange-

ments of these elements can be applied to simulate a particular kind of time 

dependence. In molecular terms, the elastic responses are the fast, reversible 

changes in bond length, shape and orientation which occur when stress is 

applied to a polymer chain. The viscous responses are the slower, irrevers-

ible energy dissipating processes, which occur as a result of the molecular 

movements. 
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 12.5      Force-deformation curve of disulphide-crosslinked gelatin 

hydrogels with increasing degree of substitution (15–60% DS) (test 

rate = 20 mm/min,  T  = 21 ° C). ( Source : Republished with permission 

of Pergamon, from  European Polymer Journal , Van Vlierberghe 

S  et al. ,  47 ,  5 , 2013; permission conveyed through Copyright 

Clearance Center, Inc.)  
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 In case of hydrogel swelling, there is no externally applied stress. 

Instead, stress is exerted on the hydrogel network by the interaction with 

water. 

 When a stress   σ   0  is applied at time  t  0 , the strain response   ε   of the model 

with Young’s modulus  E  is given at time  t  by the following expression:

    ε σt σ( ) σ [ ]0 / EE [ −EE [ t ttt τ        [12.10]  

where   τ   0  is known as the retardation time and determines the infl uence 

of the dashpot (Omidian  et al. , 1998). The system differs fundamentally 

from the stretching of a dry rubber, in that the volume drastically increases 

and the number of chain entanglements decreases with time. Consequently, 

the modulus in the equation mentioned above cannot have the same sig-

nifi cance for absorbents, although Flory referred to an inverse relationship 

between the equilibrium swelling of a rubber by a solvent and the modulus 

of the rubber. However, the time dependence of swelling was not discussed 

(Omidian  et al. , 1998). 

 The experimental swelling data follow a typical exponential relationship 

which has two characteristic constants, i.e.   σ   0 / E  and   τ   0 . The quantitative 

value of the former can be estimated from the values of the steady state 

swelling of the individual samples, since the water transport is diffusion-

controlled (Pourjavadi and Kurdtabar, 2007). For the latter, minus the recip-

rocal value of the slope of the plot of ln[1- S   t  / S   ∞  ] against time can be used ( S   ∞   

is equilibrium or steady state swelling). Since such a plot possesses a typical 

fi rst-order relationship, the slope is a measure of the characteristic time (  τ   0 ) 

for the individual scaffolds (Fig. 12.6). The Voigt-based equation can thus be 

rewritten as follows (Pourjavadi  et al. , 2006):

    S St eSS ( )e t− −        [12.11]  

where  S   t   is swelling at time  t ,  S   e   is equilibrium swelling and   τ   stands for the 

rate parameter.      

 Starting from this model, the rate parameter   τ   for a hydrogel matrix, 

which is a measure for the swelling rate, can be determined.   

  12.5     Natural hydrogel materials 

 Cells, being components of tissues or organs, never exist in isolation. They 

are always embedded in a structural support (i.e. the ECM). The ECM can 

be considered as a crosslinked hydrogel network, containing both polysac-

charides as well as structural, signalling and cell-adhesive proteins (West, 
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2011). These biopolymers control the biochemical and biophysical interac-

tions which cells experience in tissues. They thus play a vital role in cell via-

bility and function. 

 The ECM is composed of a variety of biopolymers including collagens, 

elastin fi bres, glycosaminoglycans (GAG), proteoglycans and adhesive gly-

coproteins (Rosso  et al. , 2004). Different combinations or spatial arrange-

ments of the above-mentioned components result in a series of different 

scaffold types that characterize tissues and organs. 

 In the following subsections, the most important ECM components will 

be discussed. 

  12.5.1      Collagen 

 Collagen is one of the most important constituents of the ECM and is 

responsible for the structural integrity and tensile strength of tissues (Sell 

 et al. , 2009; van Vlierberghe  et al. , 2011a). The protein consists of three mutu-

ally interacting polymer chains. These  α -chains are arranged into a repeat-

ing motif which forms a triple helical structure. 

 The collagen family consists of at least 12 different collagen types, 

which can be either homotrimeric or heterotrimeric (Sell  et al. , 2009; van 

Vlierberghe  et al. , 2011a). Collagen types I, II and III occur most frequently, 

and they form fi brous structures (Rosso  et al. , 2004). Other collagens, includ-

ing types IV, VII, IX, X and XII, are associated with collagen fi brils or are 

involved in the formation of basement membranes. 
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 12.6      Determination of  τ  as derived from the linear relationship between 
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 Because of its presence in the ECM, collagen has already been frequently 

applied to develop biomaterials and hydrogels (Adhirajan  et al. , 2009; Sell 

 et al. , 2009). Kew  et al . recently reviewed the application of collagen for the 

regeneration of tendons and ligaments (Kew  et al. , 2011). 

 An inherent drawback related to the application of collagen is the 

general concern of immunogenicity and disease transfer (Hubbell, 2003; 

Huang and Fu, 2010). Although most of the immunogenic character 

in collagen type I can be removed via enzymatic treatment, not all of 

the non-human proteins can be effectively cleaved from collagen. The 

use of exclusive human proteins might circumvent this issue, but even 

when applying human collagen, the risk of disease transfer remains. 

Recombinant collagen type I has already been developed to completely 

rule out the risk of disease transfer (Toman  et al. , 2000). Interestingly, 

recombinant collagen types I and III are already commercially available 

(Hubbell, 2003).  

  12.5.2      Elastin 

 Another fi brous protein present in the ECM is elastin. Its name is derived 

from the elastic properties which it introduces in the ECM (Stevens and 

Lowe, 1997; Rosso  et al. , 2004). Elastin is thus a key component of the ECM 

found within skin, the bladder, tendons, blood vessels, the lungs and elastic 

cartilage (Mithieux  et al. , 2004; van Vlierberghe  et al. , 2011a). 

 Elastin is assembled extracellularly and consists of tropoelastin mole-

cules (Mithieux  et al. , 2004), which are synthesized and secreted by smooth 

muscle cells and fi broblasts. In a subsequent step, the enzyme lysyl oxidase 

converts the   ε  -amines on the occasional lysine residues in adipic semi-alde-

hydes, which can act as cross-linkers. 

 Elastin is present in the ECM as a highly crosslinked biopolymer and 

forms strong associations with other (glyco)proteins present in the extra-

cellular environment (Stevens and Lowe, 1997; Mithieux  et al. , 2004; van 

Vlierberghe  et al. , 2011a). Because of its high crosslinking degree and the 

formation of supramolecular associations, elastin is highly stable in healthy 

tissue, with an estimated half-life of 70 years, rendering it the most persis-

tent protein in the human body (Mithieux  et al. , 2004). 

 Native elastin is not frequently applied for tissue engineering purposes, 

due to its substantial insolubility and the occurrence of associations with 

other biopolymers (Mithieux  et al. , 2004; Rosso  et al. , 2004). To circumvent 

this diffi culty, research has already been performed on the development of 

recombinant elastin and elastin-mimetic polymers (Mithieux  et al. , 2004; 

van Vlierberghe  et al. , 2011a).  
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  12.5.3      Laminin 

 Laminin is a major component of basal laminae. This protein can occur in 

different forms, resulting from closely related gene translation (Rosso  et al. , 
2004). Laminin shows a high binding affi nity for cell surfaces as well as for 

heparin and collagen type IV. Cell adhesion results from the presence of 

specifi c binding motives including RGD (Arg-Gly-Asp), PDSGR (Pro-Asp-

Ser-Gly-Arg), YIGSR (Tyr-Ile-Gly-Ser-Arg) and IKVAV (Ile-Lys-Val-Ala-

Val) that can interact with cell-specifi c surface receptors. Because of these 

cell binding capabilities, laminin is often applied to coat cell culture dishes 

and tissue plates to facilitate cell attachment and spreading (Rosso  et al. , 
2004).  

  12.5.4      Gelatin 

 Gelatin is single-stranded protein obtained from collagen by hydrolytic deg-

radation (van Vlierberghe  et al. , 2011a). Gelatin has already been used in a 

large variety of applications, including food industry, pharmaceutical formu-

lations, photographic and other technical products. 

 Interestingly, gelatin solutions form gel-like structures upon cooling. This 

renders gelatin an interesting biopolymer for tissue engineering applica-

tions. The gelation is thought to be driven by hydrogen bonding and van der 

Waals interactions, resulting in the aggregation of certain gelatin domains 

into collagen-like triple helices separated by peptide residues in the disor-

dered conformation (Djagny  et al. , 2001; Chatterjee and Bohidar, 2005; van 

Vlierberghe  et al. , 2011b). These junction zones, however, melt at tempera-

tures around 30 ° C (van Vlierberghe  et al. , 2011a). This implies that chemical 

crosslinking is required to avoid dissolution at body temperature. Since gel-

atin is only soluble in water and some alcohols, only water-soluble reagents 

can be used to achieve this goal (2011). 

 Gelatin can be obtained from collagen via an acid or basic hydrolysis 

(Djagny  et al. , 2001). An acidic treatment results in the production of gela-

tin type A, while basic treatments yield gelatin type B. In addition to the dif-

ference between both gelatin types, the collagen type applied and its animal 

origin also infl uence the composition and physical properties of the gelatin 

developed (see Table 12.2).      

 The preparation methodology of gelatin differs depending on the colla-

gen source applied and the chemical reagents used, while the overall princi-

ple remains the same (Djagny  et al. , 2001). Collagen (usually derived from 

skin or bone) is fi rst cut into smaller pieces, which can be handled more 

easily (Stacey and Blachford, 2002). The material is then washed and subse-

quently transferred into hot water to reduce the fat content to about 2%. The 
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degreased bone and skin is then dried and subsequently treated with either 

acid or alkaline solution. The reagents commonly applied are hydrochloric 

acid and sodium hydroxide for the acid and basic treatments, respectively 

(Djagny  et al. , 2001). Next, gelatin is extracted at elevated temperatures. 

The raw gelatin solution is subsequently purifi ed using classical techniques 

including fi ltration, centrifugation, etc., to obtain the end product. Finally, 

the gelatin is pressed into sheets or ground into a powder, depending on its 

fi nal application. 

 As a result of the different preparation methods, gelatin type A and B 

also differ in their physico-chemical properties. It has been reported that 

gelatin type A possesses an isoelectric point (IP) of 7–9, while gelatin type 

B is characterized by an IP ranging from 4.8 to 5.1 (Djagny  et al. , 2001). This 

difference can be attributed to the conversion of asparagine and glutamine 

into aspartic acid and glutamic acid, respectively, during the basic reaction 

conditions (Veis, 1964). The IP determines the charges present along the 

gelatin backbone at physiological pH and could thus affect its biocompat-

ibility. Gelatin type A will be positively charged at physiological pH, while 

gelatin type B will possess negative charges. It has been reported that gela-

tin B shows a better biocompatibility compared to gelatin type A. This can 

be attributed to the more severe basic treatment as compared to the softer 

acidic route. Another difference between the gelatin types is the intrinsic 

 Table 12.2     Amino acid composition of different gelatin types 

 Amino acids  Gelatin A  Gelatin B 

 Porcine skin 

(g/100 g) 

 Bovine 

(g/100 g) 

 Bovine hides 

(g/100 g) 

 Bovine bones 

(g/100 g) 

 Aspartate  4.4  ±  0.12  4.95  ±  0.18  5.01  ±  0.14  4.20  ±  0.17 

 Glutamate  8.14  ±  0.34  9.31  ±  0.35  9.20  ±  0.20  7.99  ±  0.37 

 Serine  3.12  ±  0.09  2.66  ±  0.07  2.76  ±  0.05  2.84  ±  0.06 

 Histidine  0.69  ±  0.02  0.56  ±  0.03  0.61  ±  0.01  0.53  ±  0.01 

 Glycine  21.63  ±  0.71  21.99  ±  0.89  22.12  ±  0.59  21.88  ±  0.61 

 Threonine  1.77  ±  0.03  2.24  ±  0.07  2.18  ±  0.05  1.77  ±  0.08 

 Arginine  7.32  ±  0.22  7.37  ±  0.25  6.74 ±  0.14  6.95  ±  0.24 

 Alanine  8.18  ±  0.24  9.06  ±  0.32  8.76  ±  0.18  8.69  ±  0.31 

 Tyrosine  0.64  ±  0.01  0.18  ±  0.01  0.21  ±  0.01  0.17  ±  0.02 

 Valine  2.49  ±  0.13  2.69  ±  0.11  2.63  ±  0.08  2.59  ±  0.10 

 Methionine  0.95  ±  0.03  0.76  ±  0.02  0.86  ±  0.02  0.68  ±  0.02 

 Hydroxylysine  1.24  ±  0.03  1.17  ±  0.05  1.26  ±  0.03  1.21  ±  0.04 

 Phenylalanine  1.92  ±  0.07  1.81  ±  0.06  1.76  ±  0.04  1.75  ±  0.04 

 Isoleucine  1.42  ±  0.05  1.67  ±  0.06  1.68  ±  0.04  1.62  ±  0.04 

 Ornithine  –  0.55  ±  0.05  0.97  ±  0.04  0.93  ±  0.07 

 Leucine  3.42  ±  0.12  3.41  ±  0.09  3.24 ±  0.07  3.47  ±  0.06 

 Lysine  3.85  ±  0.11  3.75  ±  0.09  3.49  ±  0.08  3.99  ±  0.09 

 Proline  13.57  ±  0.23  13.49  ±  0.43  14.35  ±  0.40  12.54  ±  0.39 
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viscosity of their solutions. Gelatin A results in slightly more viscous solu-

tions, although there is no difference in the melting temperatures of the 

resulting gels (Djagny  et al. , 2001).  

  12.5.5      Alginate 

 Alginates are a class of salts derived from alginic acid (i.e. a polysaccha-

ride derived from brown algae). They are unbranched copolymers of 

D-mannuronic acid (i.e. M block) and L-guluronic acid (i.e. G block) units 

arranged in an irregular, blockwise pattern of varying proportions of GG, 

MM and MG blocks (Yang  et al. , 2011). Mannuronic acid forms  β  (1  →  

4) linkages, while guluronic acid forms  α  (1  →  4) bonds resulting in sterical 

hindrance around the carboxylic acid groups. As a result, M blocks form 

linear domains while G blocks introduce folded regions responsible for a 

more rigid structure (Qin, 2008; Yang  et al. , 2011). The structure of sodium 

alginate is shown in Fig. 12.7.      

 Alginates can be obtained from a series of seaweeds, including ascophyl-

lum, durvillaea, ecklonia, laminaria, lessonia, macrocystis, sargassum and 

turbinaria (Qin, 2008). However, laminaria, macrocystis and ascophyllum 

are the most important sources, with alginate contents ranging from 17% to 

44 %. Alginates can be extracted from raw seaweeds by an alkaline treat-

ment, often using NaOH. The basic conditions transform the alginic acid 

in water-soluble sodium alginate. After fi ltration, the alginate can be pre-

cipitated using Ca 2+  ions. Further purifi cation and conversion fi nally yields 

commercially available sodium alginate. 

 Alginate is an interesting biopolymer for biomedical applications because 

of its ability to rapidly form gels upon addition of multivalent ions (Ahmad 

and Khuller, 2008; van Vlierberghe  et al. , 2011a). This gelation mechanism is, 

however, hard to control and does not result in a uniform structure (Peter, 

2004). A method to fi ne-tune the gelation kinetics using D-glucono- δ -lactone 

(GDL) was proposed by Ma  et al . (Kuo and Ma, 2001). Interestingly, polyols 
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 12.7      Structure of sodium alginate.  
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have also been reported to reduce the gelation rate enabling the injection 

and subsequent gelation of calcium alginate  in vivo  (van Vlierberghe  et al. , 
2011a). 

 The formation of an ionotropic hydrogel starting from alginate upon Ca 2+  

addition mainly involves the GG blocks along the polymer backbone (Qin, 

2008). Grant  et al . proposed a model in which the GG blocks were thought 

to combine with the Ca 2+  ions forming structures resembling an egg box 

(Grant  et al. , 1973) (see Fig. 12.8). Since different algae species result in 

alginates possessing different M and G contents, the physico-chemical prop-

erties of alginates from different sources can vary greatly. Alginates with a 

higher GG concentration result in the formation of stronger gels (d’Ayala 

 et al. , 2008; Qin, 2008).      

 In addition to its potential to form hydrogels in the presence of multivalent 

ions, alginate is mucoadhesive, biocompatible and non-immunogenic, making 

it very suitable for biomedical applications (d’Ayala  et al. , 2008). Alginate is 

particularly interesting when combined with stem cells, since alginate has been 

reported to reduce stem cell dedifferentiation (Abbah  et al. , 2006, Evangelista 

 et al. , 2007; Barminko  et al. , 2011). Although alginate is not cell-interactive as 

such, this drawback can easily be circumvented by the incorporation of cell-

interactive peptides (e.g. RGD motives) or growth factors (e.g. VEGF) along 

the polymer backbone (Chan and Mooney, 2008; Hunt and Grover, 2010; van 

Vlierberghe  et al. , 2011a). Alginate has already been applied frequently both 

 in vitro  as well as  in vivo  to induce the repair of cartilage, bone, blood vessels, 

neuronal tissue and hepatocytes (Drury and Mooney, 2003; Dvir-Ginzberg 

 et al. , 2003; Awad  et al. , 2004; Abbah  et al. , 2006; Cho  et al. , 2006).  

  12.5.6      Glycosaminoglycans 

 Another important class of biopolymers present in the ECM are glycosamin-

oglycans (GAG). GAGs are linear polysaccharides consisting of repeating 

= GG block
= Ca2+

Ca2+

 12.8      Egg box model for physical crosslinking of alginate. ( Source : 

Reprinted from Febs Letters,  32 , Grant  et al. , Biological Interactions 

between polysaccharides and divalent cations – egg box model, 

195– 198 , Copyright (2013), with permission from Elsevier.)  
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disaccharide units which contain sulphate groups. The most important GAGs 

include heparin, heparan sulphate, dermatan sulphate, chondroitin sulphate 

(4 and 6 derivative), keratan sulphate and hyaluronan (Rosso  et al. , 2004). 

 GAGs, with the exception of hyaluronan, are generally part of a larger 

biopolymer – proteoglycan. The molecules consist of a small protein core 

covalently linked to a large molecular weight glycosaminoglycan (i.e. up to 

95% by mass) (Campbell and Reece, 2005). 

 An important function of GAGs and proteoglycans is their ability to form 

larger aggregates which can absorb large amounts of water (Rosso  et al. , 
2004). The pressure generated by their swelling ability ensures tissues can 

withstand compression during joint movement. When associated with other 

ECM components, GAGs and proteoglycans play a vital role in the hydra-

tion and spatial organization of the ECM. 

 GAGs, including chondroitin sulphate and hyaluronan, can be applied 

for a variety of tissue engineering purposes, as reported in a review by van 

Vlierberghe  et al . (van Vlierberghe  et al. , 2011a). For example, hyaluronic 

acid (HA) was modifi ed with crosslinkable moieties using glycidyl meth-

acrylate by Leach  et al . (Leach and Schmidt, 2004, 2005; Leach et al., 2004). 

As anticipated, the degradation profi le of covalently crosslinked HA could 

be fi ne-tuned by varying the amount of incorporated double bonds. The 

hydrogels developed were evaluated for their potential to support revascu-

larization upon subcutaneous implantation in rats. The results indicated that 

the materials did not evoke a severe infl ammatory response. In addition, it 

was anticipated that the hydrogels developed possessed the potential to be 

applied for wound repair.  

  12.5.7      Fibronectin 

 Fibronectin is a multifunctional glycoprotein that can exist in different 

forms which are the result of alternative splicing of its mRNA precursor 

(Rosso  et al. , 2004; Huang and Fu, 2010). Fibronectin plays a vital role in cell 

attachment to a substrate, cell movement and cell differentiation (Rosso 

 et al. , 2004). Along the protein backbone, a variety of binding motives can be 

distinguished, including RGD (Arg-Gly-Asp), RGDS (Arg-Gly-Asp-Ser), 

LDV (Leu-Asp-Val) and REDV (Arg-Glu-Asp-Val) sequences. These pep-

tides function as important cell attachment sites. In this regard, RGD and 

LDV are particularly interesting, since they are able to bind to cell surface 

integrins (Barczyk  et al. , 2010). Other binding domains are able to asso-

ciate with other ECM components including collagen, heparan sulphate and 

fi brin (Rosso  et al. , 2004). 

 Integrins are a class of transmembrane proteins connecting the ECM to 

the cytoskeleton (Barczyk  et al. , 2010). This allows them to pass on mechan-
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ical cues from the ECM to the cell’s interior and vice versa (Stevens and 

Lowe, 1997). 

 Because fi bronectin contains a large number of binding motives, it is 

widely used in cell culture systems to promote cell adhesion and spreading 

(Rosso  et al. , 2004).   

  12.6     Hydrogel foam processing technologies 

 After hydrogel synthesis and/or modifi cation, the materials developed have 

to be processed into functional devices. In addition to the chemical composi-

tion, the microstructure, 3D porosity and surface roughness of the hydrogel 

scaffolds developed are also important parameters affecting cell adhesion 

(Meng  et al. , 2010). Although cellular dimensions are in general within the 

micrometre range, cells closely interact with the ECM, which is character-

ized by topographical and structural features in the nanometre range. The 

infl uence of surface topography has not been studied in depth up to now, 

but the available data indicate that the obtained results strongly depend on 

the cell type applied (Bacakova  et al. , 2011). 

 At present, different techniques exist to fabricate porous scaffolds includ-

ing porogen leaching (Kang  et al. , 1999; Kawanishi  et al. , 2004), phase sepa-

ration, emulsion freeze-drying (Whang  et al. , 1995; Hou  et al. , 2003b), solvent 

evaporation (Laurencin  et al. , 1998), gas foaming (Mooney  et al. , 1996a), fi bre 

bonding (Mooney  et al. , 1996b), electrospinning and rapid prototyping. 

 One of the most common and straightforward techniques to prepare 

porous scaffolds is the particulate leaching method, which involves the 

selective leaching of a mineral, usually NaCl, or of an organic compound 

such as saccharose to generate the pores (van Tienen  et al. , 2002; Horak 

 et al. , 2004). 

 Phase separation can result in scaffolds with porosities up to 95% (Ma 

and Zhang, 2001). Basically, the polymer is dissolved in a solvent, and phase 

separation is induced by lowering the solution temperature or by adding a 

non-solvent to the solution. The presence of polymer solvent or non-solvent 

residues in the scaffolds can, however, represent a limitation of phase sepa-

ration techniques (Reignier and Huneault, 2006). However, several papers 

have already reported on the use of water as solvent, excluding the pos-

sible disadvantage of residual (toxic) solvents (Dubruel  et al. , 2007; van 

Vlierberghe  et al. , 2007; van Vlierberghe  et al. , 2008). 

 An alternative, proposed for the fabrication of porous polymer scaffolds, 

is emulsion freeze-drying (Mu  et al. , 2006). Poly(DL-lactic-co-glycolic acid), 

for example, is dissolved in methylene chloride and then distilled water is 

added to form an emulsion. The polymer/water mixture is cast into a mould 

and quenched by placing it in liquid nitrogen. After quenching, the scaf-

folds are freeze-dried at –55 ° C, resulting in the removal of the dispersed 
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water and polymer solvents. Scaffolds with large porosities (up to 95%), 

but small pore sizes (13–35  μ m) have been fabricated using this technique. 

Porous nano-hydroxyapatite (n-HA) /PVA hydrogel composites have also 

been prepared using an  in situ  hydrothermal treatment in combination with 

emulsion freeze-drying. The pores exhibited full interconnectivity with a 

narrow pore size distribution and a high porosity because of the injection 

of air bubbles and the emulsifi er removal. Interestingly, both the pore size 

and the size distribution could be infl uenced by the weight of the emulsifi er 

added. The emulsion foam freeze-drying method can be used to prepare 

porous (protein-based) hydrogel scaffolds for tissue engineering purposes 

since the operating procedure occurs at a low temperature. Moreover, scaf-

folds with large porosities (up to 95%) but with small pore sizes (13–35  μ m) 

have already been fabricated using this technique. The above-mentioned 

pore-related parameters are very dependent on several factors, including 

the polymer concentration applied and the emulsion viscosity because of 

their effect on the stability of the emulsion prior to quenching. It is there-

fore anticipated that the pore size could be further increased in the future 

upon applying the optimized parameters. However, although this technique 

could be interesting because the additional leaching step is not required, the 

use of organic solvents remains a concern for the inclusion of cells and bio-

active molecules (Mikos and Temenoff, 2000). 

 Solvent casting/particulate leaching involves the casting of a polymer 

solution and dispersed porogen particulates in a mould, the removal of 

the polymer solvent, followed by leaching out of the porogen (Mikos  et al. , 
1994; Hou  et al. , 2003a). Because of the casting and the solvent evaporation 

step, this technique is only suitable for thin scaffolds. A drawback of this 

technique again is the application of organic solvents, which can be hard to 

completely remove from the scaffolds during the drying process. 

 In order to circumvent this problem, several authors proposed replacing 

solvent casting by melt-moulding, resulting in the melt-moulding/particulate 

leaching method. Briefl y, the melt-moulding step consists of premixing poly-

mer powder and solid porogen particulates and hot-pressing them together. 

The samples are then subjected to the same solid porogen leaching step as 

for the solvent-cast samples (Iannace  et al. , 2001; Oh  et al. , 2003). 

 Gas foaming is another alternative for the fabrication of porous poly-

mer scaffolds. It is carried out by dissolving a gas at elevated pressure (i.e. 

physical blowing agent) or by incorporating a chemical that yields gaseous 

decomposition products (i.e. chemical blowing agent). The foaming tech-

nique generally leads to pore structures that are not fully interconnective 

(Reignier and Huneault, 2006). The application of supercritical carbon diox-

ide (scCO 2 ) can also result in the formation of hydrogel foams (Lee  et al. , 
2007; Ji  et al. , 2011; Tsioptsias  et al. , 2011). Different approaches can be used 

to realize this, including gas foaming, phase inversion, emulsion formation, 
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critical point drying, etc. The driving force behind this strategy is the poly-

mer plasticization upon CO 2  sorption since pore formation occurs when the 

polymer is in the rubbery state. Upon cooling below the  T   g  , the porous struc-

ture developed is fi xed because of the solidifi cation. Tsioptsias  et al . have 

applied supercritical fl uids to develop porous hydrogel foams starting from 

gelatin, chitosan and blends thereof (Tsioptsias  et al. , 2011). Porous chitosan 

foams were also produced in a similar fashion by Ji  et al . (Ji  et al. , 2011). The 

subsequent covalent crosslinking occurred using genipin or glutaraldehyde. 

The materials developed enabled fi broblast adhesion and subsequent pro-

liferation over 7 days. Starch-based foams have also already been developed 

using a gas-blowing approach. For example, Kuang  et al . applied Pluronic 

F127 and acetic acid as foam stabilizer and foaming aid, respectively (Kuang 

 et al. , 2011). The starch foams produced possessed superabsorbent proper-

ties and were proposed to be applied for pharmaceutical and biomedical 

purposes. 

 Fibre bonding typically requires high temperatures (above the transi-

tion temperature of the polymer) and is not applicable for the processing 

of amorphous polymers. The high temperatures used in this process are also 

likely to denature any biologically active molecules one might wish to incor-

porate into the matrix (Harris  et al. , 1998). 

 Unlike the conventional fabrication techniques, solid freeform fabrication 

has no restriction on shape control. The latter is a computerized fabrica-

tion technique that can rapidly produce highly complex three-dimensional 

objects using data from computer medical imaging equipment such as MRI 

and CT scans. The prototyping material is deposited to build the fi nal struc-

ture in a layer-by-layer process, as discussed in Section 12.4.2 (Hutmacher 

 et al. , 2003; Khalil  et al. , 2005). 

 Finally, combinations of the above-mentioned techniques can also be 

applied. For example, a combination of phase separation and freeze-drying 

has already been used to successfully induce pore formation within gelatin-

based hydrogels (Dubruel  et al. , 2007; van Vlierberghe  et al. , 2007, 2009; 

Fassina  et al. , 2010). When an aqueous gelatin solution is solidifi ed (i.e. fro-

zen), phase separation occurs between the growing ice crystals and the con-

centrated gelatin solution (non-frozen liquid micro-phase) (Lozinsky, 2002; 

Lozinsky  et al. , 2001). After sublimation of the ice crystals (freeze-drying), a 

porous scaffold originates (Fig. 12.9).      

 Using a novel cryo-set-up (Fig. 12.10), the cooling rate, the temperature 

gradient and the fi nal freezing temperature during the cryogenic treatment 

can be varied in a controlled manner. Under the bottom of the mould, a 

Peltier element (also known as thermoelectric cooler, TEC) can be posi-

tioned (see Fig. 12.10). Thermoelectric modules are solid-state heat pumps 

that operate on the Peltier effect. A thermoelectric module consists of an 
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array of p- and n-type semiconductor elements, heavily doped with electrical 

carriers. The array of elements is electrically connected in series and ther-

mally connected in parallel. This array is then attached to two ceramic sub-

strates, one on each side of the elements (Fig. 12.11). Heat transfer occurs as 

electrons fl ow through one pair of n- and p-type elements (often referred to 
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 12.9      Cryogenic treatment of a gelatin-based hydrogel, followed by 

Lyophilization.  
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 12.10      Schematic overview of a programmable cryo-unit. ( Source : 

Reprinted with permission from (Van Vlierberghe  et al . Porous 

gelatin hydrogels: 1. Cryogenic formation and structure analysis 

(2007)  Biomacromolecules , 8(2),331–337). Copyright (2013) American 

Chemical Society.)  
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as a ‘couple’) within the thermoelectric module. More specifi cally, electrons 

can travel freely in the copper conductors but not so freely in the semicon-

ductor. As the electrons leave the copper conductor and enter the hot side of 

the p-type, they must fi ll a ‘hole’ in order to move through the p-type. When 

the electrons fi ll a hole, they drop down to a lower energy level and release 

heat in the process. Essentially the holes in the p-type are moving from the 

cold side to the hot side. Then, as the electrons move from the p-type into 

the copper conductor on the cold side, the electrons are bumped back to a 

higher energy level and absorb heat in the process. Next, the electrons move 

freely through the copper until they reach the cold side of the n-type semi-

conductor. When the electrons move into the n-type, they must bump up an 

energy level in order to move through the semiconductor. Heat is absorbed 

when this occurs. Finally, when the electrons leave the hot side of the n-type, 

they can move freely in the copper. They drop down to a lower energy level 

and release heat in the process.           

 In summary, heat is always absorbed at the cold side of the n- and p- type 

elements. The electrical charge carriers (holes in the p-type and electrons 

in the n-type) always travel from the cold side to the hot side, and heat is 

always released at the hot side of thermoelectric element. The heat pumping 

capacity of a module is proportional to the current and is dependent on the 

element geometry, number of couples and material properties. 
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 12.11      Working principle of thermoelectric coolers (i.e. Peltier elements).  
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 The Peltier element applied by van Vlierberghe  et al . enabled a temper-

ature gradient of maximum 30 ° C to be established between the top and 

the bottom of the mould. For the samples obtained by applying a tempera-

ture gradient, the temperature at the top of the mould was the highest. The 

temperature gradient was applied to create porous scaffolds with predeter-

mined pore morphologies (Van Vlierberghe  et al. , 2007). 

 However, nowadays, the most commonly applied techniques for polymer 

processing are electrospinning and rapid prototyping. These methodologies 

will be explained in depth in the following section.  

  12.7     Electrospinning and rapid prototyping 

 The following subsections are dealing with two hydrogel processing tech-

niques gaining increasing attention, including electrospinning and rapid 

prototyping. The techniques are explained in detail, together with their 

advantages and disadvantages. In addition, examples are given on hydrogel 

types which have been processed to date using either of both techniques. 

  12.7.1      Electrospinning 

 In order to perform electrostatic spinning or electrospinning, a high-voltage 

electric fi eld (typically 10–20 kV) is applied to form micro- and even nano-

scale fi bres from a suspended droplet of polymer melt or solution (Meng 

 et al. , 2010). A high voltage is applied at the end of a capillary tube where 

the polymer is suspended. When the repulsive electrostatic interactions 

overcome the droplet’s surface tension, a Taylor cone is formed and a poly-

mer jet is ejected from the tip of this Taylor cone (Park  et al. , 2008). The 

polymer jet is then accelerated towards a grounded collector screen. As the 

jet moves through the air, a stretching process occurs and the solvent evapo-

rates, which results in a non-woven polymer fabric or  polymer mat  (Peter, 

2004). The set-up of the electrospinning process is shown in Fig. 12.12.      

 Electrospinning has already been applied for both synthetic and natural 

polymers (Baji  et al. , 2010; Chang  et al. , 2012; Dasari  et al. , 2012). Rnjak-

Kovacina  et al . have electrospun elastin scaffolds for dermal tissue engineer-

ing applications (Rnjak-Kovacina  et al. , 2011). 

 Despite the interesting applications of electrospinning, the technique 

is limited to the formation of two-dimensional polymer mats (Holzwarth 

and Ma, 2011). Although the structures developed often show excellent 

cell adhesion, cell colonization is frequently problematic since the dense 

polymer mats generally do not allow cell permeation (Mironov  et al. , 2009; 

Holzwarth and Ma, 2011). Another problem with electrospun matrices can 

be their inferior mechanical properties. 
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 In order to mimic the three-dimensional extracellular environment, 

electrospinning should be combined with other polymer processing tech-

niques. An example has been described by Park  et al ., applying microfi -

bers as spacers between polymer mats deposited subsequently (Park  et al. , 
2008). An excellent review from Dalton  et al . describes the combination 

of electrospinning and additive manufacturing for a broad application 

range (Brown  et al. , 2011; Dalton  et al. , 2013). They anticipate that these 

converging technologies will also show great promise in the development 

of tissue engineering scaffolds. Another possibility includes the rolling of 

cell-seeded polymer mats into tubular constructs as proposed by Hashi 

 et al . (2007).  

  12.7.2      Rapid prototyping 

 When designing and manufacturing three-dimensional scaffolds, solid free-

form fabrication (SFF) offers many possibilities to control both the pore size 

and the pore geometry (Park  et al. , 2011). SFF techniques, also known as 

rapid prototyping techniques, include 3D printing, stereolithography, fused 

deposition modelling, phase change jet printing and 3D plotting. SFF has 

already been applied to produce scaffolds for hard tissue engineering (e.g. 

bone), but it is also applicable for soft tissue applications (Park  et al. , 2011). 

 The Bioscaffolder TM  technology was fi rst proposed by Landers  et al . to 

process hydrogels for soft tissue engineering applications (Landers and 

Mulhaupt, 2000; Billiet  et al. , 2012). Polymer solutions are transferred to an 

air driven pneumatic syringe which is mounted on a three-axis robotic dis-

penser. Moreover, the syringe is placed inside a heating element enabling 

Polymer solution
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generator

Earthed target

Metal
needle

 12.12      Schematic overview of the electrospinning process. (Copyright 

permission obtained from Neotherix Ltd – www.neotherix.com)  
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precise temperature control. The experimental set-up is depicted in 

Fig. 12.13.      

 In order to control the pore size and the pore geometry, computer aided 

design and manufacture (CAD/CAM) software is applied (Peter, 2004). Using 

the appropriate CAD software, cross-sections of the scaffold are designed, 

which are then deposited layer by layer in a sequential build-up process 

(Peter, 2004; Nie and Kumacheva, 2008; Park  et al. , 2011). Alternatively, a 

scan from a medical imaging technique can also be used as starting point. 

As the dispensing head moves, a polymer strand is ejected from the syringe 

onto a collecting plate where the material sets. The deposition of subsequent 

layers, enables the formation of complex three- dimensional structures (see 

Fig. 12.14).      

 Material deposition can also be performed in a medium with matching 

density (Landers and Mulhaupt, 2000; Pfi ster  et al. , 2004; Peltola  et al. , 2008). 

The latter results in a buoyancy effect which prevents the deposited mate-

rial to collapse under its own weight, thus eliminating the need for tempo-

rary support structures. 

 The quality of the scaffolds developed strongly depends on the process-

ing parameters applied. A brief overview of the most relevant processing 

parameters is described in the upcoming section. 

 A fi rst variable is the needle mounted on the syringe. As the internal nee-

dle diameter decreases, the amount of ejected material per time unit will 

also decrease. Ideally, this would enable the deposition of very thin fi bres 

increasing the scaffold porosity. For very thin needles, however, the pressure 

drop across the needle increases dramatically, resulting in the need for a 

higher pressure to be applied. Since the experimental set-up is limited to a 

specifi c pressure, the needle diameter to be applied is also limited. 

 12.13      Bioscaffolder TM  set-up applied for scaffold preparation.  
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 In addition to the needle diameter, the applied pressure also has a great 

impact on the strand diameter obtained. As the pressure is increased, more 

material will be ejected per time unit. In order to obtain thin fi bres, the 

applied pressure should thus be kept as low as possible. 

 Another important parameter affecting the scaffold obtained, is the poly-

mer concentration. 

 Higher polymer concentrations yield more viscous solutions that require 

higher pressures to plot. Too dilute solutions will not be able to gel upon 

cooling or heating for upper critical solution temperature (UCST) or lower 

critical solution temperature (LCST) polymers, respectively. A certain min-

imal concentration, i.e. the critical gel concentration, is thus required to 

enable gelation. 

 The speed of the dispensing head in the XY-plane is another important 

parameter when considering the strand diameter. As the dispensing head 

moves more quickly, the ejected material will be spread out over a longer 

distance, resulting in thinner fi bres. Slower deposition on the other hand, 

gives the material more time to solidify, since it will take the device longer 

to start plotting the next layer. The dispensing speed can thus be seen as 

an interesting tool to fi ne-tune the scaffold properties. 
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 12.14      Image showing the principle of 3D-bioplotting. ( Source : 

Republished with permission of Pergamon, from Biomaterials, Billiet 

 et al. ,  33 ,  26 , 2013; permission conveyed through Copyright Clearance 

Center, Inc.)  
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 A fi nal parameter that will be discussed is the temperature. In order to 

obtain a polymer solution that can be ejected from the nozzle, the temper-

ature is generally brought above or below the gel point of the material for 

UCST or LCST polymers, respectively. At this temperature, however, mate-

rial droplets are often ejected, since the solution lacks the viscosity required 

to enable the ejection of polymer strands. 

 Despite the huge potential of the Bioscaffolder TM  technology, the 

technique also shows some very important shortcomings (Peter, 2004; 

Ovsianikov  et al. , 2011). A fi rst drawback is its limited resolution, which is 

mainly infl uenced by the needle diameter and the rate at which the print-

ing head operates (Billiet  et al. , 2012). The Bioscaffolder TM  technology can 

also be very time consuming since the processing parameters have to be 

optimized for each new polymer (and even each new polymer derivative). 

Another issue is orthogonality with the (bio)polymers applied: polymers 

to be applied in combination with the Bioscaffolder TM  technology should 

show a well-defi ned visco-elastic response allowing them to quickly set 

(Billiet  et al. , 2012). In addition, the deposited material should contain a 

high colloid-volume ratio to prevent shrinkage by solvent evaporation. 

Despite these restrictions, a variety of polymers including poly(L-lactic 

acid) (PLLA), poly(  ε  -caprolactone) (PCL), agarose, gelatin, chitosan and 

polyelectrolytes have already been applied as starting materials to develop 

porous scaffolds using the bioplotter technology (Peter, 2004; Nie and 

Kumacheva, 2008). 

 In order to circumvent the drawback of the limited resolution, novel 

techniques are also being developed. An interesting processing technique is 

two-photon polymerization (2PP) (Engelhardt  et al. , 2011; Ovsianikov  et al. , 
2011). Using 2PP, a photocurable material is subjected to spatially well-

defi ned laser irradiation. The microscope objective used to focus the laser 

beam, can be moved relative to the sample, thus allowing the formation of 

scaffolds via direct laser writing (Ovsianikov  et al. , 2011; West, 2011). 

 The wavelength applied is double that of the   λ   max  of  the photoinitia-

tor used to initiate the photopolymerization. As a result, two photons are 

required to provide the energy needed. This explains the more precise con-

trol over the polymerization, since the curing will only take place in the 

focal point of the laser beam (West, 2011).   

  12.8     Characterization of hydrogel foams 

 In this section, some relevant characterization techniques will be described, 

enabling the characterization of produced hydrogel foams including micro-

computed tomography, helium pycnometry, scanning electron microscopy 

(SEM) and dynamic vapour sorption (DVS) analysis. 
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  12.8.1      Scanning electron microscopy (SEM) 

 SEM is a technique used to visualize surfaces with nanometre reso-

lution (2004). SEM provides easily interpretable, 3D-like, topological 

information. 

 In SEM analysis, a beam of high-energy electrons is applied to a sample’s 

surface. When these electrons interact with the material, secondary elec-

trons are generated, which are detected. In addition to the generation of 

secondary electrons (SE), elastic scattering can also take place resulting in 

backscattered electrons (BSE). BSEs are more energetic compared to SEs 

and are thus able to penetrate the sample and re-emerge as much as 1  μ m 

from their point of entry. Along their path, they may give rise to additional 

SEs, which will reach the detector as well and will lead to a decrease in the 

attainable resolution. 

 A scanning electron microscope generally consists of a series of fi xed com-

ponents (see Fig. 12.15). First, a tungsten fi lament generates a narrow beam 

of electrons. This can be achieved by simply heating the fi lament (traditional 

set-up) or, in more recent fi eld emission guns, by drawing electrons from a 

very sharp tungsten tip using high electric fi elds. Next, the electron beam is 

focused via one or two electromagnetic lenses. The entire system has to be 

kept at high vacuum to prevent collisions of the electrons generated with air 

molecules present within the device. Finally, scanning coils are applied to 

slightly defl ect the electron beam, enabling the operator to scan the entire 

surface. The detector is generally an Everhart-Thornley detector, located 

on the chamber wall. Electrons (BSEs and SEs) are attracted toward a pos-

itively charged scintillator, where they generate photons. These photons are 
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 12.15      Schematic drawing of the electron column in a SEM showing the 

various components. ( Source : Republished with permission of John/

Wiley and Sons, Inc., from Microscopy Research and Technique, Jin S. 

E.  et al. ,  73 , 2013; permission conveyed through Copyright Clearance 

Center, Inc.)  
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transferred through a light guide toward a photomultiplier tube, where they 

are counted.      

 The electrons used to scan the sample’s surface are removed from the 

device by grounding the sample to the device. This implies that the sample 

has to be (semi)conductive. Otherwise charges would build up on the sam-

ple, greatly deteriorating system performance. In general, non-conductive 

samples are therefore coated with a thin metal layer (Au/Pd).  

  12.8.2      Micro-computed tomography ( μ CT) 

 Radiography is the recording of a shadow image of an optically opaque 

object, using penetrating radiation and a recording medium (Dierick, 2005). 

Tomography is an extension of radiography. In general terms, it is a non-

destructive technique to investigate the inner structure of an object in 3D. 

Basically, the 3D object is reconstructed, based on a set of 2D projections 

(or radiographies), taken from different angles by rotating the sample 

around a defi ned axis (Fig. 12.16) (Cnudde, 2005). The original mathemati-

cal framework was developed by Radon in 1917. It provided the solution for 

the reconstruction of a distribution of a given parameter based on its pro-

jections, taken with a parallel beam of penetrating radiation (Dierick, 2005). 

More recently, X-ray tomography has become an important technique for 

non-destructive testing in various research fi elds, such as biology, geology, 

archaeology, industry, etc (Cnudde  et al. , 2006). Over the years, the resolu-

tion of CT imaging systems has steadily improved. Modern medical scan-

ners now have a resolution of a few hundred microns. The reason for this 

limitation is the fact that for medical purposes the radiation dose has to be 
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 12.16   Radiography depicting three porous polymeric scaffolds 

stacked on top of each other (left); overview of μ-CT set-up in which  

radiographies are taken from different angles by rotating the sample 

around a defi ned axis (right).     
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as low as possible and the radiation energy is generally limited to about 100 

keV, resulting in relatively large detector elements. Non-medical devices 

do not suffer from dose or energy restrictions. Resolving powers below 1 

micron have already been achieved (Dierick, 2005).      

 In several studies, a ‘Skyscan 1072’ X-ray micro-tomograph has already 

been used. This compact desktop system, consisting of an X-ray shadow 

microscopic system and a computer with tomographic reconstruction soft-

ware, generates high-resolution images for small samples (7 mm diame-

ter). During a measurement, both the X-ray source and the detector are 

fi xed while the sample rotates around a stable vertical axis (Fig. 12.16). 

Random movement and multiple-frame averaging were used to minimize 

the Poisson noise in the images. The spot size of the Hamamatsu micro-

focus tube limits the spatial resolution of the reconstructed slices to 10  μ m 

in the X, Y and Z directions. During acquisition, X-ray radiographs are 

recorded at different angles during step-wise rotation between 0 °  and 180 °  

around the vertical axis. The attenuation of the X-rays passing through a 

sample when scanning is performed, depends on the atomic number of the 

material and its density. These two features are crucial in the resulting con-

trast of the images. 

 After reconstruction of the 2D cross-sections, several software packages 

can be applied, including 3D software  μ CTanalySIS, in order to segment the 

images and determine their 3D porosity and pore size distribution (Steppe 

 et al. , 2004; De Graef  et al. , 2005). For the determination of the pore size dis-

tribution, each pore is fi lled with the largest sphere possible (the so-called 

‘maximum opening’). The total volume fi lled by this maximum sphere is 

determined during the analysis. Subsequently, the software fi lls the total 

volume of each pore with a smaller sphere while its total fi lling volume 

is determined. This process continues until the total volume of each pore 

is contained within the smallest inscribed sphere, with a size of one voxel 

(Fig. 12.17). From this analysis, data of all pores can be acquired.      

 Another software program (Octopus) can also be used to analyse certain 

images and to show the similarity with micrographs generated using SEM 

(Dierick  et al. , 2004; vanVlierberghe  et al. , 2007). Octopus is a server/client 

tomography reconstruction package for parallel and cone beam geometry.  

  12.8.3      Helium pycnometry 

 A pycnometer allows measuring the volume and the density of solid objects 

in a non-destructive manner. The latter is accomplished by employing 

Archimedes’ principle of fl uid displacement and Boyle’s law of volume–

pressure relationships, respectively, for liquid and gas pycnometers (Tamari 

and Aguilar-Chavez, 2005). Archimedes’ principle is that an object totally 
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or partially immersed in a fl uid is lifted up by a force equal to the weight of 

the fl uid that is displaced. 

 Ideally, a gas is used as the displacing fl uid since it penetrates the fi nest 

pores, allowing maximum accuracy. That is why helium is used preferen-

tially, since its small atomic dimension enables entry into pores approach-

ing one  Ä ngstr ö m (10  − 10  m). Its behaviour as an ideal gas is also desirable. 

Other gases, such as nitrogen, could also be used, often with no measurable 

differences. 

 In general, a ‘constant-volume’ gas pycnometer is applied (Fig. 12.18) 

(Tamari, 2004). The latter is composed of a sample chamber, a tank and an 

absolute pressure transducer, which is positioned in a thermostatically con-

trolled environment.      

 In order to determine the volume of a sample, the following procedure 

should be applied:

   1.     the sample is positioned in the sample chamber,  

  2.     valves ‘Z’ and ‘M’ are opened and the pycnometer is fi lled with gas,  

  3.     valve ‘M’ is closed and the absolute pressure transducer is used to mea-

sure the initial gas pressure in the pycnometer ( P   i  ),  

  4.     valve ‘Z’ is closed to isolate the sample chamber,  

  5.     valve ‘M’ is opened and some gas is introduced into the tank (or removed 

from it),  

 12.17      Principle of the pore analysis performed by  μ CTanalySIS. 

( Source : Reprinted with permission from (van Vlierberghe  et al . Porous 

gelatin hydrogels: 1. Cryogenic formation and structure analysis 

(2007)  Biomacromolecules,  8(2),331–337). Copyright (2013) American 

Chemical Society.)  
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  6.     valve ‘M’ is closed again and the gas pressure into the tank is measured 

( P   j  ),  

  7.     valve ‘Z’ is opened so that the gas can expand from the tank to the sam-

ple chamber (or vice versa),  

  8.     the fi nal gas pressure is measured ( P   f  ) when the gas expansion is 

fi nished.   

 Based on the hypotheses that the gas behaves ideally and that the expanding 

gas quickly reaches equilibrium, the following equation can be deduced:

    V V V P Ps cV VV V tVV fPP iPP+VcVV ( )P PfPP jPP− −( )/     [12.12]  

with  V   s   = sample volume 

  V   c   = sample chamber volume 

  V   t   = tank (i.e. reservoir) volume 

 Pycnometers are used for research and quality control in a broad applica-

tion fi eld, such as ceramics, petrochemicals, fi bres, pharmaceuticals, cosmet-

ics, etc. (Cilli  et al. , 2002; Amore  et al. , 2003).  
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 12.18      Diagram of a constant-volume gas pycnometer. ( Source : © IOP 

Publishing. Reproduced by permission of IOP Publishing from Tamari, 

S., Optimum design of the constant-volume gas pycnometer for 

determining the volume of solid particles.  Measurement Science and 

Technology   2004 ,  15  (3), 549–558. All rights reserved.)  
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  12.8.4      Dynamic vapour sorption analysis 

 A DVS apparatus regulates the temperature and humidity of the envi-

ronment surrounding a sample, allowing any weight change in a sample 

due to sorption or desorption of water vapour to be accurately measured 

(Fig. 12.19).      

 The DVS utilizes a dry carrier gas (i.e. nitrogen). Precise control of the 

ratio of saturated and dry carrier gas fl ows is enabled with mass fl ow con-

trol. Samples can be subjected to a controlled cycle of changing relative 

humidity, beginning with an initial drying phase at 0% relative humidity. 

Mass changes can be measured by means of a recording ultra-microbalance, 

which measures the weight change caused by sorption or desorption of the 

vapour molecule. 

 A DVS is a valuable tool to measure sorption/desorption isotherms and 

kinetics, surface energies, diffusion coeffi cients, amorphous content in poly-

mers, etc. It is often used for the analysis of pharmaceuticals (McInnes  et al. , 
2005), food components (Czepirski  et al. , 2002) and polymers (Tesch  et al. , 
1999; Cross  et al. , 2000).   

  12.9     Future trends 

 Hydrogel foams for tissue engineering purposes can be developed using a 

large panel of (state-of-the-art) polymer processing techniques of which 

each is concomitant with its specifi c advantages and disadvantages. In gen-

eral, a superior resolution corresponds with a time-consuming technology. 

Future developments will mainly focus on optimizing existing techniques 
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 12.19      Overview of the DVS apparatus. ( Source : Republished with 

permission of Surface Measurement Systems – The Total Sorption 

Solution (United Kingdom), 2013.)  
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both time-wise as well as resolution-related. In addition, it can be antici-

pated that existing methodologies will merge into converging technologies. 

For example, when considering rapid prototyping techniques including the 

bioplotter technology, they result in the production of highly regular porous 

materials. However, when considering the irregularity of the extracellular 

matrix, bioplotted hydrogels might insuffi ciently mimic the complexity of 

the cellular environment. As a result, the convergence of electrospinning 

with rapid prototyping technologies could be a promising approach to merge 

the strengths of both methodologies and minimizing their weaknesses. 

 In addition to equipment-related perspectives, novel cell-biomaterial 

approaches should also be considered, as a recent trend includes material 

processing taking place in the presence of (autologous stem) cells. Up to 

recently, hydrogel foams were designed and produced in the absence of cells, 

followed by sterilizing the materials prior to cell seeding. Recent work, how-

ever, has clearly indicated the potential of cell encapsulation and biomate-

rial processing in the presence of cells. The main challenges herein reside 

in two different aspects. A fi rst important issue includes the possibility to 

perform hydrogel development under sterile conditions. A second aspect to 

be considered is the incompatibility of cells with a large number of hydrogel 

processing technologies. 

 In conclusion, the ideal strategy should aim at a ‘cell-friendly’ production 

process which should ideally take place in a sterile environment. The devel-

opment of biocompatible (photo)initiators enabling hydrogel polymeriza-

tion will therefore also gain increasing interest in the future.  
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  Abstract : This chapter describes the state of the art of titanium foam 
for tissue attachment and, in particular, for implant osseointegration 
as the fi nal application for bone tissue reconstruction. The chapter fi rst 
introduces a description of the titanium alloys used for biomedical 
applications. Next, a section on the processing techniques for the foaming 
of the titanium or titanium alloys, as well as the surface treatments for 
the control of physical and chemical surface properties, is given. This 
overview aims at emphasizing the range of technological approaches to 
obtain functional biomedical foams. A section on methods for endowing 
titanium surfaces with biomolecules for tissue integration is also included. 
Finally, a survey on tissue response to material implantation is presented, 
with a focus on the titanium interfaces previously described. 

  Key words : titanium, foam, surface, bio-activation, bio-interface, bone 
interactions. 

    13.1     Introduction: Titanium for biomedical 
applications 

 Titanium for biomedical applications can be used either pure or combined 

with other elements in specifi cally designed alloys. As stated in the ASTM 

F67 standard (2006), all four grades of commercially pure titanium are 

considered suitable for surgical implant production: in practice, the choice 

will depend on the mechanical features required for specifi c applications. 
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As regards to titanium alloys, there are at least 15 different types that can 

be applied in biomedical devices (Niinomi, 1998). Historically, the titanium 

alloy most used for implant manufacturing was Ti–6Al–4V: compared to 

other grades of pure titanium, this alloy has higher tensile and yield strength 

and lower elongation, while keeping similar reduction of area and elastic 

modulus (Niinomi, 1998). From the microstructural point of view, the crys-

tal structure of pure titanium is close-packed hexagonal ( α  phase), while 

Ti–6Al–4V also contains the metastable, body-centred cubic ( β ) phase. 

Due to its considerable mechanical properties, Ti–6Al–4V was extensively 

proposed for hard tissue replacement; however, it has recently been evi-

denced that  in vitro  conditions can induce corrosion and ion release from 

this kind of alloy, despite the presence of a pristinely compact passive layer 

(Garc ì a-Alonso  et al ., 2003). These fi ndings raised signifi cant biocompati-

bility issues, considering also that,  in vivo , the integrity of passive layers can 

be compromised not only because of chemical factors, but also as a result 

of mechanical stresses, such as fretting phenomena (Hanawa, 2004). Such 

concerns have stimulated the challenge for producing ever more reliable 

titanium alloys; in particular, tissue reaction studies have identifi ed Nb, Zr 

and Ta as non-toxic elements, as they do not cause any adverse reaction in 

human body (Elias  et al ., 2006). For this reason, alloys based on  β -Ti, such as 

Ti–Nb–Zr and Ti–Nb–Zr–Ta, are currently considered good candidates for 

the replacement of Ti–6Al–4V in biomedical applications; with respect to 

the latter, such alloys have also a lower elastic modulus (Elias  et al ., 2006), 

which is a key factor for reducing the resorption of adjacent bone tissues 

due to the great difference in modulus between the implant device and 

adjacent bone tissues (Zhou  et al ., 2004). Moreover, Ti–Nb–Zr–Ta alloys 

can perform signifi cantly well in terms of wear resistance, particularly when 

surface-treated (Samuel  et al ., 2008). For all these reasons, Ti–Nb–Zr and 

Ti–Nb–Zr–Ta alloys are currently considered among the best starting mate-

rials in the production of Ti-based foams for biomedical applications; as a 

very recent example, Maya  et al . (2012) produced Ti–Nb–Zr porous alloys 

with values of Young’s modulus in the 0.3–1.4 GPa range (i.e., closely com-

parable with those of natural bone) and excellent biocompatibility in subcu-

taneous as well as in bone tissue.  

  13.2     Titanium foam processing and surface 
treatments 

 At present, titanium foam processing is always based on powder metallurgy, 

because of the extreme reactivity of liquid titanium (Dunand, 2004). Within 

this technological approach, two main groups of processes can be identi-

fi ed: the fi rst relies on powder sintering, while the second is based on the 
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expansion of pressurized pores obtained during a preliminary powder den-

sifi cation step. A summary of these processes is given in Table 13.1.      

 The partial sintering of pristinely unbound, preformed Ti powders with 

uniform size distribution is the most straightforward technique to pro-

duce porous foams. The basic process variables that can be tuned in this 

case are treatment temperature and time; in particular, porosity decreases 

and mechanical properties usually increase with increasing treatment time. 

Process kinetics can be accelerated by means of pressure sintering (Taylor 

 et al ., 1993; Schuh  et al. , 2000). The main limitation of the uniform powder 

sintering approach is that the size and shape of pores are strongly depen-

dent on the initial size and shape of the titanium powders. When spherical 

powders are used, the maximum achievable porosity is generally 50%, and 

the pores show pronounced cusps at the sintering necks: these are weak 

points where cracks can easily initiate under fatigue conditions (Asaoka 

 et al ., 1985). In order to solve at least the problem of the low pore frac-

tion, crimpled titanium wires may be used instead of powders (Murray and 

Semple, 1981). An alternative approach is sintering hollow powders: in this 

way, porosity can be signifi cantly increased, but the mechanical properties 

of the resulting foams are rather poor (Sypeck  et al ., 1998). 

 Sintering of non-uniform powder preforms in the presence of a blowing 

gas allows generation of large, secondary pores by letting a gas pass through a 

preform of titanium powders (voids between powder particles constitute the 

primary pores). When sintering occurs, the primary pores are promptly closed, 

 Table 13.1     Summary of various Ti foaming methods 

 Technique  References 

 Powder sintering  Sintering of uniform powder 

preforms 

 Asaoka  et al ., 1985; 

Dunand, 2004 

 Sintering of non-uniform powder 

preforms in presence of either 

a blowing gas or a solid space-

holder 

 Hurysz  et al. , 1998; 

Tuchinskiy and 

Loutfy, 2003; 

Dunand, 2004 

 Sintering of powders previously 

deposited on a sacrifi cial 

porous scaffold 

 Kupp  et al ., 2002; 

Dunand, 2004 

 Expansion of 

pressurized 

pores 

 Creep expansion processes  Kearnes  et al ., 1988; 

Martin, 1996; 

Dunand, 2004 

 Superplastic expansion processes  Davis  et al ., 2001; 

Dunand, 2004 

 Alternative 

techniques 

 Freeze casting  Singh  et al. , 2010 

 Rapid prototyping 

 Conversion of porous TiO 2  

precursors to metallic Ti foams 
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while the secondary porosity is preserved in both shape and volume. The gas 

blowing approach can be also combined with the use of hollow powders, in 

order to achieve porosity values higher than 80% (Hurysz  et al ., 1998). The 

main advantage of this technique is that the secondary porosity can be tuned 

independently of the characteristics of the starting powders. On the other 

hand, the main drawbacks are: the coarse pore size range of the secondary 

porosity; the need for a binder to be mixed with titanium powders during the 

pre-forming process (it is a possible contamination source); and the residual 

primary porosity that can occur after the sintering process. In particular, the 

last issue cannot even be solved by means of pressure sintering, because it 

would cause the collapse of the secondary pores (Dunand, 2004). Such limita-

tions can be partially overcome by using solid space holders instead of a gas 

as secondary porogen agent. Space holders are usually solid materials that 

can be removed at low temperature, minimizing the contamination of the tita-

nium powders. The metal/space-holder powder mixture can also be pressed, 

thus providing enough green strength to prevent collapse during the space-

holder removal and sintering steps (Dunand, 2004). Among the possible 

variants of this approach, one of the most interesting variants considers the 

preliminary extrusion of rods made of a sacrifi cial core and of titanium pow-

ders held together by a polymer binder (Tuchinskiy and Loutfy, 2003). The 

rods are then cut and poured into a die to undergo preliminary compression. 

A fi rst low-temperature treatment removes the core and the binder, while the 

successive sintering step produces titanium foams containing elongated sec-

ondary pores. By this way, the possibility to build honeycomb structures could 

be taken into account (Tuchinskiy and Loutfy, 2003). 

 Taking inspiration from space-holder-based sintering, there is another 

approach that uses sacrifi cial polymer scaffolds coated with repeatedly 

deposited layers of titanium powder/binder mixtures. In this case, the pre-

sintering treatment removes the scaffold and the binder; from the following 

sintering process, a reticulated open-cell foam, held together by hollow tita-

nium struts, is obtained (Kupp  et al. , 2002). In this type of foam, three differ-

ent types of porosity can be identifi ed: a primary porosity inside the struts (if 

sintering is carried out at relatively low temperatures), a secondary porosity 

corresponding to the space previously occupied by the scaffold and an open 

tertiary porosity due to the voids between the struts. 

 The second main group of techniques for titanium foaming comprises 

creep and superplastic expansion processes. Creep expansion processes are 

in turn divided into argon expansion processes and low-density core pro-

cesses. In the fi rst case (Kearnes  et al ., 1988), powders are packed into a steel 

canister, which is evacuated and backfi lled with argon gas. Powder densifi ca-

tion is then performed by means of hot isostatic pressing: during this phase, 

argon is entrapped within the titanium matrix as micron-sized bubbles. When 

the resulting billet is cooled and extracted from the canister, it undergoes 
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another thermal treatment (or evacuation) step: by this means, gas bubbles 

expand, thus generating porosity. In the low-density core process (Martin, 

1996), the canister, which is made of Ti–6Al–4V, becomes itself part of the 

porous structure: before starting the foaming process, it is fi lled with particles 

of commercial-purity Ti and 60Al–40V alloy. Because of the fl at geometry of 

the canister, it is converted into the face-sheets of a sandwich structure. The 

creep expansion processes usually exhibit slow kinetics and allow only for 

small porosities. A possible solution to these issues is to induce superplastic-

ity in the titanium matrix during foaming: with respect to creep, superplastic 

deformation is dominated by faster strain/foaming rates and higher tensile 

ductility/terminal porosity (Davis  et al ., 2001; Dunand, 2004). 

 Apart from the two main groups of processes just described, alternative 

techniques for titanium foaming, such as those in Table 13.1, have been 

recently designed. For an in-depth description of such techniques, the read-

ing of reviews, such as Singh  et al . (2010), is strongly recommended. The 

main advantages of these methods with respect to more traditional ones, 

rest in the possibility to achieve, on the one hand, simpler fabrication proce-

dures and, on the other hand, a fi ner control of foam structures. 

 Surface modifi cation of pure titanium and titanium alloys is often per-

formed in order to improve their biological, chemical and mechanical prop-

erties. The literature on this topic is massively vast: for this reason, only a 

survey will be given here, suggesting the consultation of other sources, such 

as the very comprehensive review by Liu  et al . (2004). A summary of the 

processes that will be described here is shown in Table 13.2.      

 Table 13.2     Summary of various Ti surface modifi cation methods 

 Technique  References 

 Physical 

methods 

 Cutting and turning  Bagno  et al ., 2004 

 Smoothing  Taborelli  et al ., 1997 

 Blasting  Aparicio  et al ., 2003 

 Chemical 

methods 

 Acid treatment  Schwartz  et al ., 1996 

 H 2 O 2  treatment  Tengvall and Lunstrom, 1992 

 Sol-gel 

coatings 

 TiO 2  coatings  Kozhukharov  et al ., 1993 

 Ca phosphate coatings  Partenfelder  et al ., 1993; Gross 

 et al ., 1998 

 TiO 2 /hydroxyapatite 

coatings 

 Milella  et al ., 2001; Kim  et al ., 

2004 

 Anodization  Anodization in aqueous 

electrolytes 

 Gong  et al ., 2001; Mor  et al ., 

2003 

 Anodization in buffered 

aqueous electrolytes 

 Cai  et al ., 2005 

 Anodization in polar 

organic electrolytes 

 Macak  et al ., 2006; Prakasam 

 et al ., 2007; Yoriya  et al ., 2007 

 Anodization in non-F  −   

containing electrolytes 

 Allam  et al ., 2008 
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  13.2.1      Physical methods 

 First of all, there are different treatments that are currently defi ned as ‘phys-

ical’, since they generally allow modifying surface characteristics by the 

application of external forces. In particular, cutting and turning techniques 

can be coupled on the basis of the characteristic dimensions of the defects 

impressed on the metallic surface (Bagno and Di Bello, 2004). However, 

this method tends to produce rough and irregular surfaces with a very low 

degree of fi nish. For this reason, pure titanium and titanium alloy surfaces 

can also undergo a smoothing process using grit-paper and/or diamond 

cloth (Taborelli  et al ., 1997). During such treatment, it is mandatory to avoid 

damaging the surface through scratching; it is then useful to put the metallic 

surface in contact with a sequence of particles having progressively smaller 

sizes. Another issue that can occur during the smoothing process is related 

to the possible embedding of abrasive particles into the metallic matrix: this 

phenomenon is usually known as abrasive pollution, and it can be dealt with 

by means of successive removal processes, such as solvent cleaning and son-

ication. Similarly to smoothing, blasting processes also rely on the use of 

abrasive particles but, in this case, they are forced against the surface by 

a dragging fl uid (Aparicio  et al ., 2003). Blasting methods also share with 

smoothing ones the problems related to abrasive pollution, that are poten-

tially responsible for modifi cations in the chemical and physical interaction 

features of treated surfaces.  

  13.2.2      Chemical methods 

 Different from physical techniques for treating titanium and its alloys, 

chemical techniques mainly rely on chemical reactions occurring at the 

interface between the metal phase and a solution. In particular, acid treat-

ment is often used as a preliminary surface-fi nishing process to remove 

oxide layers and contaminating agents. This technique mainly uses mixed 

acid solutions (Schwartz  et al ., 1996): indeed, aqueous solutions containing 

10–30 vol% HNO 3  and 1–3 vol% HF can currently be considered standard 

solutions for acid pre-treatment of titanium surfaces. In particular, hydro-

fl uoric acid is known to promptly attack TiO 2  passive layers, thus form-

ing soluble TiF 6  
3 −   complexes and gaseous hydrogen. Diffusion of gaseous 

hydrogen in titanium lattice can cause embrittlement of the surface layer, 

but keeping the HNO 3 /HF ratio between 1 and 10 to minimize the forma-

tion of free hydrogen (ASTM, 2011). After having polished Ti surfaces, a 

chemical treatment often performed to improve their bioactivity relies on 

the use of H 2 O 2  solutions: in this way, Ti-peroxy gel coatings are developed 

on the metal substrate (Tengvall and Lunstrom, 1992) that can induce the 
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formation of apatite when soaked in a simulated body fl uid (Li  et al ., 1994). 

Usually, a porous, amorphous titania gel layer can be obtained by treating Ti 

in a H 2 O 2 /0.1 M HCl solution. Coating thickness and porosity can be tuned 

by adjusting the treatment time.  

  13.2.3      Sol-gel processes 

 Porous TiO 2  coatings can also be obtained by means of sol-gel processes. 

Apart from biomedical applications, sol-gel-derived titania coatings are 

widely used in the optical, electrical and catalytic fi elds (Kozhukharov  et al. , 
1993). Usually, a Ti alkoxide precursor (such as tetraisopropyl orthotitan-

ate) is hydrolysed in the presence of a homogeneous acid catalyst and the 

resulting sol is cast on the metal substrate by dip/spin coating to undergo 

the successive gelation process (Peltola  et al ., 1998). A fi nal calcination step 

(temperatures > 500 ° C) leads to the partial/complete crystallization of the 

thin oxide fi lm. A major concern about this surface modifi cation technique 

is the bonding strength between the coating and the substrate: from this 

point of view, good results can be achieved by an alkali pre-treatment of the 

substrate (P ä tsi  et al ., 1998). 

 Sol-gel-derived TiO 2  coating mainly fi nds its purpose in the biomedical 

fi eld because of its capacity to induce the precipitation of calcium phos-

phate species at the interface with body fl uids: to achieve this goal, a more 

effective approach is directly coating such compounds on Ti substrates. 

Calcium phosphate (in particular, hydroxyapatite) coatings are currently 

of common use in orthopaedic applications. The sol-gel technique is a 

fairly simple way to produce calcium phosphate coatings on pure tita-

nium and Ti alloys because of the relatively low temperature at which the 

process is carried out. However, the choice of the phosphorus precursor 

may become a signifi cant issue. Indeed, monophosphates are not good 

gel formers unless coupled with aqueous solutions of polyphosphates. 

Moreover, the excessive reactivity (particularly in aqueous solution) of 

phosphate esters and phosphoric acid, together with their distinct trend 

to form crystalline salts by complexation, makes these species practically 

unemployable in the sol-gel synthesis (Liu  et al ., 2004). Possible work-

arounds to these issues rely on the choice of phosphorus sources, such as 

chlorophosphines (Partenfelder  et al ., 1993) and triethyl phosphite (Gross 

 et al ., 1998), and the main calcium phosphate phase usually obtained by 

these ways is hydroxyapatite (HA). 

 The aforementioned sol-gel-derived hydroxyapatite coatings are strongly 

bioactive but show weak adhesion to Ti substrates. On the other hand, 

TiO 2  coatings, as also described above, can strongly adhere to the metal 

phase; however, their bioactivity is limited. Therefore, composite titania/
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hydroxyapatite coatings should represent the best solution in both adhe-

sion and bioactivity terms (Liu  et al ., 2004). As an example, Milella  et al . 
(2001) prepared TiO 2 /HA composite coatings by pre-mixing two distinct 

(one containing TiO 2 , the other one containing HA) sols at different vol-

ume ratios and coating the metal substrate with the resulting suspensions. 

As expected, the resultant composite thin layer showed very good adhesion 

strength. Alternatively to this approach, Kim  et al . (2004) deposited sol-gel-

derived hydroxyapatite on titanium by means of a titania intermediate layer 

produced by a sol-gel technique as well.  

  13.2.4      Anodization 

 Despite the good results given by the surface modifi cation techniques 

based on sol-gel coating, another class of processes, relying on the anod-

ization of titanium substrates, recently drew attention in several fi elds, 

including the biomedical one. The main reason for such interest resides in 

the fact that, when carried out under specifi c conditions, titanium anod-

ization leads to the formation, on its surface, of one-dimensional highly 

ordered TiO 2  nanotube arrays with unique properties. At the moment, the 

several different approaches for Ti anodization can be grouped in four dis-

tinct generations (Rani  et al ., 2010). In particular, the fi rst generation TiO 2  

nanotube arrays were fabricated on Ti foils in two-electrode electrochem-

ical cells using dilute HF aqueous solutions at constant anodizing voltages 

below 20 V and anodizing times of a few tens of minutes (Gong  et al ., 2001; 

Mor  et al ., 2003). In this way, nanotube arrays of sub-micrometric lengths 

could usually be prepared; also pore diameters were practically limited to 

very few tens of nanometres. In order to achieve higher tube lengths, a 

second generation of anodization techniques, based on the use of buffered 

aqueous electrolytes, was developed. Indeed, Cai  et al . (2005) employed 

fl uoride salts in the electrolytic environment, along with buffer solutions, 

in order to fi ne-tune the pH. By means of this second generation syn-

thesis method, nanotubes of up to approximately 5  μ m (i.e., an order of 

magnitude longer compared to their fi rst generation counterparts) could 

be obtained. A third evolution was achieved when inorganic electrolytes 

started to be replaced by organic ones, such as dimethyl sulfoxide (DMSO), 

ethylene glycol (EG) and glycerol, for the electrolyte formulation in TiO 2  

nanotube syntheses (Rani  et al. , 2010). In particular, typical DMSO-based 

electrolytes contain 1–6% HF aqueous solution; the anodization voltages 

are usually varied in the 10–70 V range, while anodization times could vary 

from 20 to 90 h (Yoriya  et al ., 2007). By this way, tube lengths and diameters 

of over 100  μ m and 100 nm, respectively, could be achieved. A major draw-

back of this technique was the trend to develop TiO 2  nanotube bundles 
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that signifi cantly decreased the array order. This issue can be solved using 

EG-based solutions (containing small quantities of NH 4 F and water) as 

the electrolyte (Prakasam  et al ., 2007). In this case, anodization times can 

vary from 1 to more than 100 h: when short times are used, highly ordered, 

strongly substrate-adhering arrays can be obtained, as reported in Fig. 13.1, 

while tube lengths and diameters slightly below 100  μ m and 100 nm can 

be achieved, respectively. In order to increase these values, anodization 

times have to be prolonged, but, at the same time, the adhesion of the array 

drastically decreases, making this approach useless for surface treatment 

purposes. A possible workaround to this issue could be presented by anod-

ization techniques that employ glycerol-based electrolytes (Macak  et al ., 
2006). In particular, when using this kind of solutions, it is possible to grow 

strongly substrate-adhering nanotube arrays, such as reported in Fig. 13.2, 

whose average tube diameter is much higher than 100 nm (as in the case 

of DMSO-based processes), and whose order degree is only slightly lower 

than that found in optimized EG-based syntheses. Third generation fabri-

cation methods for TiO 2  nanotube arrays should then meet almost all pos-

sible needs in terms of morphological tunability. However, recent literature 

is reporting new synthesis techniques that rely on the use of fl uoride-free 

electrolytes, which can be considered fourth generation anodization pro-

cesses (Allam  et al ., 2008).             

1 μm Mag = 23.37 K X
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Date : 19 Jun 2012

Time : 11: 49 : 08

 13.1      Top view of a TiO 2  nanotube array obtained by anodization in an 

EG-based electrolyte for short treatment times.  
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  13.3     Bio-activation of titanium surfaces 

 This section will briefl y review chemical modifi cations to control the inter-

action of titanium surfaces either towards small and large molecules (pro-

tein or drugs) or towards cell to guide their adhesion and fate in general. We 

defi ned these kinds of treatments ‘bio-functionalization’ as bioactive com-

pounds are loaded onto titanium surfaces. 

 Bioactivating treatments, aimed to change mostly the chemistry of the 

surfaces rather than the topography, began to be developed in 1990s by using 

hydroxyapatite or other forms of calcium phosphate (CaP) coating. The 

high impact on the compatibility with tissues and the osteoconducive ability 

are supported by a number of studies (Dhert, 1994; Lacefi eld, 1998; Geesink, 

2002). Different techniques have been applied to produce CaP coatings as 

plasma spray, deposition via magnetron sputtering, electrophoretic depo-

sition, hot isostatic pressing, sol-gel deposition, pulsed laser deposition, 

ion beam dynamic mixing deposition, electrospray deposition, biomimetic 

deposition and electrolytic deposition (Saldana  et al ., 2006). The resultant 

coating layers differ mainly in terms of uniformity, the adhesion strength to 

the metallic surface, and the thickness ranging from the micrometres (i.e. 

plasma spray) to the nanometres (i.e. ion beam deposition). The applica-

tion to commercial products has been optimized matching the end use of 

implant (Jonge  et al ., 2008). 
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Time : 12: 14 : 07

 13.2      Top view of a TiO 2  nanotube array obtained by anodization in a 

glycerol-based electrolyte.  
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 Other treatments able to confer protein repellency are related to 

poly(ethylene glycol) (PEG) deposition onto titanium surfaces by adsorp-

tion with copolymers such as PLL-g-PEG (Huang  et al ., 2001) or through 

electrodeposition. In the latter case, aminated PEG molecules have been 

covalently linked on the surfaces through oxime formation between tita-

nium OH and amino groups on the polymer. In this way, the possibility was 

demonstrated to tune the amount of PEG immobilized and its shape on the 

surface (random/brush/U-shape) (Tanaka  et al ., 2007). 

 Bio-functionalization was usually possible by previous intermediate treat-

ments. Silanizing agents and alkylphosphonic acids have been successfully 

used to provide functional groups to the titanium surfaces. Self-assembled 

monolayers (SAM) achieved with these reagents provide chemically and 

structurally well-defi ned surfaces that can often be manipulated using stan-

dard synthetic methodologies. A problem related to the application of immo-

bilized biomolecules via silanization techniques is the hydrolysis of siloxane 

fi lms when exposed to aqueous (physiological) conditions (K ä mmerer  et al ., 
2012). Alkylphosphonic SAMs are more robust under physiological condi-

tions, and have been used to provide ordered monolayers of carboxyl func-

tional groups as well as hydroxyls (Sinn  et al ., 2009; Song  et al ., 2009). Beside 

the use of SAMs, alkylphosphonic acids have been used in combination with 

peptides to coat titanium on the surfaces of the native oxide. More recently, 

Kessler group proposed a simple one-step coating procedure by synthe-

sizing cyclic RGD (arginine-glycine-aspartic acid) peptides, well known as 

strong cell adhesion promoters, with a multimeric four-branched phosponic 

acid (Auernheimer  et al ., 2005). 

 The latest alternative approaches are represented by the use of specifi c 

peptides able to recognize titanium surfaces and oligonucleotide mediated 

attachment and release. The work on self-assembled EAK (glutamic acid-

alanine-lysine) oligopeptides showed the ability of glutamate and lysine 

residues to interact specifi cally with the Ti surface. In this work the adsorp-

tion was highlighted experimentally and by simulations due to the coordi-

nation of carbonyl oxygen to Ti 4+
  and the stabilization by hydrogen bonding 

between NH2  and surface active hydroxyl groups. The specifi c adsorption on 

TiO 2  of large peptides containing RGD sequences linked to EAK peptides in 

different combination (PetpA H-RGD-AEAEAKAKAEAEAKAK-NH2 

or PeptB H-RGD-AAKAEAEAAEKAKAEK-NH 2 ) showed different 

conformations when adsorbed on the surfaces. The PeptB seems to assume 

a disordered confi guration, while the PeptA assumes a beta sheet confor-

mation linking the surface through the -NH 2  terminus, exposing the RGD at 

interface (Monti  et al ., 2008; Vallee  et al ., 2010). More interestingly, a method 

to PEGylate titanium surfaces was achieved selecting specifi c adsorbing 

peptides by using a phage display technique. The resultant peptides were 

coupled to PEG (MW 3400) and assessed to verify the coating ability and 
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antifouling properties. This method was claimed by the author to be gener-

alizable as modifi cation to confer protein and cell resistance (Khoo  et al ., 
2009). 

 Another valuable approach was used to anchor osteogenic growth 

factors and at the same time to slowly release from titanium surfaces to 

enhance the osteogenic activity of the implant. Such an approach was 

defi ned as nanomechanical anchorage, where the molecules can be linked 

at high extent and released. To this aim the authors immobilized a 5 ′  phos-

phate terminated 31-mer oligonucleotide onto anodized titanium surface 

(Beutner  et al ., 2009), a complementary strand was conjugated to rhBMP 

and a prolonged release over a period of 4 weeks was demonstrated 

(Schliephake  et al ., 2012).  

  13.4     Bone interactions at the bio-interface 

 Titanium metal and its alloy have been extensively used as implant mate-

rials in orthopaedic and dental applications because of their excellent 

mechanical and corrosion resistance. A stable oxide layer spontaneously 

forms when exposed to oxygen conferring biocompatibility to the surface. 

However osseointegration of titanium implants is infl uenced by several fac-

tors, including porosity of the foam, presence of a bioactive additional layer, 

chemical composition at the interface and surface roughness. 

 Because of the three-dimensional environment it provides, titanium foam 

is thus considered to be adequate material for promoting desirable implant–

bone interactions. Indeed, the interconnective porous structure of titanium 

foam can itself play an important role in osteogenesis. The optimal pore 

diameter for  in vivo  osteoconduction is thought to be in the micrometric 

range. In particular, porous titanium with pore size ranging between 50 and 

400  μ m was considered appropriate substrate for osteogenic cell adhesion, 

proliferation and production of mineralized matrix (Rosa  et al ., 2008). 50% 

in volume in interconnected porosity is enough to signifi cantly increase 

bone fi lling, bone-implant contact area compared to dense titanium control 

(Wazen  et al ., 2009). It has also been shown that porous TiO 2  scaffold can 

achieve higher porosity, surface-to-volume ratio and pore interconnectiv-

ity of the commonly used scaffolds such as Bio-Oss® (Geistlich Pharma 

AG, Switzerland) and BoneCeramic® (Institute Straumann, Switzerland) 

(Sabetrasekh  et al ., 2011). Recently, more sophisticated techniques in poros-

ity and structural control, such as free-form-fabrication of Ti6Al4V, were 

used for the realization of complex porous structures showing a long-term 

biocompatibility  in vivo  (Palmquist  et al ., 2011). 

 A thin layer of calcium phosphate or hydroxyapatites is currently 

introduced on titanium surfaces to enhance the osteoconducibility of the 
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implants. The calcium phosphate plasma-sprayed layer is 30–50  μ m thick, 

chemically interlocked with pre-roughened metallic surfaces and, there-

fore, subjected to delaminations (Lacefi eld, 1998), while sol-gel-formed 

calcium phosphate coatings are more effective and compatible with 

porous titanium alloy implant (Tach è   et al ., 2004). CaP-coated implants 

display signifi cant increase in the area of bone ingrowth and greater 

bone-to-implant contact when compared with native titanium material 

(Nguyen  et al ., 2004). In the case of titanium fi bre mesh, CaP coating 

leads to ectopic bone formation after  in vitro  culturing with bonelike tis-

sue, while only calcifi cation without tissue organization was observed on 

titanium meshes. 

 Chemical and physical characteristics of titanium surface also have an 

effect on the interactions between implant and bone. Since hydrophilic-

ity plays an important role in protein adsorption and cell attachment to 

materials, several reports have focused on the hydrophilicity profi le of sur-

face modifi ed titanium implants. To this aim, the photo-catalytic effect has 

been used to increase wettability of the anatase form of titanium surface, 

with signifi cant advantages in term of implant incorporation into the tis-

sue (Sawase  et al. , 2007). Furthermore, crystallinity plays a role in apatite 

formation  in vivo  with apatite formation at the crystalline titanium surface 

(Wu and Nancollas 1998; Uchida  et al ., 2003). Oxidation by electrochemical 

methods is also used to change surface chemistry and to incorporate Mg or 

Ca ions on implant surfaces, improving the integration with the bone (Sul 

 et al ., 2005). Moreover, anodization techniques can improve the osteointe-

gration with possibility of immediate implant loading (Degidi  et al ., 2006). 

Plasma-sprayed or chemical treatments (immersion in NaOH and water 

solution), followed by thermal treatment (heating to 600 ° C), spontane-

ously form a very thin layer of calcium phosphate on the titanium surface 

 in vivo , thus enhancing bone integration (Fujibayashi  et al ., 2004; Takemoto 

 et al ., 2005). 

 Finally, surface roughness is correlated to an enhancement of bone 

ingrowth, changing upon the type of treatments performed (physical meth-

ods, chemical methods or anodization). Acid-etched micro-texture on the 

surface of sintered porous titanium implant positively affect the extent of 

bone ingrowth for biological fi xation (Hacking  et al ., 2003). 

 However, the pore structure of titanium foam is considered more effec-

tive in osseointegration than some cases of surface bio-activation. Indeed, 

Ti–6Al–4V sintered foam showed improved early implant stability and 

accelerated healing response with respect to plasma-sprayed implants 

(Simmons  et al ., 1999) as well as structured porous titanium surface exhibit-

ing osteoconductive properties exceeding those of smooth, high crystalline 

CaP coating (Xiropaidis  et al ., 2004).  
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  13.5     Future trends 

 Much effort has already been devoted to the development of processing 

techniques to precisely control the porosity structure of titanium foam, even 

though there is still room to ameliorate the bone integration of implants. 

The improvement of the titanium implants in the next years will be strongly 

related to advancements in material science, nanotechnology and biotech-

nology to control the interface between the tissue and the materials surface. 

In this respect, cell behaviour can be controlled via biochemical modifi ca-

tion, surface topography and their combinations. 

 The RGD (Arg-Gly-Asp) motif present in a number of proteins includ-

ing fi bronectin and fi brinogen is known to interact specifi cally with cell 

surface integrin receptors, so functionalization of surfaces with the RGD 

motif can be a way to enhance osteoblast functions. Although RGD has 

been shown to enhance osteoblast activities, it lacks selectivity (Morra, 

2006). Thus, attention is now increasingly directed towards bone morpho-

genetic proteins (BMP), a class of signalling molecules known to promote 

bone formation by both osteoconduction and osteoinduction (Li and 

Wozney, 2001; Harwood and Giannoudis, 2005). Since BMPs act locally, 

direct introduction into the body is not desirable because of potentially 

adverse effects such as unwanted ectopic bone formation. BMP-2 adsorbed 

on porous titanium oxide implant surfaces was shown to have an osteo-

conductive effect, which was surface and dose dependent in a rat ectopic 

model (Hall  et al ., 2007). For substrates with adsorbed BMP, a complicat-

ing factor is the tuning of the kinetics of release to achieve an optimum 

local concentration. 

 On the other hand, it is generally accepted that protein adsorption and 

cell behaviour can be affected by nanotopography and nanostructures at 

the interface (Texeira  et al ., 2003; Rechendorff  et al ., 2006; Scopelliti  et al ., 
2010). Even if an implant surface can be designed with the nanotopography 

for optimizing osteoblast functions, the presence of different types of pro-

teins and the dynamic nature of the  in vivo  environment may compromise 

its effi cacy. 

 However, highly ordered titania nanotube arrays with high specifi c sur-

face area and surface energy have been fabricated by anodization of pure 

titanium plates or titanium alloys, and  in vitro  and  in vivo  experiments 

have revealed that this nanoscaled topography can guide enhanced cellular 

migration on the surface, promote differentiation and matrix production of 

bone cells, and enhance both short- and long-term osseointegration (Popat 

 et al ., 2007). The hollow tubes also constitute an excellent platform for drug 

delivery and immobilization of various functional molecules such as anti-

microbials, pharmaceutics and growth factors (De Santo  et al ., 2012; Gulati 

 et al ., 2012). This may represent the next step towards an improvement of 
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titanium foam performance based on synergistic combination between 

topological modifi cation and biochemical function.  

  13.6     Sources of further information and advice 

 Several books address aspects related to structural design and processing of 

titanium foams, but their applications in bone reconstruction have resulted 

in a dedicated book. Three different books to consult from mechanical 

design and technological perspectives are reported: Development, synthesis, 

and characterization of novel titanium foams by Emilie Auguste Steinhoff, 

edited by ProQuest UMI Dissertation Publishing, 2012; Cellular Materials 

in Nature and Medicine by Lorna J. Gibson, Michael F. Ashby and Brendan 

A. Harley, edited by Cambridge University Press, 2010; Metal Foams: A 

Design Guide from M.F. Ashby, A.G. Evans, N.A. Fleck, L.J. Gibson, J.W. 

Hutchinson and H.N.G. Wadley, edited by Butterworth-Heinemann, 2000. 

 A number of websites report interesting results from research groups 

working on titanium foams for bone integration. Fraunhofer Institute for 

Manufacturing and Advanced Materials in Dresden reports about a tita-

nium foams to replace injured bones. It deals with fl exible yet rigid like a 

human bone material, and immediately capable of bearing loads. An implant, 

made of titanium foam, resembles the inside of a bone in terms of its struc-

tural confi guration (website:  http://www.fraunhofer.de/en/press/research-

news/2010/09/titanium-foams-replace-injured-bones.html ). Furthermore, 

bone ingrowth in titanium foam developed by the Industrial Material Institute 

of the National Research Council Canada (NRC-IMI) is also well reported 

on the Web. The micro-CT reconstruction shows the bone osseointegration 

in a 4 mm diameter, 50% porous, titanium plug in a rabbit femur after 6 

weeks (website:  http://www.youtube.com/watch?v=hdscnna5r1Q ).  
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