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  Introduction 
 Despite recent advances in surgery as well as radiotherapy 
and chemotherapy, therapeutic efforts have not successfully 
established a defi nitive strategy of effective treatments for 
brain gliomas. Overall mortality is still high with an average 
survival less than 1 year in cases of glioblastoma. 

 The standard protocol includes maximal surgical resection 
with postoperative combination of radiotherapy with 
concomitant and adjuvant chemotherapy. This treatment 
has improved the median overall survival from 6 to 14.6 
months. Notwithstanding, malignant brain tumors remain 
lethal. 

 The presence of the blood–brain barrier selectively impedes 
the passage of numerous types of molecules inside the brain. 
This limits the effi cacy of current drugs. The understanding 
of epigenetic modifi cations during neural differentiation and 
an insight into oncogenesis processes will likely help in 
developing new epigenetic/genetic- based treatments acting 
upstream. 

 These complex fi elds may reveal the most effective 
therapeutic modalities but need selective drug delivery 
systems to reach the tumor cells. Hence, the new frontier in 
reliable brain tumor therapy places it trust in nanoparticles. 
Their nanometric size, electrostatic charge, and lipophilic 
characteristics allow them to penetrate into the brain tissue 
freely. Nanotechnology could therefore be used both to 
improve treatment effi cacy and to reduce the adverse side 
effects. Nanotechnology- based approaches to targeted 
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delivery of drugs across the blood–brain barrier may 
potentially be engineered to carry out specifi c functions 
as needed. Moreover, nanoparticles show tumor- specifi c 
targeting and long blood circulation times, with consequent 
low short- term toxicity. Promising in vitro results have been 
reported, but remain to be validated in humans. 
Nanomedicine, the application of nanotechnology to 
healthcare, holds great promise not only for revolutionizing 
medical treatments, but also in imaging for a faster diagnosis, 
and in tissue regeneration. 

 This book focuses on the pathophysiology of the blood–
brain barrier in brain tumors, and the possibilities of 
overcoming this with nanoparticle- based systems. It presents 
a synopsis of the latest studies on nanoparticles as ideal 
devices for brain tumor treatment. Relevant patents of 
nanoparticles used as drug delivery carriers are also reported, 
as well as future scenarios concerning nanoparticles and 
stem cells.                     
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 Brief introduction on brain 
tumor epidemiology and state 

of the art in therapeutics  

   DOI:  10.1533/9781908818744.1 

  Abstract:  This chapter focuses on the epidemiology, 
epigenetics and therapy of brain tumors. Standard 
treatment includes maximal surgical resection with 
postoperative radiotherapy and concomitant and adjuvant 
chemotherapy. Even with the most advanced multimodal 
standard treatments malignant brain tumors, namely 
gliobastomas, still have a poor prognosis. Numerous 
studies have been performed, and many are still underway, 
to develop successful treatments, and a major challenge 
seems to be defi ning the real cellular origin of this tumor. 
Starting from the initial cellular mutations and epigenetic 
modifi cations it will be possible to fi nd new epigenetic- 
based therapies. We also stress the importance of 
overcoming the blood–brain barrier in order to improve 
the therapeutic effects.  

   Key words:    brain tumor, epidemiology, epigenetics, 
glioblastoma, treatment.   

     The median worldwide incidence of primary central nervous 
system tumors has been estimated as 3.9 per 100 000 

                 1 
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person- years, 1  gliomas accounting for 77% of the malignant 
subtypes. 2  The Central Brain Tumor Registry of the United 
States annual report on the 10-year period 1985–1994 
revealed a slight (0.9%) but statistically signifi cant annual 
increase in incidence, 3  indicating how this disease is gradually 
increasing in the developed countries. In fact, there is around 
a fourfold difference between countries with a high incidence 
(e.g. Australia, Canada, Denmark, Finland, New Zealand, 
and the USA) and regions with low incidence (e.g. the 
Philippines and India). 4,5  Differences in diagnostic practices, 
medical care, and completeness of reporting make these 
geographic comparisons diffi cult. 

 The term “glioma” encompasses all the neoplasms 
originating from mutated neural stem cells, and classifi ed by 
the World Health Organization into four grades of 
malignancy, 6  starting from tumors with low proliferative 
potential and the possibility of being cured (e.g. pilocytic 
astrocytoma – grade I), to diffusely infi ltrative astrocytic 
tumors with cytological atypia (e.g. diffuse astrocytoma – 
grade II, which are able to progress to higher grades of 
malignancy), to lesions with histological evidence of 
malignancy including nuclear atypia, anaplasia, and brisk 
mitotic activity (e.g. anaplastic astrocytoma – grade III), and 
fi nally to the cytologically malignant, mitotically active, 
necrosis- prone neoplasms, rich in microvascular proliferation, 
which are glioblastoma (GBM) – the highest grade tumor 
(grade IV). 6  

 Patients with GBM have the highest median age at 
diagnosis and the worst prognosis. Survival time for people 
with malignant brain tumor is related not only to the 
histologic type of the tumor but also to age at diagnosis, 7  
Karnofsky Performance Score status, 8  extent of surgical 
resection, 9  ki-67 immunohistochemical markers, 10  and 
sensitivity to chemotherapy as determined by genetic 
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mutations such as  IDH1 , 11   PTEN , 12   EGFR  amplifi cation, 13  
and  1p19q  codeletion. 14  Estimates of median overall survival 
vary widely and range from 4.4 to 65.5 months 15  for 
anaplastic astrocytomas whereas only  2% of patients aged 
65 years or older, and only 30% of those under the age of 
45 years at GBM diagnosis, survive for 2 years. 3  

 To develop a successful treatment for GBM, a major 
challenge is defi ning the real cellular origin of this tumor. 
Although cells acquiring a mutation, like the tumor cells, 
may not be the same as the cell of origin, 16  epigenetic 
modifi cations, enzymes, and noncoding RNAs are often cell- 
type specifi c and can aid in identifi cation of the cell of origin 
so as to focus therapies directly on it. In a mouse glioma 
model proposed by Liu et al. 17  the neural stem cells pass on 
mutations to downstream progeny such as oligodendrocyte 
precursor cells (OPCs), which become putative glioma cells 
of origin. By contrast, Koso et al. 18  suggested that the cell of 
origin in some GBM is not an OPC but an astroglial- like cell, 
and that the originating mutations can occur in neural stem 
cells. Hence, it may be likely that multiple cells of origin give 
rise to gliomas. Further, studying the genetic and epigenetic 
landscape of human OPCs and other cells as they are 
differentiating could uncover epigenetic enzymes and 
pathways misregulated in gliomagenesis. As an example, 
recent studies suggest that epigenetic modifi cation 
determination during neural differentiation will probably 
provide insight into dedifferentiation processes, which may 
give rise to GBM. Friedmann-Morvinski et al. 19  demonstrated 
that mature neurons dedifferentiate and become tumor- 
initiating cells in mouse models of glioma. Parallel studies 
showed that targeting astrocytes promotes glioma 
formation. 20  Collectively, these fi ndings suggest that gliomas 
may arise from either dedifferentiating neural stem cells or 
astrocytes. Importantly from a therapeutic point of view, 
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dedifferentiating neurons or astrocytes that give rise to 
gliomas might be the very cells that are resistant to 
chemotherapy with temozolomide (TMZ) and that induce 
tumor recurrence. 21  

 Moreover, recurrent genomic regions of alteration, net 
gains and losses, and DNA aberrations have been found as 
markers of gliomagenesis inside tumor samples. Whereas 
some of these regions contain known oncogenes and tumor 
suppressor genes, putative biologically relevant genes within 
other regions remain to be identifi ed. The phenotypic and 
genotypic heterogeneities indicate that no isolated genetic 
event accounts for gliomagenesis, but rather that it is the 
cumulative effects of a number of alterations that operate in 
a concerted manner. In this pathological process are included 
activation of growth factor receptor signaling pathways, 
downregulation of many apoptotic mechanisms, and 
imbalance of pro- and antiangiogenic factors. Several growth 
factor receptors, such as epidermal growth factor receptor 
(EGFR), platelet- derived growth factor receptor (PDGFR), 
C-Kit, vascular endothelial growth factor receptor (VEGFR) 
are overexpressed, amplifi ed, or mutated in gliomas. Hence, 
the modulation of gene expression at more levels, such as 
DNA, messenger RNA, proteins, and transduction signal 
pathways, may represent the most effective modality to 
downregulate or silence some specifi c gene functions in 
neoplastic cells. 22  

 Regardless of all these research advancements, effi cacious 
treatments to cure GBM have yet to be developed. Standard 
GBM treatment includes maximal surgical resection with a 
postoperative combination of radiotherapy with concomitant 
and adjuvant TMZ chemotherapy. 23  Although this treatment 
improves the median overall survival from 6 to 14.6 months, 
GBM remains a lethal tumor. Maximal safe resection of a 
primary GBM still remains the mainstay and confers 
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improved prognosis. Alarmingly, with this therapy, patient 
survival at 5 years is below 10%. This is in part due to 
the invasive behavior of the tumor and the resulting 
inability to resect more than 98% of the bulk. For this 
reason, recurrence even after the most advanced treatment 
may be inevitable, and even in cases where apparent 
gross total resection is achieved. 15  Specifi cally, patients who 
receive a surgical resection greater than 98% of the tumor 
volume have a prognosis of 13.1 months compared with 
8.8 months in patients from whom less of the tumor is 
resected. 24  The indefi nable borders of GBM cell infi ltration 
into the surrounding healthy tissue prevent complete 
surgical removal. For this reason, most GBM patients will 
follow a standard treatment regimen after the tumor is 
resected. This consists of 6 weeks of external beam 
radiation fi ve times a week plus daily oral TMZ. However, 
TMZ is an alkylating agent that does not always have 
therapeutic effi cacy on each tumor cell. Unfortunately, most 
patients will have a recurrence within 6.9 months of their 
primary diagnosis. Essentially, all GBMs recur, and, among 
these, at least 80% of GBM recurrences occur in the 
same area as the original tumor, but re- operation and 
re- radiation are options for only a minority of patients. In 
addition, genetic mutations, epigenetic modifi cations and 
microenvironmental heterogeneity cause resistance to 
radiotherapy and chemotherapy, resulting in a therapeutic 
scenario that is diffi cult to overcome. Therefore, the 
development of effi cient therapeutic strategies to combat 
these tumors requires a better knowledge of genetic and 
proteomic alterations as well as of the infi ltrative behavior of 
GBM cells and how this can be targeted. 

 Cerebral gliomas show a unique pattern of invasion and 
exceptionally metastasize outside the central nervous system. 
Their invasion comprises the translocation of active 
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malignant cells through host cellular and extracellular 
matrix (ECM) barriers. 25,26  How they can evade immune 
detection and defer commitment to proliferation, remains 
mostly unknown. Basically, invading glioma cells migrate to 
distinct anatomical structures: the basement membrane of 
blood vessels, the subependymal space, the glial limitans 
externa, and parallel and intersecting nerve fi ber tracts in the 
white matter. They adhere to proteins of the surrounding 
ECM, are able to degrade ECM components by secretion 
of proteases and migrate. The ECM is composed of 
proteoglycans, glycoproteins, and collagens and also contains 
fi bronectin, laminin, tenascin, hyaluronic acid, and 
vitronectin. Key points in the process of invasion are the 
synthesis and deposition of ECM components by glioma and 
mesenchymal cells, the release of ECM-degrading factors for 
remodeling interstitial spaces, the presence of adhesion 
molecules, and the effects of cell–matrix interactions on the 
behavior of glioma cells. The importance of ECM 
modifi cation lies in the loss of contact inhibition, allowing 
tumor cells to freely migrate. It is known that the proteolytic 
degradation of the basement membrane is mediated by 
proteases, such as the matrix metalloproteinases (MMPs), 
secreted by tumor and stromal cells. 27  Also, the brain tumor 
invasion is probably the result of an imbalance between 
the production of MMPs and of tissue inhibitor of 
metalloproteases-1 produced by the tumor cells. 27  MMP-1 
initiates the breakdown of the interstitial collagens and 
activates the other MMPs to allow glioma cell infi ltration. 
Glioma cells adhere to each other and to the ECM components 
through cell adhesion molecules such as integrins, selectins, 
cadherins, the immunoglobulin superfamily, and lymphocyte 
homing receptors. Integrins are heterodimers composed of 
 α - and  β -subunits. These proteins regulate many aspects of 
cell behavior, including survival, proliferation, migration, 
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and differentiation. Integrins are expressed on different cell 
types, including neurons, glial cells, and meningeal and 
endothelial cells. Downregulated  β  1  integrin levels seem to 
affect the locally invasive behavior of astrocytic tumors 
through the interaction of glioma cells with ECM components, 
leading to reduced migration along vascular basement 
membranes. 28  

 Numerous chemotherapeutic drugs affecting cell division 
or DNA synthesis have been tested to improve the 
prognosis of GBM, including alkylating agents that differ 
from TMZ (Busulfan, Bicnu, Carboplatin, Carmustine, 
Cisplatin, Lomustine, Oxaliplatin), topoisomerase inhibitors 
(Irinotecan, 29  Topotecan), anthracyclines (Doxorubicin), and 
antimitotic agents (Vincristine, Taxanes). 30  Furthermore, 
new innovative anticancer drugs targeting receptor tyrosine 
kinases – EGFR, PDGFR, VEGFR – and their downstream 
signaling pathways PI3k/Akt/mTOR, Ras/mitogen- activated 
protein kinase, protein kinase C – have also been developed 
and used in clinical trials. 31  However, the greatest obstacle in 
the treatment of brain tumors with these drugs is often not 
drug potency, but the physical barrier, the blood–brain 
barrier, that renders the usual circulatory routes of delivery 
ineffective. 32  

 The Cancer Genome Atlas research network performed 
the whole genome sequencing of GBMs and found a link 
between GBM initiation, progression, and recurrence and 
epigenetic pathways, that have recently emerged as possible 
new drug targets. In 90% of patients, GBMs arise de novo as 
primary tumors without progression from lower grades, 
whereas secondary GBMs originate from previously 
diagnosed low- grade astrocytomas. Greater knowledge of 
the cellular, genetic, and epigenetic origins of GBMs is the 
key for developing personalized GBM treatment. Recent 
attempts to characterize the GBM epigenetic/genetic 
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landscape have used integrative approaches including 
multiple types of high- throughput data such as genetic 
mutations and RNA expression, as well as methylation and 
protein expression. 33  Novel therapies are likely to come from 
epigenetic targets, which offer the opportunity to modulate 
aberrant cellular behavior. 

 Examples of epigenetic therapies originate from the 
observation of the behavior of invasive glioma cells as a 
consequence of their reaction to specifi c components of the 
ECM that act as substrates for glioma spread. 34,35  Various 
anti- invasive techniques have been shown to inhibit the 
proliferative processes by in vitro and in vivo models. 36–39  
The molecular pharmacotherapeutic approach to high- grade 
gliomas includes gene therapy, antisense oligonucleotides, 
immunotherapy, small molecules inhibiting tyrosine 
kinase, farnesyltransferase and MMPs. Among these, 
the antisense oligonucleotides appear the most promising. 
This method is based on the sequence- specifi c binding of 
an antisense oligonucleotide to target messenger RNA. 
Antisense oligonucleotides are synthetic stretches of DNA 
that hybridize with specifi c messenger RNA strands. The 
specifi city of hybridization makes the antisense method able 
to selectively modulate the expression of genes involved in 
tumorigenesis, so allowing the prevention of gene translation. 
The goal of an antisense molecule- based approach is to 
selectively suppress the expression of a protein by exploiting 
the genetic sequence in which it is encoded. The identifi cation 
and validation of antisense inhibitors is the fastest way to 
identify inhibitors of gene expression. Moreover, as they 
target RNA instead of proteins, they can be extremely specifi c 
and versatile when properly used. 40–42  

 The number of potential targets for antisense 
oligonucleotide treatment of glioma cells is extremely large, 
including genes coding for growth factors and their receptors, 
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cellular proteases, kinases, second messengers, proto- 
oncogenes, and factors and proteins that are important in 
cell cycle control and apoptosis. The classical examples of 
use of antisense oncogenes involve c- myb  or  bcl-2 . In 
neoplasm progression, several growth factor receptors, such 
as EGFR, VEGFR, transforming growth factor- β , insulin- 
like growth factor 1 receptor are overexpressed, amplifi ed, 
and mutated in gliomas. 43  The clinical results obtained 
using antisense therapy are often similar to those obtained 
by using inhibitor chemotherapeutic agents (i.e. imatinib, 
gefi tinib) targeting the growth factors and the downstream 
elements of signaling pathways. The results are especially 
interesting when applying the combined techniques of 
antisense and/or inhibitors with chemotherapy. Using either 
the approach of inhibitors of growth factors and their 
receptors, especially of EGF, or the approach of antisense 
insulin- like growth factor 1 and anti- transforming growth 
factor- β  inducing an antitumor response, together with TMZ 
chemotherapy, the median survival of GBM patients can 
actually reach 2 years. These results constitute progress 
compared with the classical treatment and they underline the 
value of molecular- biology- based gene therapy, especially 
immune- gene therapy. 44  

 However, for these targets to be validated in GBM, detailed 
network analyses are required to be coupled to understanding 
the role that epigenetic enzymes play in the survival of GBM 
cells of origin. 

 Once an epigenetic target is selected, the next challenge 
will be to generate small molecule inhibitors that can pass 
through the blood–brain barrier and reach the target 
malignant cells. Given the likelihood that drug combinations 
will be required to effectively treat GBM, drug interactions 
will also have to be considered to identify the effect of each 
drug in infl uencing blood–brain barrier permeability. 
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Unfortunately, the successful therapeutic responses have not 
statistically met with the expectations engendered by the 
enormous progress in cancer molecular genetics that was 
made in the latter part of the twentieth century.   
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  Abstract:  In this chapter we will focus on the blood–
brain barrier physiological structure and subsequent 
pathophysiology in the presence of brain tumors. The 
existence of the blood–brain barrier selectively prevents 
the free passage of numerous molecules, especially 
macromolecules such as many drugs are. The tightness of 
the barrier is due to its non- fenestrated endothelial cells 
and junctional structure; the presence of transmembrane 
proteins sealing the intercellular cleft also plays a pivotal 
role in the selective passage of substances. In the presence 
of a pathological process, such as infl ammation or brain 
tumors, the barrier undergoes modifi cations of its 
permeability. It is the thorough study of the functioning of 
the barrier in both physiological and pathological settings 
that can be the key to interfering with its permeability, and 
so allowing the passage of drugs.  

   Key words:    blood–brain barrier, brain tumor, edema, 
pathophysiology, transmembrane proteins.   
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     The effi cacy of brain tumor therapies is hampered by the 
presence of the blood–brain barrier (BBB). This structure 
is a dynamic barrier that is selectively permeable to small 
molecules while macromolecules and many chemotherapeutic 
agents cannot overcome it unless it is partially destroyed. 
The existence of the BBB was fi rst demonstrated in 1885 
by the German pathologist Ehrlich. 1  He observed that 
intravenous injection of albumin- bound dyes into rats 
stained all body tissues except for the brain. Subsequent 
electron microscopy studies showed that intravenous 
administration of horseradish peroxidase is prevented from 
entering the brain parenchyma by capillary endothelial cells, 2  
confi rming the existence of a barrier. 

 The BBB is made up of an inner layer of endothelial cells 
that are continuously linked by tight junctions. Moreover, 
astrocytes and pericytes surround the endothelium thanks 
to their peduncles, creating an additional obstacle. 3  
Physiologically, in addition to brain capillary endothelial 
cells, extracellular base membrane, adjoining pericytes, 
astrocytes, and microglia are all integral parts of the BBB 
supporting system. Together with surrounding neurons, these 
components form a complex and functional “neurovascular 
unit”. That way, hydrophilic and high- molecular- weight 
substances cannot pass through to reach the neurons. Hence, 
the BBB protects the intracerebral milieu from dangerous 
external substances 4,5  and thanks to specialized carriers sited 
on its surface, it allows the infl ux/effl ux of small lipophilic 
molecules, glucose, and some amino acids. 6  Despite 
advancements in pharmaceuticals and technology and the 
apparent clarity of the molecular structure and functioning 
of the BBB, overcoming it in order to effi caciously treat brain 
diseases remains a challenge, the majority of drugs have large 
molecular weights and do not readily permeate into the brain 
parenchyma, targeting the required cells. 



Blood–brain barrier pathophysiology in brain tumors

19

 The tightness of the BBB is due to the physical complexity 
of its non- fenestrated endothelial cells and junctional 
structure and the presence of transmembrane proteins 
sealing the intercellular cleft and playing a pivotal role in the 
presence of a pathological process. The transmembrane 
proteins constituting the tight junctions and bound to their 
counterparts on adjacent cells include claudin-1 and 
claudin-5, occludin, and junctional adhesion molecules. 7–9  At 
the cytoplasmic surface of cells, the claudins and occludin 
principally bind zonula occludens 1 (ZO1), ZO2, and ZO3, 
each of which anchors to the actin cytoskeleton. ZO1, ZO2, 
and ZO3 are guanylate cyclase proteins, 10  so are involved in 
intracellular signaling. This complex organization acts as a 
gate that can be transiently opened in response to second 
messengers to permit the passage of specifi c solutes. 11  
Consequently, phosphorylation of occludin and claudins 
may regulate tight junction permeability. 7  

 It is universally accepted that the endothelial tight junctions 
of the BBB are structurally defective in human glioblastoma 
(GBM), resulting in cerebral vasogenic edema. 12  However, 
the mechanisms underlying BBB breakdown are poorly 
understood. Some hypotheses come from studies on the 
transmembrane proteins. Occludin, claudin-1, and claudin-5 
appear to be dysregulated in human glioma vessel tight 
junctions. 13,14  Specifi cally, the expression of the tight 
junction protein claudin-1 was lost in the majority of GBM 
microvessels, whereas claudin-5 and occludin were 
signifi cantly downregulated only in hyperplastic vessels. 13  
Moreover, as the presence of occludin in human astrocytomas 
is inversely related to the histological tumor grade, 14  it has 
been suggested that in these settings occludin is downregulated 
and phosphorylated. 14,15  Phosphorylation of occludin inhibits 
its interactions with ZO1, ZO2, and ZO3 16  and increases 
tight junction permeability. 7  
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 Complementary research supposed that glioma cells might 
actively degrade previously intact BBB tight junctions, 
depending on tumor grade. Previous studies found how 
abnormalities in the appearance of tight junctions in human 
gliomas correlate with increasing malignancy. 17  Recently, 
Schneider et al. 18  confi rmed that cultured GBM primary cells 
showed marked breakdown of electrical resistance, whereas 
primary cultures derived from low- grade gliomas showed 
delayed or no effects. These results suggest that malignant 
gliomas have acquired the ability to actively degrade tight 
junctions by secreting soluble factors, eventually leading to 
BBB disruption within invaded brain tissue. 18  

 Another concurrent mechanism set up to weaken the 
physiological functioning of the BBB address the presence of 
malignant astrocytes and/or pericytes having lost their ability 
to induce BBB features of cerebral endothelial cells due to 
dedifferentiation. 18  In a normal environment, astrocytes and 
pericytes secrete factors that confer BBB properties to 
adjacent endothelial cells. This has been confi rmed by 
observing transplanted astrocytes in vivo and in vitro 
inducing BBB properties in adjacent non- neural endothelial 
cells from different species. 19,20  Cerebral endothelial cells that 
vascularize brain tumors probably dedifferentiate in response 
to signals produced by the surrounding tumor cells. Cultured 
endothelial cells from brain can be induced to lose features 
characteristic of their tissue of origin and adopt an immature 
phenotype by changing the culture media and exposing them 
to growth factors. 21,22  In this context, it is of particular 
interest that the majority of microvascular pericytes were 
negative for a- smooth muscle actin, which is a marker of 
differentiated pericytes, although pericytes were frequently 
found in electron micrographs. 13  

 Reduced numbers of normal astrocytes in tumor tissue 
associated with excessive secretion of angiogenic factors can 
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be another possibility explaining the augmented permeability 
of the BBB in the tumor setting. Because high- grade tumors 
are defi cient in normal astrocytes, they lack the astrocyte- 
derived factors required for the formation of a normal 
barrier. 23  In addition, brain tumor cells secrete the angiogenic 
vascular endothelial growth factor (VEGF), 24  and human 
anaplastic astrocytoma and GBM have the highest 
production. 25,26  In cultured brain cells, VEGF causes 
downregulation and phosphorylation of the tight junction 
proteins occludin and ZO1, with a corresponding increase in 
permeability. 27–29  This circle is fomented by the hypoxic 
environment created by human GBM cells, which outgrow 
their blood supply: hypoxia is a potent stimulus for secretion 
of VEGF by the same tumor cells. 30,31  

 The extracellular matrix (ECM) also plays a role in 
favoring the altered permeability of the BBB. Compared with 
normal brain tissue, GBM has an apparently expanded and 
defective ECM. 32,33  The involvement of glioma- derived 
factors on matrix metalloproteinases has been quantitatively 
demonstrated in a model of cocultured GBM cells and 
glioma- derived transforming growth factor- β  2  (TGF- β  2 ). The 
presence of TGF- β  2  enhanced the paracellular fl ux of 
endothelial cell monolayers in conjunction with signifi cant 
downregulation of the tight junction proteins occludin, 
claudin-1, and claudin-5. 34  

 All of these phenomena are restricted to the tumor site. 
Recent in vitro studies evaluating brain tumor- induced 
alterations and BBB permeability in brain capillary endothelial 
cells of mice indicated that, although BBB integrity is altered 
within the tumor site at later stages of development, the BBB 
is generally still functional and limiting in terms of solute and 
drug permeability in and around the tumor. 35  

 To be able to interfere with the permeability of the BBB 
bypassing it to treat brain diseases, we need also to take 
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advantage of the transport mechanisms across the barrier. 
Concentration differences, lipophilicity, and molecular 
weight drive the passage so that only small lipid- soluble 
molecules with a molecular weight of 400 Daltons can simply 
cross the BBB. Due to the unique properties of the BBB, 
paracellular transport of hydrophilic drugs is virtually absent 
and transcellular transport by passive diffusion is only 
available to molecules with a low molecular weight. 36–38  Only 
a small percentage of drugs fi t these criteria. 39  For other 
molecules, their transport across the BBB will then have to 
rely on either the integrity of the BBB or the drug properties 
and their affi nity for BBB receptors. For these other 
substances, transport proteins acting as carriers, or as specifi c 
receptor- mediated or vesicular mechanisms are required. 

 The passage mechanisms across the BBB imply not only 
simple diffusion, either paracellular or transcellular, but also 
facilitated transport (Figure 2.1). 40  Small water- soluble 
molecules simply diffuse through the tight junctions but not 
to any great extent. Small lipid soluble substances like 
alcohol and steroid hormones penetrate transcellularly by 
dissolving in their lipid plasma membrane. However, for 
almost all other substances transport proteins (carriers), 
specifi c receptor- mediated or vesicular mechanisms 
(adsorptive transcytosis) are required to pass the BBB. 41  

 Facilitated (passive) diffusion needs specifi c membrane 
protein carriers to carry across the BBB a substance whose 
external concentration is high – i.e. carrier- mediated 
transport (CMT). In the case of transport proteins, or CMT, 
there is binding of a solute such as glucose or amino acids to 
a protein transporter on one side of the membrane, which 
triggers a conformational change in the protein, resulting in 
the transport of the substance to the other side of the 
membrane, from high to low concentration. If compounds 
need to be moved against a concentration gradient, ATP may 
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provide the energy to facilitate the process. Effl ux pumps or 
transporters are responsible for extruding drugs from the 
brain and this mechanism is a major obstacle for the 
accumulation of a wide range of biologically active molecules 
in the brain, with the ATP binding cassette transporter 
P-glycoprotein and multidrug- resistant protein being the 
principle effl ux mechanism of these agents. 42  Inhibition of 
P-glycoprotein in preclinical studies has enhanced the 
penetration of paclitaxel into the brain, indicating the 
feasibility of achieving improved drug delivery to the brain 
by suppression of P-glycoprotein. 43  CMT systems can be 
exploited for brain drug delivery after reformulating the 

  An illustration of the component of the blood–
brain barrier, including the main routes for 
transport of substances across the barrier itself: 
(a) paracellular aqueous pathway; (b) 
transcellular lipophilic pathway; (c) transport 
proteins; and (d) transcytosis     

  Figure 2.1 
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drug in such a way that the drug assumes a molecular 
structure that mimics that of the endogenous ligand. 

 Receptor- mediated transport/transcytosis (RMT) provides 
a means for selective uptake of macromolecules. Just as the 
CMT systems are portals of entry for small- molecule drugs 
that have a molecular structure that mimics that of an 
endogenous CMT substrate, the RMT systems allow the 
entry of large- molecule drugs that are attached to endogenous 
RMT ligands. The BBB endothelial cells express RMT 
systems for the transport of endogenous peptides, such as 
insulin or transferrin, growth factors, enzymes, and plasma 
proteins. The molecules fi rst bind to receptors that collect in 
specialized areas of the plasma membrane known as coated 
pits. When bound to ligand these pits invaginate into the 
cytoplasm and then pinch free of the plasma membrane to 
form coated vesicles. After acidifi cation of the endosome, the 
ligand will dissociate from the receptor and cross the other 
side of membrane. 44,45  The RMT systems operate in parallel 
with the classical CMT. The RMT has particular interest for 
drug delivery because it is mainly employed in the transport 
of macromolecules like peptides and proteins across the BBB, 
by conjugating the substance with ligands such as lactoferrin, 
transferrin, and insulin. 

 Endocytosis and transcytosis allow the internalization, 
sorting and traffi cking of many plasma macromolecules. 
Through endocytosis molecules from the circulation are 
internalized in vesicles and are directed to endosomes or 
lysosomes within the cell. Receptor mediated endocytosis is 
clathrin- dependent and provides for a highly specifi c and 
energy- mediated transport that enables cells to selectively 
uptake macromolecules. 

 Adsorptive- mediated transcytosis (AMT) or pinocytosis 
facilitates the transport of large peptides such as 
immunoglobulin G, albumin, and native ferritin thanks to an 
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electrostatic interaction between a positively charged 
substance and the negatively charged sites on the brain 
endothelial cell surface. 46  AMT has a lower affi nity but 
higher capacity than RMT. The development of many new 
drug- delivery technologies focuses on AMT. 47  Another type 
of transcytosis is cell- mediated transcytosis; 48  this relies on 
immune cells such as monocytes or macrophages to cross an 
intact BBB. In fact, it is a well- established mechanism for the 
entry of some pathogens, such as  Cryptococcus neoformans  
and human immunodefi ciency virus, into the brain, and is 
known as the “Trojan horse” model. 49,50  Unlike other 
pathways of transport, which normally permit only solute 
molecules with specifi c properties, cell- mediated transcytosis 
can be used for almost any type of molecules or materials as 
well as particulate carrier systems. 51  An increased site 
specifi city and internalization can improve the effi cacy of 
treatments based on this kind of transport and decrease the 
possibility of side effects. Another relatively new target is 
represented by the aquaporins (AQPs), involved in the 
pathophysiology of brain edema. 52–54  The AQPs are a family 
of 12 water- channel proteins, of which AQP4 is predominant 
in brain; it is strongly expressed in astrocyte foot processes, 
and has been shown to increase the water permeability in 
vitro. 55,56  AQP4 appears strongly upregulated in human 
astrocytic tumors 57  and is also found throughout the entire 
astrocyte cell membrane. Indirect evidence suggests a 
correlation between the size of the ECM and the level of 
AQP4 expression, with AQP4-expressing gliotic tissue 
presenting a signifi cant barrier to extracellular fl uid fl ow. 58  It 
has been recently reported that AQP1, which is normally 
expressed in choroid plexus, can also be expressed in tumor 
cells and peritumoral astrocytes in human high- grade 
gliomas. 59,60  Its role in the pathophysiology of brain tumor 
edema is not known. 



Innovative brain tumour therapy

26

 Endothelial tight junction proteins, transport systems 
across the barrier, and AQP4 may represent targets for the 
design of novel drugs to treat brain tumors. By using 
nanotechnology it is possible to deliver the drug to the 
targeted tissue across the BBB, release the drug at a controlled 
rate, and reduce peripheral toxicity.   
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 Brain drug- delivery attempts  
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  Abstract:  This chapter discusses the possibilities of 
therapeutic overcoming of the blood–brain barrier (BBB) 
by different treatment strategies. Drugs are usually 
administered via the intravenous route, but the BBB often 
impedes the intravenously delivered drug in reaching 
the intracranial compartment. Moreover, the scarce 
accumulation of drugs in the brain depends also on its 
rapid clearance by the extracellular fl uid and the plasmatic 
half- life of the drug itself. Nowadays, multiple strategies 
exist to circumvent the BBB and achieve therapeutic 
concentrations of drugs in the brain. The intravenous 
route, for example, shows more effi cacy when the drug is 
linked to a carrier system like polymeric depots, liposomes 
or lipid carriers. To favor the penetration of drugs inside 
the brain transporter- independent and transporter- 
dependent mechanisms have been developed. Genetic 
engineering is also used to produce monoclonal antibodies 
and liposomes too are studied for gene therapy.  

   Key words:    blood–brain barrier, drug delivery, genomics, 
monoclonal antibodies, polymer depots.   

     Drug delivery is the process of releasing a bioactive agent at 
a specifi c rate and at a specifi c site but in the current scenario 

                 3 
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a safe and effective targeted drug- delivery system must be 
versatile because of the presence of thousands of new 
molecules. Hence, delivering a drug to its specifi c site of 
therapeutic action is one of the main actual limitations of 
pharmaceutical and biotechnology industries. 

 Drugs are usually administered via the intravenous route 
but the blood–brain barrier (BBB) often impedes the 
movement of intravenously delivered drugs into the 
intracranial compartment because it expresses high levels of 
drug effl ux pumps, such as P-glycoprotein, which actively 
remove chemotherapeutic drugs from the brain. 1  In addition, 
diffusion in the brain parenchyma is very weak, which is 
partially due to the high intercellular fl uid pressure in 
tumors. 2,3  Finally, brain tissue is highly sensitive, so only 
limited doses of therapeutic agents can be used. Current 
estimates are that all large- molecule drugs and 98% of small- 
molecule drugs minimally cross the BBB, except by leakage 
in areas of BBB dysfunction. 4  Moreover, it is not only the 
presence of the barrier that is a problem; the poor 
accumulation of drugs in the brain depends also on their 
rapid clearance by the extracellular fl uid and the plasmatic 
half- life of the drugs themselves. 5  

 Increasing experimental evidence indicates that endothelial 
cells and microvascular properties can be altered by the 
activation of neurons within the neurovascular unit that 
serve the specifi c areas. 6,7  Changes in microvascular 
permeability can affect astrocyte function and neuron 
integrity. The integration of neuron and microvascular 
function is a practical framework for considering the 
traffi c of agents that might affect or improve neuron 
function under conditions of injury and infl ammation. 
Neuron function could affect the window for delivery of 
agents through alterations in endothelial cell–astrocyte 
communication. 
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 Nowadays, multiple strategies exist to circumvent the BBB 
and achieve therapeutic concentration of small- and large- 
molecular- weight drugs in the brain. The intravenous route, 
for example, shows more effi cacy when the drug is linked to a 
carrier system like polymeric depots, liposomes or lipid carriers. 
To favor the penetration of drugs inside the brain, transporter- 
independent and transporter- dependent mechanisms have been 
developed. 

 Among the transporter- independent mechanisms, intranasal 
delivery has been used with great expectations. It is a non- 
invasive method of bypassing the BBB by delivering the 
substances to the nasal epithelium and subsequently to the 
olfactory cerebrospinal fl uid. 8,9  The respiratory region of the 
nose is considered to be the major site for drug absorption 
into the systemic circulation, which can be by transcellular 
pathways or paracellular passive absorption, carrier- mediated 
transport, and transcytosis. The highly permeable nasal 
epithelium allows rapid drug absorption to the brain because 
of high total blood fl ow, porous endothelial membrane, large 
surface area, and avoidance of fi rst- pass metabolism. 10  
Nevertheless, while the olfactory surface area of the nasal 
epithelium in rodents is large, it is small in humans (50 versus 
5%), 11  so intranasal delivery is not expected to achieve 
therapeutic drug levels in most human brain regions in vivo. 
Moreover, intranasal delivery can damage the nasal mucosa 
when used frequently, the drug can be rapidly cleared by the 
mucociliary system, nasal congestion can interfere with the 
absorption, and some of the drug may be absorbed 
systemically. 12  

 A drug can be directly delivered inside the central nervous 
system (CNS) by the use of chemical substances, or by the 
application of energy, like ultrasonic waves or electromagnetic 
radiation, which help in opening the tight junctions. Because 
the tight junctions act as a tightly bound wall, one method 
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for the penetration of the BBB is by disrupting it. In this case, 
the disruption of the BBB should be transient and reversible. 
Different substances have been tested to reach this goal. For 
example, hypertonic solutions can open the tight junctions 
thanks to their higher osmotic pressure, which leads to a 
shrinking of cerebrovascular endothelial cells and subsequent 
disarrangement of extracellular proteins. This way, the drug 
is absorbed paracellularly. 10  Effective and safe transient 
osmotic disruption of the BBB and the blood–tumor barrier 
can be achieved by intra- arterial infusion of another 
hyperosmotic agent, mannitol. 13  The BBB is opened to drugs, 
proteins, and nanoparticles for between 15 minutes (for 
virus- sized agents) and 4 hours (for low- molecular- weight 
compounds) before returning to baseline permeability. 14  This 
technique is currently used clinically for the delivery of 
chemotherapy to the CNS in patients with brain tumors. It 
has shown increases in parenchymal and cerebrospinal fl uid 
chemotherapy concentrations between tenfold and 100-fold 
compared with intravenous administration alone. Over the 
past 20 years, 5645 procedures have been performed in 
482 patients by institutions affi liated with the BBB 
Consortium with minimal adverse side effects. Signifi cant 
prolongation of survival has been documented in patients 
with chemoresponsive tumors, such as primary CNS 
lymphoma, without radiotherapy and without cognitive 
loss. 15  

 Biologically vasoactive agents such as bradykinin, 
angiotensin peptides, leukotrienes, histamine, and vascular 
endothelial growth factor are also capable of disrupting the 
BBB, suggesting that they may play a role in modulating BBB 
permeability. In the case of brain gliomas, microvascular 
permeability in tumor tissue is more sensitive to the effects of 
these compounds than the normal brain endothelial cells, 
thanks to a partially altered barrier. Therefore, these stimuli, 
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when used in combination with imaging contrast agents, 
genes or anticancer drugs, can potentially boost the 
preferential delivery of these materials to the brain tumor to 
obtain diagnosis, chemotherapeutic treatment or gene 
therapy. Specifi cally, bradykinin, an endogenous peptide 
mediator of the infl ammatory response, can induce transient 
increases in blood vessel permeability that can be highly 
specifi c for tumor vasculature. Lobadimil (RMP-7) is a 
synthetic bradykinin analog that is specifi c for the B2 receptor 
and is 100-fold more potent than bradykinin in mice. 
Pharmacological manipulation of the B2 receptor offers the 
possibility of highly specifi c opening and targeted drug 
delivery to tumors, albeit with the possibility that increases 
in delivery may only be modest and dependent on the tumor 
type or model treated. Clinical studies in the past 5 years 
have demonstrated the safety of concurrent RMP-7 and 
carboplatin, with or without radiation therapy, for both 
adults and children with gliomas. 16  It seems that RMP-7 had 
no effect on the pharmacokinetics or toxicity of carboplatin, 
and two studies have shown no objective responses of RMP-7 
and carboplatin in brain stem glioma or high- grade glioma. 17  
Higher doses of RMP-7 may be required to increase 
carboplatin delivery to tumor, but may also result in increased 
toxicity in normal brain. 

 The capacity of energy- based physical methods, such as 
ultrasound, microwaves, or electromagnetic fi elds, to open 
the BBB has also been investigated. The important advantage 
of this approach is its specifi city for targeting to a specifi c 
area of the brain. Focused ultrasound techniques concentrate 
the energy in a deep focal area with minimal effects to 
surrounding tissues. This allows it to noninvasively induce 
targeted local biological effects. Histologically, the low- 
power ultrasound caused reversible focal opening that was 
completely healed within 24 hours. Marker dye extravasation 
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was associated with widening of the tight junctions and 
active vacuole transport across the endothelial cells. Hynynen 
et al. 18  showed that the intravenous injection of preformed 
gas microbubbles before pulsed ultrasound exposure would 
allow localized transient opening of the BBB without causing 
acute damage to the neurons, apoptosis, ischemia, or long- 
term vascular damage. Ultrasound BBB disruption produced 
clinically relevant levels of liposomal doxorubicin and 
monoclonal antibodies in the targeted local areas of the 
brain in animals. It is still unclear whether this technique 
will show any therapeutic promise in humans. Another fi eld 
that takes advantage of this method is imaging. BBB 
disruption by magnetic resonance imaging- guided focused 
ultrasound achieves focal CNS delivery in animal models. 19  
In combination with an imaging device such as magnetic 
resonance imaging, ultrasound becomes a noninvasive 
approach to open targeted regions of the BBB to enable 
delivery of drugs and other therapeutic molecules, or of 
contrast agents to help in diagnosis. 

 A drug can also be directly injected into the brain. 
Intracerebral delivery involves intrathecal or intraventricular 
catheter strategies or controlled release matrices. These 
techniques are highly invasive and related to important 
disadvantages such as infections, catheter obstruction, and 
limited volume of drug distribution. To avoid open- surgery, 
microparticles can be easily implanted stereotaxically in 
precise areas of the brain without damaging the surrounding 
tissue. Moreover, their implantation avoids the inconvenient 
surgical insertion of large implants and can be repeated if 
required. Local and site- specifi c delivery of chemotherapeutic 
agents increases drug concentration at the tumor target, 
decreases systemic exposure and toxicities, and increases the 
duration of exposure of the tumor to the drug. Experimental 
and clinical studies have demonstrated a statistically 
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signifi cant increase in survival associated with local therapy 
for brain tumors. 20  Implants are made up of biodegradable 
and nonbiodegradable polymeric materials encapsulating 
drugs inside them. The basic mechanism behind drug release 
from these devices is diffusion. 

 Polymer depots have been used for the delivery of drugs 
into the brain tumor cavity, with the drug inside the polymer 
matrix as a core material. They offer sustained release of 
drugs thanks to the biodegradation of the polymer. Similarly, 
Gliadel ®  wafer (MGI Pharma, Bloomington, MN, USA), a 
polymer depot containing the drug carmustine, shows release 
over a period of 5 days when placed in the tumor resection 
cavity. 21  The therapeutic effect of Gliadel wafers was tested 
in two phase III clinical trials. 22  The median survival time 
obtained with treated patients was signifi cantly prolonged in 
comparison with untreated patients (by 2 months). However, 
infections and cerebral edema due to the high concentration 
of carmustine, and obstructive hydrocephalus resulting from 
the dislodgment of the wafer were also present. 

 Physicochemical properties of drugs, such as lipophilicity, 
lack of ionization at physiological pH, and molecular weight, 
determine the extent to which drugs can cross the barrier. 
Chemically modifying the drugs can aid in overcoming the 
BBB. Lipidization – the addition of lipid- like molecules 
through modifi cation of the hydrophilic moieties on the drug 
structure – takes advantage of the relative permeability of 
the BBB to lipid- soluble molecules. In this way, the drugs 
cross the barrier through small pores that transiently form 
within the lipid bilayer. The addition of hydrophobic groups 
to a molecule may enhance its brain transfer by passive 
diffusion. This strategy has been frequently employed with 
controversial results. Multiple chemical or enzymatic 
transformations before release of the active drug are 
employed in chemical delivery systems. 5  These chemical 
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delivery systems are based on a dihydropyridone–quaternary 
pyridinium ion redox system, which relies on chemistry 
analogous to the ubiquitous NAD1–NADH coenzyme 
system. The drug is converted into a 1,4-dihydropyridine 
moiety- containing conjugate. After systemic administration 
in animals, there is extensive tissue distribution with the 
conjugate accessing most of the compartments, including 
the brain. Aiming at preventing glioma recurrence, Menei 
et al. 23  proposed poly( D , L- lactidecoglycolide biodegradable 
microspheres for the local sustained delivery of 5-fl uorouracil 
in glioma patients. 23  The authors showed an optimal 
radiosensitization effect and sustained in vivo concentrations 
of 5-fl uorouracil in the cerebrospinal fl uid 1 month after 
microsphere implantation. 23  In a multicenter phase II trial, 
the effect of perioperative implantation of 5-fl uorouracil- 
releasing microspheres followed by early radiotherapy 
was compared with early radiotherapy alone in patients 
with gross total resection of high- grade gliomas. The 
authors showed that implantation of 5-fl uorouracil- loaded 
microspheres in the wall of the cavity resection increased 
overall survival. 24  Prodrugs are pharmacologically inactive 
compounds that result from transient chemical modifi cations 
of biologically active species. The chemical change is usually 
designed to improve some defi cient physicochemical 
property, such as membrane permeability or water solubility. 
After administration, the prodrug is brought closer to the 
receptor site and is maintained there for longer periods. Here 
it is converted to the active form, usually via a single 
activating step. Once in the CNS, hydrolysis of the modifying 
group will release the active compound. Although increased 
lipophilicity may improve movement across the BBB, it also 
tends to increase uptake into other tissues, causing an 
increased tissue burden. This selectivity in delivery is 
especially detrimental when potent drugs such as steroids or 



Brain drug-delivery attempts

43

cytotoxic agents are considered, because toxicity is 
exacerbated at nontarget sites. Moreover, while increased 
lipophilicity may facilitate drug uptake into the CNS, it also 
enhances effl ux processes. This can result in poor tissue 
retention and short biological action. 

 Genetic engineering is used to produce either chimeric or 
humanized forms of monoclonal antibodies. 25,26  The most 
potent antibody- based molecular “Trojan horse” known to 
date is the one against the human insulin receptor. 27  Recently, 
this antibody has been humanized, and shown to cross the 
BBB in vivo in nonhuman primates. 26  Certain peptidomimetic 
monoclonal antibodies act as ligands for the receptor- 
mediated transport (RMT) systems present on the BBB. These 
RMT-specifi c antibodies bind epitopes on the receptor that 
are spatially removed from the endogenous ligand- binding 
site. The peptidomimetic monoclonal antibodies act as Trojan 
horses to ferry across the barrier an attached drug, protein, 
antisense agent, or nonviral plasmid DNA. 28–31  A number of 
nonantibody delivery systems have been evaluated, including 
histone, 32  p97, 33  receptor- associated protein, 34  the tat 
transduction domain peptide, 35  and other cationic peptides or 
polymers. Whereas the transport of ligands such as receptor- 
associated protein is hypothesized to be receptor- mediated, 
transport of cationic peptides is believed to be mediated by 
absorptive- mediated endocytosis systems that are based on 
charge interactions. 32  Delivery of biopharmaceuticals across 
the BBB has been reported recently using a related RMT 
system. 36,37  A carrier protein known as CRM197 was used as 
a safe and effective carrier protein in human vaccines and 
more recently in anticancer trials. 38  CRM197 uses the 
membrane- bound precursor of heparin- binding epidermal 
growth factor (HB-EGF) as its transport receptor. Membrane- 
bound HB-EGF is constitutively expressed on various tissues 
and cells such as BBB endothelial cells, so the brain and T 
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lymphocytes, monocytes, and macrophages can be reached. 
Moreover, HB-EGF expression is upregulated strongly under 
infl ammatory disease conditions, which will enhance targeted 
delivery considerably. CRM197 can deliver small interfering 
RNAs across the barrier by this mechanism. 37  

 Trojan horse liposomes are studied for CNS gene therapy. 
Gene delivery across the BBB may be ineffective owing to the 
rapid degradation of extracellular nucleic acids, as well as 
the pro- infl ammatory effects of naked DNA. 39  Encapsulation 
of plasmid DNA inside pegylated liposomes eliminates the 
nuclease sensitivity and proinfl ammatory effects of the 
nucleic acid. 40  Pegylated liposomes, per se, are not transported 
across the BBB. 41  However, the attachment of a molecular 
Trojan horse to the tips of the polyethylene glycol strands 
allows the liposome to engage the BBB RMT system, and 
this triggers transport of the pegylated immunoliposomes, 
also called Trojan horse liposomes, across the BBB. 28,42  The 
administration of this new technology to mice, rats, or 
monkeys is followed 24–48 hours later by global expression 
of the nonviral transgene in brain. 28,42  The intravenous 
injection of immunoliposomes carrying an expression 
plasmid encoding a short hairpin RNA directed against the 
human epidermal growth factor led to a 90% increase in 
survival time of mice with intracranial human brain cancer. 
The pegylated immunoliposome gene transfer technology 
enables intravenous RNA interference of the brain. 

 Other important advances that may impact brain drug 
delivery involve BBB genomics. This is the application of 
gene microarray technologies to the brain microvasculature. 43  
The endothelial cells occupy a very small volume of the 
brain, about 0.1%. The sensitivity of gene microarray is 
about 10 –4  parts. Therefore, most BBB-specifi c transcripts 
may not be detected in a whole brain gene microarray. BBB 
genomics starts with the isolation of RNA from the brain 
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microvasculature. Subsequently, different technologies, such 
as suppressive subtractive hybridization, 44  or serial analysis 
of gene expression, 45  can be employed to identify those genes 
that are selectively expressed in brain microvasculature. BBB 
genomics technologies can lead to new insights into the role 
played by the microvasculature in brain pathology. Moreover, 
BBB genomics can also lead to the identifi cation of new BBB 
transporters, which can then be developed as new conduits 
to the brain for drug targeting. In parallel with BBB genomics, 
BBB proteomics programs aim to use protein- based 
technologies to identify, at the protein level, novel targets 
within the BBB. 46,47  

 Inhibitors of BBB active effl ux transporters, such as 
P-glycoprotein inhibitors, have been developed. 48  Such 
inhibitors may act as codrugs to increase the brain penetration 
of P-glycoprotein substrates. This is exemplifi ed in the case 
of the increased brain penetration of the chemotherapeutic 
agent, paclitaxel (Taxol ® ), by coadministration of the 
P-glycoprotein inhibitor, PSC-833 (valspodar). 

 Convection- enhanced drug delivery (CED) involves a local 
microinfusion of drug targeted directly to brain tissue. The 
basics comprise a continuous infusion pressure gradient over 
hours to days resulting in the distribution of therapeutic 
agents into the interstitial space. The CED technique is used 
primarily for large- molecular- weight agents that show 
minimal leakage across the BBB and/or have signifi cant 
systemic toxicity, including viruses, oligonucleotides, 
nanoparticles, liposomes, and targeted immunotoxins. 49  
Parameters that affect CED volume of distribution include 
infusion parameters (rate, volume, duration, cannula size), 
infusate characteristics (molecular weight, surface properties, 
tissue affi nity), and tissue properties (tissue density, 
extracellular space, vascularity, and interstitial fl uid 
pressure). 50  Animal studies have demonstrated that the 
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volume of distribution achieved by CED can be imaged by 
magnetic resonance in real time by including contrast agents 
within the infusate. 51  The major clinical use of CED will be 
for targeted therapy of glioblastoma. 51  Recent studies 
have included interleukin-13/ Pseudomonas  exotoxin alone 
or in combination with radiation/temozolomide, and 
radioimmunotherapy with monoclonal antibodies targeting 
tenascin or tumor necrosis factor. 52,53  Despite promising early 
results, it appears that two industry- sponsored phase III 
trials of CED immunotoxins have been negative. Mechanisms 
for CED treatment failure include distribution inhomogeneity, 
high interstitial fl uid pressure, and rapid effl ux of agent from 
the injection site. 2  To overcome these issues, increased 
residence time must be achieved to enhance targeted toxin 
receptor binding and uptake by the cancerous cells.   
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  Abstract:  The notion of nanotechnology has evolved since 
its futuristic conception to its current position as a 
mainstream research initiative with broad applications 
among all divisions of science. One of the most important 
clinical applications of nanotechnology will undoubtedly 
be realized in therapeutics, and the challenge of brain 
tumor treatment can greatly benefi t from it. Their 
nanometric size along with the electrostatic charge and 
putative lipophilic characteristics allow nanoparticles to 
penetrate into the brain tissue freely. Nanoparticles across 
the blood–brain barrier can represent ideal devices for 
bypassing that obstacle, becoming the new frontier for 
successful brain tumor therapy. Intravenous nanoparticles 
are administered, in experimental settings, as carriers to 
deliver drugs into the tumor bed. Although promising in 
vitro results have been reported, it remains unclear how 
effective such a system would be due to intra- and inter- 
individual patient heterogeneity. Relevant patents of 
nanoparticle systems used as drug- delivery carriers are 
also reported.  

               4 



Innovative brain tumour therapy

54

   Key words:    brain tumor, nanomedicine, nanoparticles, 
nanotechnology, patent.   

     Current advances in biotechnology and pharmacology need 
the contemporary discovery and rational design of new 
classes of drugs, so it is crucial to improve specifi c drug- 
delivery methods to turn these advances into clinical 
effectiveness. Most of the drugs possess limited solubility, 
high toxicity, or need high dosage or aggregation because of 
poor solubility, have a nonspecifi c delivery, are degraded in 
vivo or have short circulating half- lives. Targeted drug- 
delivery systems can convey drugs more effectively and 
conveniently, increase patient compliance, and reduce 
healthcare costs. 1  In addition, novel drug- delivery systems 
would be safer and improve the pharmacokinetics of easily 
degradable peptides and proteins that often have short half- 
lives in vivo. 2,3  Therefore, the development of techniques 
that could selectively deliver drugs to the pathological sites is 
currently one of the most important areas of drug research. 
The emergence of nanotechnology is likely to have a 
signifi cant impact on the drug- delivery sector and 
nanoparticles (NPs) are at the leading edge, with many 
potential applications in clinical medicine and research.  

   4.1  Nanomedicine and nanoparticles: 
general overview 

 The concept of nanotechnology is rapidly becoming 
integrated with everyday life. The notion of “nano” (one- 
billionth of a meter) is no longer considered science fi ction, 
but represents an emerging technology with broad application 
not only within the biological sciences. In the past few years 
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this multidisciplinary fi eld of nanotechnology has undergone 
revolutionary development. Nanoscience has a huge potential 
to bring benefi ts in areas as diverse as drug development, 
water decontamination, information and communication 
technologies, and the production of stronger, lighter 
materials. Human healthcare nanotechnology research can 
result in immense health benefi ts thanks to advances across 
medicine, communications, genomics, and robotics. In 
particular, the term nanomedicine refers to highly specifi c 
medical interventions at a molecular scale for curing diseases 
and repairing damaged tissues. The application of 
nanotechnology to healthcare holds great promise for 
revolutionizing medical treatments, imaging, faster diagnosis, 
drug delivery, and tissue regeneration. 4,5  A NP is defi ned as 
the smallest unit (10 −9  meters) that can still behave as a whole 
entity in terms of properties and transport and is able to 
cross biological membranes and access cells, tissues, and 
organs that larger- sized particles normally cannot. 6  
Nanoparticle systems in cancer therapies provide better 
penetration of therapeutic and diagnostic agents and a 
reduced risk in comparison to conventional treatments. 

 Interestingly, research in the fi eld of molecular oncology 
has shown important characteristics of tumor cells, referred 
to as the “hallmarks of cancer”, which can aid in fi nding 
more effi cacious therapies. Tumor angiogenesis is one of the 
most studied areas. Several studies have shown that tumor 
vasculature possesses structural anomalies that impede drug 
delivery. Among these, the most relevant hallmark is their 
poor architecture with an abnormal basement membrane 
and fi ssures between the endothelial cells due to an absent 
pericyte lining. This state of leaky vasculature accompanied 
by a poor lymphatic drainage system causes a differential 
interstitial pressure at the center of tumors compared with 
that at the periphery. Due to this pressure difference, 
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molecules ranging from approximately 10 to 100 nm 
preferentially accumulate in the tumor and are retained for 
longer, unlike the uncoated drugs, which are much smaller 
and are cleared by the kidneys. This phenomenon is called 
the “enhanced permeability and retention effect” (EPR). The 
retention time of drugs packed in NPs is ten times higher 
than that of unpacked drugs, which eventually return to the 
vascular system. 7  Hence, this EPR effect attributed to the 
leaky vasculature is considered a boon for drug- delivery 
systems within the nanosize range. 

 The majority of studies in this fi eld are performed in 
experimental settings, both in vitro and in animal models, 
but their translation into the clinics is diffi cult due to human 
variability and safety- related issues. Drug delivery 
nanosystems have been produced with the principal aim of 
protecting therapeutic agents and improving their 
biodistribution and therapeutic index. Based on the chemical 
nature of the preparations, nanomaterial- based agents that 
are specifi c for nanomedicine include mainly polymer or 
lipid- based carriers such as liposomes and NPs as nanospheres, 
nanocapsules, micelles, dendrimers, nanocrystals, nanogolds, 
carbon NPs, silica NPs, ceramic NPs, chitosan NPs, low- 
density lipoproteins (LDL), nanoemulsions, and quantum 
dots. Drugs can be absorbed onto the surface, entrapped 
inside, or dissolved within the matrix of these vehicles. 
The fi rst application of a targeted nanosystem for drug 
delivery concerned liposomes and was reported in 1980. 8  
Actual researche has progressed to the development of 
multifunctional NPs able to respond to the environment, so 
facilitating a more effective drug delivery. Also, the shape 
helps functionality. The diversity of delivery systems allows 
NPs to be developed with a diverse array of shapes, sizes, 
and components, which enables them to be tailored for 
specifi c applications. However, the primary consideration 
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when designing any drug- delivery system is to achieve more 
effective therapies, by controlling the drug concentration in 
the therapeutic window, reducing cytotoxic effects, and 
improving patient compliance. 

 Currently, NPs can be incorporated into cells and this 
technology has been evaluated to manipulate and track stem 
cells. 9  Interactions between nanocarriers and cells have 
already been studied. Nanocarriers can be combined into 
cells using transfection agents, which are mostly cationic, 
positively charged molecules such as poly- l -lysine or 
polyethyleneimine. 10,11  However, these transfection agents 
are toxic and have not been clinically approved. More 
recently, spontaneous incorporation of NPs into cells has 
been described without the use of any transfection agents. 12–19  
Futhermore, NPs have been shown to enter inside cells via 
passive transport 20  and active endocytosis. 14,21,22  Three types 
of endocytosis pathways can be used according to the size of 
the NP: clathrin- mediated endocytosis, caveolae- mediated 
endocytosis, and clathrin- and caveolae- independent 
endocytosis. 23  Once inside the cells, NPs are usually 
transported to the endolysosomal system, where they are 
destroyed. Polylactide and polyglycolide NPs as well as lipid 
nanocapsules (LNCs) are able to escape the lysosomal 
compartment by disrupting the integrity of the lysosome 
membrane. In the acidic pH of secondary endosomes, the 
surface charge of polyglycolide or polylactide NPs changes 
from anionic to cationic resulting in a local NP–membrane 
interaction and escape of NPs into the cytoplasm. 16,17  For 
LNCs, the hypothesis is that the hydroxystearate 
polyethyleneglycol (PEG), which constitutes the most 
external phase of LNCs, has a lysosomotropic property and 
therefore destabilizes the lysosome membrane. 24  This 
endolysosomal escape leads to NP accumulation in the 
cytoplasm. 
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 The most extensively studied NPs are polymer NPs, micelle 
NPs, liposomes, gold NPs, silver NPs, metal oxide, magnetic 
NPs, carbon nanotubes, fullerenes, peptides, silica NPs, 
graphene NPs, quantum dots, and dendrimers ( Figure 4.1 ). 

    4.2  Main types of nanoparticles for 
drug- delivery systems 

   4.2.1  Polymer nanoparticles 

 Polymer NPs were developed to create delivery systems with 
excellent drug and protein loading and release properties, a 
long half- life, and little toxicity. They are widely used for the 
encapsulation of a large number of bioactive molecules 
and drugs, so they are differently synthesized according to 
the needs of the application and the type of drug to be 

  Schematic representation of the main 
nanotechnology-based drug-delivery systems     

  Figure 4.1 
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encapsulated. Polymer NPs are formulated using emulsion/
solvent evaporation or solvent displacement techniques. 25  
Using these methods, a variety of therapeutic agents including 
both low- molecular-weight lipophilic or hydrophilic drugs 
and high- molecular-weight DNA or antisense oligonucleotides 
(AONs) can be encapsulated in polymer NPs. 26,27  These 
NPs can be structured as nanospheres or nanocapsules. 
Nanospheres are characterized by a matrix system in which 
the drug is dispersed, whereas the nanocapsules have a 
reservoir in which the drug is confi ned in a hydrophobic core 
surrounded by a single polymeric membrane (core–shell 
structure). These carriers show a high stability in biological 
fl uids and resist the enzymatic metabolism, effectively 
permeating through cell membranes. The core matrix of 
these NPs is formulated using various biodegradable polymers 
and copolymers, such as the synthetic poly(lactic- coglycolic 
acid), poly(alkylcyanoacrylate), and poly( ε -caprolactone) 
(PCL), or the natural chitosan, albumin, gelatin, alginate, 
and collagen. The degradation drug release rate of these 
polymers can be controlled by adjusting their molecular mass 
from days to months, and in the case of copolymers, this is 
possible by modifying their composition and microstructure. 28  
Polymer NPs have been used as transport vectors to deliver 
various peptides into the central nervous system (CNS) 
by intravenous injection, such as hexapeptide dalargin, 
loperamide, tubocurarine and doxorubicin. Poly- d , l -lactide- 
coglycolide (PLGA) is one of the most investigated 
and successfully used biodegradable nanosystems because 
it undergoes hydrolysis in the body to produce its 
biodegradable metabolite monomers: lactic and glycolic 
acids. Surface modifi cation of PLGA, drug encapsulation 
methods, particle size, so as additives added during 
formulation, drug molecular weight, and the ratio lactide: 
glycolide ratio have a strong infl uence on the release and 
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effective response of formulated nanomedicines. For drugs of 
acidic nature, PLGA monomers are combined with alginate, 
chitosan, pectin, poly(propylenefumarate) polyvinylacohol, 
and poly(orthoester). The antineoplastic drug paclitaxel 
promotes the polymerization of tubulin causing cell death by 
disrupting the cell division process. It is one of the potent 
anticancer agents, used as fi rst choice for chemotherapy 
against primary ovarian carcinoma as well as breast and 
colon cancers, but possesses poor solubility. PLGA combined 
with vitamin E and tocopheryl PEG succinate has been used 
to encapsulate paclitaxel. This formulation has shown better 
results in comparison with the traditional formulation. Using 
some additive with the PLGA-NPs, 100% drug encapsulation 
effi ciency was achieved with full antitumor activity. 29  Another 
effi cacious antitumor drug is cisplatin, but it is toxic for 
healthy tissues. An in vitro preparation composed of cisplatin 
and PLGA–methoxy(polyethylene glycol) (mPEG) prepared 
by double emulsion methods revealed prolonged drug half- 
life in the bloodstream following intravenous administration. 30  
Tamoxifen prevents proliferation of precancerous cells, 
competitively binding to tumor estrogen receptors to produce 
a nuclear complex that reduces DNA synthesis and inhibits 
estrogen effects. Tamoxifen loaded polyethylene oxide 
modifi ed PCL was prepared by a solvent displacement 
method. About 90% drug encapsulation effi ciency has been 
achieved loading tamoxifen in the ratio of 10% by weight of 
polymer. polyethylene oxide–PCL NPs exhibited a 
signifi cantly increased level of accumulation of the drug 
within the tumor as well as extended presence in the systemic 
circulation. 31  The PEG–PCL amphiphilic block copolymeric 
nanospheres containing taxol have an outer shell of mPEG 
and a hydrophobic inner core of PCL. They are reported to 
show promising anticancer activity and could be potentially 
useful as a novel delivery system for the anticancer drug 
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taxol. 32  Polymers can also be used to coat other types of NPs. 
Polyethylene glycol is a hydrophilic polymer that, when used 
to coat the surface of NPs, allows them to avoid clearance by 
the reticulo- endothelial system and to cross the BBB thanks 
to receptor- mediated phagocytosis and passive leakage 
through permeable capillaries in tumors. 33  Other hydrophilic 
polymers including hydrogel (polyacrylamide), dextran, and 
polysorbate have been used with NPs to extend the plasmatic 
half- life of drugs and improve their delivery across the blood–
brain barrier (BBB). 33  

 The polymer–drug conjugation is formed between side- 
chain grafting of drugs to polymer chains, allowing them to 
deliver high doses of chemotherapeutic drugs. These agents 
bear numerous functional groups that are available for 
covalent binding to a variety of biochemically active groups, 
which allow them to have different simultaneous functions 
acting on several tumor targets. 34  Nanoconjugates that carry 
more than one functional group provide the capability to 
inhibit several tumor pathways, deliver optimal drug 
concentrations to the site of treatment, and reduce adverse 
effects on healthy tissue at the same time. Nanoconjugate 
polymers are generally synthesized around a polymer 
with pendant functional groups like –OH, –COOH, or –
NH 2 . As an example, prolindac (AP5346) is composed of a 
hydroxypropyl methacrylate backbone copolymer with 
platinum grafted to the side chains through a pH-sensitive 
chelator designed for drug release in the tumor environment. 
Preclinical data demonstrate superior effi cacy of the polymer–
drug conjugates, using multiple cancer models including an 
M5076 sarcoma platinum- resistant tumor xenograft mouse 
model, multiple colon xenograft models, L1210 leukemia, 
and 0157 hybridoma models. 35  Polyamino acids grafted with 
drugs on the side chains are another class of polymer–drug 
conjugates with great effi cacy. 36  In the case of polyglutamate–
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glycine–campthotecin (CT-2106), degradable linkers have 
allowed drug loadings ranging from 5% to 50%. 37  
Nanoconjugates can overcome the drawbacks of conventional 
chemotherapy such as drug resistance and toxicity by 
specifi cally targeting tumor cells, activating cancer cell 
uptake, and bypassing multidrug- resistance transporters. 
Xyotax, a similar polymer–drug conjugate (polyglutamate–
paclitaxel), is used in several clinical trials including prostate 
cancer, metastatic breast cancer, neck cancer, and metastatic 
colorectal cancer. The clinical data show an improvement in 
median survival in patients given Xyotax compared with the 
control group. One benefi t of the treatment was the reduction 
of multiple side effects including neurotoxicity. 38   

   4.2.2  Micelle nanoparticles 

 Micelle nanoparticles (MNPs) are amphiphilic spherical 
structures composed of a hydrophobic core and a hydrophilic 
shell. The hydrophobic part is the inner core of the block 
copolymer which encapsulates the drug, whereas the outer 
hydrophilic shell protects the drug from the aqueous 
environment and stabilizes the MNPs against recognition in 
vivo by the reticulo- endothelial system. The core can sometimes 
be made up of a water- soluble polymer that is rendered 
hydrophobic by the chemical conjugation of a water- insoluble 
drug, and by complexation of the two oppositely charged 
polyions. The polymer always contains a nonionic water- 
soluble segment and an ionic segment that can be neutralized 
by an oppositely charged surfactant to form a hydrophobic 
core. The electrostatic interaction between the ionic segment 
of the block polymer and the surfactant group changes these 
segments from water- soluble to water- insoluble, leading to a 
hydrophobic core in the micelles. 39  MNPs can be engineered 
by means of ligand coupling, or addition of pH-sensitive 
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moieties, according to the biological characteristics of their 
target. 40  Once the target site is reached, micelles are internalized 
into the cells via fl uid- state endocytosis. To overcome 
permeability problems, amphiphilic copolymers are used to 
encapsulate poorly water- soluble anticancer drugs in MNPs. 
These have an inner core made up of hydrophobic block 
copolymer in which the drug becomes entrapped, and an 
outer shell of hydrophilic block copolymer that reduces the 
interactions of drugs with the outer aqueous environment, 
keeping them stable. The hydrophilic outer part can be made 
up of polyethers like PEG, and poly(ethylene oxide). Other 
hydrophilic shells are made up of polymers such as 
poly(acryloylmorpholine), poly(trimethylene carbonate), and 
poly(vinylpyrrolidone). Genexol-MNP is the fi rst non- targeted 
polymeric micellar formulation of paclitaxel and cisplatin 
approved for cancer therapy. It is currently being evaluated in 
a clinical phase II trial in the USA for the treatment of advanced 
non- small- cell lung cancer. The clinical phase II results showed 
~ 30% of the patients had a stable disease status and 60% of 
the patients had an increased survival of 1 year. 41  

 Many recent studies have revealed that polymer- conjugated 
drugs and NPs show prolonged circulation in the blood 
followed by passive accumulation in tumors, even in the 
absence of targeting ligands, demonstrating the existence of 
a passive retention mechanism. The characteristic tumor 
vasculature features – leaky endothelial cells, increased 
vascular tortuosity and aberrant basement membrane – 
render tumor blood vessels permeable to macromolecules. 
Hence, numerous studies have shown that the EPR effect 
causes passive accumulation of macromolecules and NPs in 
solid tumor, enhancing the therapeutic index while decreasing 
side effects. The delivery of drugs can be made more target- 
specifi c by using biological interactions such as antigen–
antibody binding or locally applied signals such as sonication 
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or heating. Active targeting takes advantage of overexpression 
of cell surface tumor- associated antigens as well as of tumor- 
specifi c antigens and the relatively more acidic nature of 
tumor compared with normal tissue. Active targeting 
decreases adverse side effects because the drug accumulates 
only in the tumor sites, and it allows cellular uptake of the 
drug through endocytosis. 

 Surfactants are being incorporated into anticancer metal- 
based drugs. The surfactant dodecylamine reacts with 
selenious acid to produce a quaternary ammonium salt, which 
can be conjugated to copper or cobalt ions to form copper or 
cobalt cationic complexes. Initial studies demonstrated 
effectiveness in vitro against fi ve human monolayer tumor 
cell lines namely MCF7 (breast carcinoma), HEPG(2) (liver 
carcinoma), U-251 (glioma), HCT116 (colon carcinoma), 
and H-460 (lung carcinoma). Recent evaluation has been 
undertaken of the potential antitumor activity of 
NK012, a 7-ethyl-10-hydroxycamptothecin (SN-38) micellar 
formulation, and bevacizumab in human lung cancers. 42  Nude 
mice bearing PC-14 or A549 lung adenocarcinoma xenografts 
show evidence of signifi cant tumor growth inhibition 
compared with saline controls. B-Lapachone (b- lap) is a novel 
anticancer agent, whose cell- killing effect is activated by the 
enzyme NADPH-quinone oxidoreductase 1 (NQO1), a 
fl avoprotein that is overexpressed in breast, prostate, and 
lung cancers. 43  In cancer cells where NQO1 is overexpressed, 
the agent undergoes futile cycling, resulting in the generation 
of reactive oxygen species (ROS). Experimental studies have 
demonstrated that growth inhibition occurs in cells 
overexpressing NQO1, whereas cells in which NQO1 is 
absent are unaffected at equivalent concentrations. Antitumor 
effi cacy was examined in female nude mice bearing 
subcutaneous A549 lung tumors and orthotopic Lewis lung 
carcinoma. Following intravenous administration of b- lap 
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micelles, A549 tumor growth suppression was shown. In the 
Lewis lung carcinoma model a doubling of survival was 
observed (16 days compared with 8 days in controls). 44  
Another target for molecular cancer therapy is heat- shock 
protein 90 (HSP 90), a molecular chaperone, which under 
normal conditions is responsible for prevention of protein 
aggregation. 45  HSP 90 becomes overexpressed under 
conditions of stress, resulting in tumorigenesis and increased 
proliferation in a variety of cancers including lung, prostate, 
and breast. Tanespimycin, a derivative of the HSP 90 
inhibitor geldanamycin, has been explored clinically for 
chemotherapeutic purposes. The mechanism of action of 
tanespimycin involves the degradation of oncogenic signaling 
proteins, inducing cell death via apoptosis. In patients with 
multiple myeloma, treated with tanespimycin, disease 
stabilization was observed. 45   

   4.2.3  Liposomes 

 Liposomes are vesicles made up of a lipid bilayer, resembling a 
cell membrane. The lipids form a bilayer based on hydrophobic 
interactions in continuous parallel packing, with the hydrophilic 
head groups positioned towards the aqueous environment. 
They possess advantages of carrying hydrophilic, lipophilic, as 
well as amphoteric drug molecules, either entrapped inside or 
on their micellar surface. The brain distribution of long 
circulating liposomes can be modulated by conjugation of 
appropriate targeting vectors. Examples of brain targeting 
vectors include monoclonal antibody (to anti- transferrin 
receptor, or to insulin receptor), cationized proteins (cationized 
human serum albumin), endogenous peptides or plasma 
proteins. The basic mechanism by which these liposomes 
achieve brain concentration by crossing the BBB is by coupling 
with brain drug transport vector through absorptive- mediated 
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transcytosis, or by receptor- mediated transcytosis. Hence, by 
manipulating the liposome structures, they can be constructed 
to be temperature or pH sensitive to permit controlled release 
of their contents. The dual problems of mediating BBB 
transport and inhibiting peripheral clearance of liposomes 
were solved by the combined use of PEGylation technology 
and chimeric peptide technology. 46  After surface modifi cation 
of liposomes with these substances, they behave as if sterically 
stabilized, due to enhanced hydrophilicity imparted by the 
polymers’ hydrophilic chains, a lower contact angle between 
particles and phagocytic cells, and due to the lesser interaction 
between serum opsonins, thereby preventing opsonization. 
Constructed temperature- sensitive liposomes loaded with 
doxorubicin in combination with local hyperthermia, show a 
complete regression of human tumor xenografts in all the 
mice studied. 47  The encapsulation of doxorubicin in PEG-
coated liposomes (Doxil/Caelyx, or PLD), was developed to 
enhance the safety and effi cacy of conventional doxorubicin. 
The liposomes alter pharmacologic and pharmacokinetic 
parameters of conventional doxorubicin, so that drug delivery 
to the tumor is enhanced while the toxicity normally associated 
with conventional doxorubicin is decreased. In preclinical 
models, PLD produced remission and cure against many 
cancers, including tumors of the breast, lung, ovaries, prostate, 
colon, bladder, and pancreas, as well as lymphoma, sarcoma, 
and myeloma. PLD appeared to overcome multidrug resistance, 
possibly as the result of increased intracellular concentrations 
and an interaction between the liposome and P-glycoprotein 
function. 48  Several phase II studies showed promising activity 
of PLD in recurrent ovarian cancer patients with response rate 
ranging from 16 to 25%. 49  

 Bevacizumab is a recombinant humanized monoclonal 
antibody that inhibits vascular endothelial growth factor 
(VEGF), a growth factor ligand responsible for angiogenesis. 
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Results from several phase III clinical trials comprising 
colorectal, non- small cell lung and breast cancer, demonstrate 
that bevacizumab results in superior patient response rates. 
Bevacizumab can be used as a targeting moiety to enhance the 
NPs effi cacy. For this reason, bevacizumab- labeled cationic 
liposomes have been developed, to improve targeting to 
several pancreatic cancer cell lines including Capane1, 
HPAFeII, and PANCe1. 50  Bevacizumab- conjugated liposomes 
had modest impacts on cell viability in vitro, and demonstrated 
increased cellular uptake by PANCe1 cells grown in the 
presence of VEGF. Protein stabilization of liposomes is being 
studied to deliver hydrophobic drugs such as docetaxel for 
cancer therapy. Docetaxel is encapsulated into the liposome 
bilayer and stabilized by albumin to prevent rapid drug 
leakage (ATI-1123). The results of ATI-1123 effi cacy studies 
in human xenograft mouse models for prostate, pancreatic, 
and non- small-cell lung cancer showed partial tumor 
regression in 90% of the PC3 tumor xenograft model, and 
improved effi cacy in the pancreas model. 51  Small- interfering 
RNA (siRNA) fragments have been found to suppress gene 
expression, with immense silencing effi ciency and relatively 
low toxicity. The siRNAs degrade extremely rapidly in 
physiological environments and are eliminated almost 
immediately from circulation upon injection. Liposomes 
prove ideal carriers for biological agents such as siRNA 
because of their stable aqueous core. Moreover, it is possible 
to combine RNA-interfering strategies with traditional 
chemotherapeutics. One example is the Raf/mitogen- activated 
protein kinase kinase (MEK)/extracellular signal- related 
kinase (ERK) pathway, which is essential for cellular 
proliferation, and found to be aberrant in several cancers. 52  
As a result, several inhibitors of key proteins in the cascade 
have been developed as potential chemotherapeutics. Recently, 
it has been demonstrated that liposomes encapsulating a 
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Mcl1-specifi c siRNA (siMcl1) and a chemical MEK inhibitor 
(PD0325901) showed a valid antitumor effi cacy in vitro 
and in vivo. Following encapsulation and complexation 
of PD0325901 and siMcl1 respectively, the liposomal 
formulation was administered to KB cells. Western blot results 
showed that co- delivery of both agents signifi cantly reduced 
expression of Mcl1 and pERK1/2 proteins. 53  Antisense 
therapy represents a gene silencing strategy that stands to 
make a profound impact on cancer therapy. In a phase I study, 
a liposomal formulation, LErafAON, that encapsulates the 
raf antisense oligonucleotide, was administered with the 
purpose of acting on c- raf, a protein that bestows cancer cells 
with resistance to radiation or chemotherapy. In patients with 
advanced solid tumors undergoing radiation therapy, the 
c- raf-1 messenger RNA was inhibited in three, four exhibited 
partial response, four had stable disease, and four showed 
progressive disease. 54  Recently, the use of bisphosphonates, 
such as zoledronic acid, was explored as a treatment strategy, 
given its ability to inhibit the release of growth factors essential 
for cancer cell growth and differentiation in bone. Emerging 
data from several clinical trials serve to highlight a potential 
anticancer effect of zoledronic acid, as well as chemotherapeutic 
synergy with established drugs. 55  However, zoledronic acid 
has an extremely rapid blood clearance and preferential 
accumulation in bone, necessitating encapsulation in NPs. 
Lipo-ZOL is a liposomal formulation of zoledronic acid that 
increases circulation times, reduces accumulation in bone, 
and increases targeting to tumors. 56   

   4.2.4  Gold nanoparticles 

 Gold nanoparticles (GNPs) exhibit unique physicochemical 
properties, including the ability to bind amine and thiol 
groups, allowing surface modifi cation and use in biomedical 
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applications. GNPs are used to prepare nanoshells composed 
of gold and copper, or gold and silver, to function as contrast 
agents in magnetic resonaonce imaging (MRI), and gold–silica 
for photothermal ablation of tumor cells. Classically, GNPs 
enter into cells with a nonspecifi c receptor- mediated 
endocytosis mechanism. 57  In vivo GNPs passively accumulate 
at tumor sites that have leaky immature vasculature with 
wider fenestrations than normal mature blood vessels. 
Diffi culties in using the EPR effect for tumor drug delivery 
exist owing to the heterogeneity of tumor vasculature, 
particularly at the centre of poorly differentiated cancers, as 
well as particle detection and uptake by the reticulo- endothelial 
system. PEGylation represents the most common method of 
reducing reticulo- endothelial system uptake, producing a 
hydrated barrier causing steric hindrance to the attachment of 
phagocytes. GNPs have also been used for cancer cell imaging 
and targeting. In various clinical trials the 27-nm citrate- 
coated GNPs bound with thiolated PEG and tumor necrosis 
factor- α  (CYT-6091) (Aurimmune; CytImmune Sciences, 
Rockville, MD, USA) has shown an increase of tumor 
targeting. 58  An important feature of GNPs is their capacity to 
absorb and scatter specifi c wavelengths of light across the 
visible and near- infrared (NIR) spectra. The most useful 
nanoshells have a silica core diameter of around 120 nm, with 
a 10-nm layer of gold shell, and they absorb NIR light (800 nm) 
and can create intense heat that is lethal to cells. An in vivo 
study demonstrated that 100-nm gold nanoshells maximally 
accumulated in SK-BR-3 human breast tumors 24 hours after 
intravenous injection. When a laser tuned to the nanoshell 
resonance was applied, average tumor temperatures increased 
by 9 °C in control mice, and 37 °C in nanoshell- treated mice, 
with irreversible tissue damage in the nanoshell group. All 
mice in the nanoshell group survived 90 days with no evidence 
of tumor recurrence. 59  Positive results in vivo were also 
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obtained with photothermal ablation therapy in a mouse 
model for colon carcinoma after intravenous administration 
of PEG-coated gold nanoshells. 60  Gum arabic- stabilized 
GNPs are used for diagnostic and therapeutic applications, 
showing optimal in vitro and in vivo stability. The compound 
is nontoxic, distributes minimally to nontarget organs in 
biodistribution studies, and produces contrast on computed 
tomography imaging. 61  A study group has shown an 
approach for imaging and targeting cancer cells using 
dendrimer entrapped GNPs. These dendrimer entrapped 
GNPs, which when covalently linked to folic acid and 
fl uorescein isothiocyanate molecules are stable, hydrophilic, 
biocompatible, and able to specifi cally bind to cancer cells that 
overexpress high- affi nity folate receptors. The folic acid- 
conjugated NPs are subsequently endocytosed into lysosomes 
of cancer cells, providing a means for targeting and imaging of 
these cells. 62  An interesting new therapeutic strategy foresees 
the connection of antibodies–nanoshells is able to target cancer 
cells by interacting with specifi c surface antigen expressed 
only by tumor cells. The benefi t of the nanoshell- mediated 
approach is that the energy can pass through the healthy tissue 
and leave the neighboring cells intact while killing only the 
tumor cells that have been targeted by the nanoshells.  

   4.2.5  Silver nanoparticles 

 Silver nanoparticles are part of the emerging nanotechnology 
that have gained increasing interest in the fi eld of nanomedicine 
because of their particular properties and therapeutic potential 
in treating a large variety of diseases. 63,64  The biological 
activity of silver has been attributed to the presence of the 
silver ion, Ag + . Silver NPs inhibit the VEGF-induced 
angiogenesis in retinal endothelial cells. Alteration of the 
permeability barrier integrity plays a major role in drug- based 
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therapies, as well as in the pathogenesis of cardiovascular 
diseases, infl ammation, acute lung injury syndromes, and 
carcinogenesis. Recently the molecular mechanism of silver 
NPs on VEGF-induced and interleukin-1 β  (IL-1 β ) -induced 
retinal endothelial cell permeability has been evaluated. Both 
VEGF and IL-1 β  increase endothelial cell permeability via an 
Src- dependent pathway. Silver NPs were found to block 
VEGF- and IL-1 β -induced permeability in retinal endothelial 
cells from porcine retina, and this inhibitory effect was 
dependent on the modulation via Src phosphorylation at 
Y419. 65  A novel study has demonstrated the antitumor 
activity of biologically synthesized silver NPs in a Dalton’s 
lymphoma ascites tumor system in vitro, by activation of the 
caspase 3 enzyme, which is known to have a potent inhibitory 
effect on disease progression in a mouse model, leading to a 
potent restorative effect in the treated tumor volume. 66   

   4.2.6  Metal oxide nanoparticles 

 Titanium dioxide (TiO 2 ) is a semiconductor, well- known as 
an ultraviolet light (UV) -inducible catalyst in the photo- 
oxidation of organic substrates and the deactivation of 
bacteria, algae and viruses. 67,68  Under UV excitation, TiO 2  
NPs of various sizes and morphologies have been reported to 
exhibit cytotoxicity toward some tumors. 69,70  One recent 
example 69  describes 50-nm rhodamine- labeled TiO 2 /PEG 
constructs that can be internalized into rat glioma C6 cells. 
The antitumor performance was evaluated in glioma cell 
spheroids representing a provisional three- dimensional model 
valuable for translation to animal xenografted models. The 
cytotoxic effect of the UV-irradiated photocatalyst depended 
on the concentration of TiO 2 /PEG and the light exposure 
time. More than 90% of cells were killed by a UV dose of 
13.5 J/cm 2  in the presence of the nanocatalyst at a concentration 
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of 0.5 mg/mL. Moreover, fl uorescent images of the 
photocatalyst- treated spheroids co- stained with apoptosis 
and necrosis markers, Annexin V-fl uorescein isothiocyanate 
and propidium iodide, reveal the prevalence of induced 
apoptotic cell death within the fi rst 6 hours. Functionalization 
of 5-nm high- crystallinity TiO 2  NPs with a monoclonal 
antibody recognizing IL-13 receptor (IL-13R) fostered NP 
delivery specifi cally to glioblastoma (GBM) cells in a manner 
dependent upon cellular membrane IL-13R expression. The 
direct visualization of the TiO 2 –antibody/receptor interaction 
and mapping of the IL-13R location and distribution 
throughout a single A172 brain cancer cell was demonstrated 
using synchrotron- based X-ray fl uorescence microscopy. 71,72  
It is well established that UV-photoexcitation of bare TiO 2  
particles in aqueous solution results in the formation of 
various ROS, mainly hydroxyl (-OH), peroxy (-HO 2 ) radicals, 
and singlet oxygen (-1O 2 ) 

73  However, in the case of dopamine- 
and dopamine- antibody-modifi ed TiO 2  particles, ROS arise 
from multiple, mechanically distinct redox chemistries, and 
the principal ROS produced is the superoxide anion, formed 
by reaction of photogenerated electrons with molecular 
oxygen. 74  Furthermore, in cell studies of photo- induced 
cytotoxicity toward A172 glioma cells in the presence of 
selective ROS, quenchers were consistent with these results. 71  
Nanostructured porous TiO 2  has been developed as a 
biocompatible nano- device for constant chemotherapy drug 
release into the CNS. 73  A porous titanium carrier uploaded 
with low concentrations of a cytostatic platinum complex 
was capable of inducing DNA fragmentation, possibly via a 
strong interaction between nitrogen atoms in nucleotides, and 
Lewis acid sites on both the titanium surface and the platinum 
complex coordination sphere. Application of this material 
directly on to C6 glioma xenografted into Wistar rats resulted 
in a signifi cant decrease in tumor size and growth rate.  
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   4.2.7  Magnetic nanoparticles 

 One of the most frequently used, non- invasive imaging tools 
for disease diagnosis and monitoring is MRI, including in 
cancer. Imaging techniques that can selectively image 
proliferating cells in vivo can provide critically important 
insights into tumor growth rate, degree of tumor angiogenesis, 
effectiveness of treatment, and vigor of normal cells. Contrast 
agents that are commonly used in clinical practice for the 
brain and spinal cord MRI are based on gadolinium. 
However, a major problem associated with MRI is its low 
sensitivity. Utilization of nanotechnology to improve the 
sensitivity and effi cacy of MRI for cancer detection and 
imaging is an area that researchers have focused on in the 
last several decades. Magnetic NPs, used in biomedical 
applications mainly, have an inorganic NP core and in most 
cases are coated by a suitable coating material. Suitable 
coatings not only increase the stability and solubility of the 
nanoformulation, but can also be used to incorporate a 
targeting moiety to increase the imaging sensitivity and to do 
real- time monitoring. Enhanced proton relaxation is one of 
the most added- value properties that make magnetic NPs 
one of the best contrast agents for biomedical applications of 
MRI. Iron oxide and superparamagnetic iron oxide (SPIO) 
-NPs exhibit magnetic properties, which are used for MRI 
and also provide an opportunity to control particle transport 
by external magnets. Superparamagnetic iron oxide contrast 
agents either form the core of magnetic NPs that have a 
polymeric coating, or are more homogeneously integrated 
into polymeric NPs. 75  The signal intensity of these NPs is 
related to the size of the particle, its position, its concentration 
within a given voxel, data acquisition parameters, the 
magnetic fi eld, and the dosage of the SPIO-NP. 76  SPIO-NP 
has been used as a bowel contrast agent (Lumerin, 
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Gastromark) and for spleen/liver imaging (Endorem, 
Feridex). Macrophage- specifi c uptake of SPIO-NPs increases 
the contrast between healthy and diseased tissue because 
most liver tumors are devoid of it. Negative enhancement 
effects of SPIO-NPs on T1/T2-weighted MRI sequences 
allowed increased lesion conspicuousness and increased 
lesion detection compared with non- enhanced imaging. It is 
well documented that with the help of this technique, liver 
tumors or metastases as small as 2–3 mm can be detected. 
Through conjugation of iron oxide NPs with hydrophilic 
polymer coatings, such as dextran or PEG, it is possible to 
obtain a steric confi guration that prevents opsonization of 
NPs in the serum and a reduction of their uptake by the 
reticulo- endothelial system. 77  Recently, antibiofouling 
polymer- coated magnetic NPs as nanoprobes for MRI have 
been characterized. SPION were coated with the protein- 
resistant or cell- resistant polymer, 3(trimethoxysilyl) propyl 
methacrylate- τ -poly(ethylene glycol) methyl ether 
methacrylate), to generate stable, protein- resistant MRI 
probes. The compound could detect tumors in vivo using 
MRI, and can be used as a potentially effi cient cancer 
diagnostic probe. 78  MNPs exhibit acute toxicity in vivo, 
which has limited their clinical translation. Oxidative stress 
and interference with mitochondrial energy production by 
MNPs can lead to cytotoxicity.  

   4.2.8  Carbon nanotubes 

 Carbon nanotubes (CNs) are essentially cylindrical molecules 
made of carbon atoms. They are synthesized by rolling 
sheets of graphene into hollow tubes that are single- walled 
(SWNTs) (0.4–2 nm in diameter), double- walled (1–3.5 nm in 
diameter), or multi- walled (MWNTs) (2–100 nm in diameter). 
CNs can be synthesized by heating carbon black and graphite 
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in a controlled fl ame environment. One of the main advantages 
of the CN is its ability to deliver drugs directly to cancer cells. 
It has also been suggested that CNs could be used as 
nanocarriers for delivering drugs into the body via injectable 
routes. 79  Drugs can either attach to the outer surface of the 
CNs via functional groups, or be loaded inside the CNs. 
Attachment of the anticancer drug to the outer surface of the 
CNs can be through either covalent or noncovalent binding, 
including hydrophobic,  π – π  stacking, and electrostatic 
interactions. 80  The mechanism by which CNs enter cells is 
unclear. The evaluated processes are the passive diffusion of 
CNs through the lipid bilayers of the cell membrane, and the 
attachment of CNs to the external cell membrane, resulting 
in its absorption by the cell, using an energy- dependent 
process. Generally speaking, small CNs with a length of up to 
400 nm are internalized by a diffusion mechanism, whereas 
CNs of 400 nm in length are internalized by endocytosis. 81  
Functionalization and alteration of CNs and other graphite 
nanoplatfom surface chemistry can reduce or eliminate 
complement activation, while making the CNs more 
biocompatiable. 82  Functionalized SWNTs were conjugated 
with paclitaxel through branched PEG chains via a cleavable 
ester bond. The resultant formulation was more effective in 
suppressing tumor growth in vivo than Taxol or paclitaxel-
PEG conjugated in a 4T1 breast cancer animal model. 83  
Similar fi ndings have been obtained when paclitaxel was 
loaded into PEGylated SWNTs or MWNTs using HeLa cells 
and MCF-7 cancer cells lines. 84  Kam et al. 85  have shown the 
possibility to direct nanotubes to specifi cally targeted cancer 
cells by using coating of the nanotube surface with folic acid. 
In this way CNs bind specifi cally to cancer cells that over- 
express folate receptors, and then allow receptor- mediated 
endocytosis of nanotubes. With this approach, it is possible 
to introduce genes directly into tumor cells without any 
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cellular or viral vector by using aerosol, systemic delivery or 
microcellular injection. Another interesting use of CNs, is 
characterized by their ability to carry siRNA molecules that 
exert RNA interference on target gene expression. 86  The 
authors used siRNA-conjugated CNs that specifi cally targeted 
murine telomerase reverse transcriptase, and show that 
delivery of siRNA into tumor cells silences the target gene, 
inhibits the proliferation of cancer cells in vitro, and suppresses 
tumor growth. 86  CNs are also able to absorb light in the NIR 
region resulting in heating of the nanotubes. 87  Engineering 
the structure of MWNTs, by creating intentional surface 
defects or dopants, will cause scattering in the travelling 
current and also increase the heating of the nanotube. This 
physical feature of the engineered MWNTs can be employed 
to thermally destroy the tumor cells by using MWNTs that 
have good heat- conducting properties. Although the toxicity 
of CNs is not fully understood and toxicity study results are 
confl icting, it is important to be aware of potential 
complications. It has been noted that as the particle size 
decreases, the surface area of the particles increases. This 
means that there will be more area available for chemical 
interactions to take place, which would enhance the toxicity 
of the particles. A novel research report shows that when 
murine epidermal cells were exposed to unpurifi ed SWNTs 
containing 30% iron, signifi cant dose- dependent activation 
of transcription factor activating protein-1 occurred. 88  
Systemic application of CNs can result in oxidative stress in 
end organs, and inhalational exposure to CNs can result in 
acute lung injury, infl ammation, and fi brosis. 89   

   4.2.9  Fullerenes 

 Fullerenes are a family of carbon allotropic compounds in 
the form of a hollow sphere, ellipsoid or tube. The most 
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common form is C60. It has also led to the discovery 
or synthesis of other fullerene variations, such as C70, C20 
(the smallest member), CNs (elongated, tube- structured 
fullerene), carbon nano- onions, and nano buds. 90  An 
important property of the C60 molecule is its high symmetry. 
Fullerenes have the ability to assume different forms and to 
encage compounds. The unique physical, chemical, electrical, 
and optical properties of fullerenes and their derivatives 
have led to their incorporation into new or improved devices 
and materials, and to advancements in engineering, industry, 
and science. However, the diffi cult processibility of 
fullerenes has presented a major problem in the hectic search 
for medicinal applications. C60 is insoluble in aqueous 
media and aggregates very easily. Commonly, fullerenes are 
encapsulated in special carriers like cyclodextrins, calixarenes, 
polyvinylpyrrolidone, micelles and liposomes. A second 
technique is that of chemical functionalization with amino 
acid, carboxylic acid, polyhydroxyl group, and amphiphilic 
polymers to increase the hydrophilicity. Fullerenes and their 
derivatives show potential antiviral activity. The antiviral 
activity of fullerene derivatives is based on several biological 
properties, including their molecular architecture and 
antioxidant activity. Another potential medical application 
of fullerenes is related to their photo- excitation. In fact, 
fullerene can be excited from ground state to 1C60 by photo- 
irradiation. In the presence of molecular oxygen, the fullerene 
can decay from its triplet to ground state, transferring its 
energy to O 2 , generating a single oxygen 1O 2 , and is highly 
cytotoxic. Again, in the presence of oxygen, the fullerene 
radical anion can transfer one electron, producing a 
superoxide anion radical O 2 • −  and a hydroxyl radical •OH. 91  
Iwamoto and Yamakoshi 92  introduced a highly water- soluble 
C60-N vinylpyrrolidine copolymer as agent for photodynamic 
therapy. Liu et al. 93  demonstrated the use of a PEG-conjugated 
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fullerene containing Gd 3+  ions for photodynamic therapy 
(PDT) in combination with MRI. The authors demonstrate, 
through experimental data, that tumor PDT effect was 
signifi cantly promoted by photosensitizer tumor targetability 
and MRI activity. By attaching hydrophilic moieties, 
fullerenes become water- soluble and are capable of carrying 
drugs and genes for cellular delivery. A lipophilic slow- 
release drug delivery system that employs fullerene derivatives 
to enhance therapeutic effi cacy in tissue culture was designed 
by Zakharian et al. 94  So modifi ed fullerenes have the potential 
to provide a signifi cant anticancer activity in cell culture, as 
demonstrated with a C60–paclitaxel conjugate. Research 
continues into ways to increase the solubility of fullerenes 
and to investigate the toxicity of fullerenes and their derived 
compounds.  

   4.2.10  Peptides 

 Peptides that specifi cally interact with receptors overexpressed 
by cancer cells have been successfully developed as targeting 
molecules for drug delivery and in vivo imaging. 95  The 
interaction of peptides and proteins with the cell membrane 
results in their penetration into the cell, or the formation of 
pores within the cell membrane. Because of their ability to 
target and enter cells, peptide and protein carriers hold great 
potential for the delivery of genes and AONs to cancer cells. 95  
Bombesin peptide and its analogs can be used to target 
gastrin- releasing peptide (GRP) receptors. Hence, in vivo 
GRP receptors are overexpressed in GBM, small cell lung, 
gastric, pancreatic, prostate, breast, cervical, and colon 
cancers. Recently, GNPs functionalized by a high load of 
thioctic acid–bombesin peptide were used to target prostate 
tumor xenografts in SCID mice. Using normal and prostate 
tumor- bearing mice, they showed that this compound 
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exhibits a high binding affi nity to the tumor, and confi rmed 
that these constructs are GRP receptor specifi c and 
accumulate with high selectivity in GRP-receptor- rich 
pancreatic acine. 96  Fibroblast growth factor analogs can be 
used to target cells expressing fi broblast growth factor 
receptors (FGFRs). This receptor family is often expressed 
both on tumor cells and in neovasculature. Truncated 
human basic fi broblast growth factor peptide (tbFGF) was 
recently used to achieve targeting of liposomes carrying 
chemotherapeutic drugs. 97  This peptide contains both the 
bFGF receptor binding site and a part of the heparin- binding 
site, which allows it to bind FGFRs on a cell surface without 
stimulating cellular proliferation. Somatostatin and its 
analogs can be used to target somatostatin receptors that are 
overexpressed in both small-cell and non- small-cell lung 
cancers. Albumin- bound paclitaxel (Abraxane) is currently 
being tested as a fi rst- line therapy, or in combination with 
other drugs, for metastatic breast cancer and other cancers 
that have been shown to be sensitive to taxane drugs, such 
as ovarian and prostate cancers. Preclinical studies have 
shown that the concentration of paclitaxel, bound to albumin 
in endothelial cells and in the extravascular space, was 
signifi cantly increased. Peptides can also act as therapeutic 
agents conjugated to NPs. Melittin is a cytolytic peptide that 
represents a potential candidate for cancer chemotherapy. 
Melittin is a 26-amino- acid  α -helical peptide derived from 
the venom of the honeybee  Apis mellifera . It is a nonspecifi c 
cytolytic peptide that attacks all lipid membranes, leading to 
signifi cant toxicity when injected intravenously. The basis 
of melittin’s action is a physical and chemical disruption 
of membrane structure resulting in a profound compromise 
of the cell permeability. Recently, it has been demonstrated 
that synthetic nanoscale vehicles like perfl uorocarbon 
NPs can deliver melittin by fl exible passive and active 
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molecular targeting to kill both established solid tumors and 
precancerous lesions. This study has proposed a novel linking 
strategy to generate biocompatible peptide–nanostructures 
for lipidic nanocarriers, including perfl uorocarbon 
nanoemulsions, liposomes, as well as cells for combined 
molecular imaging and cell- targeted therapeutics. 98   

   4.2.11  Silica nanoparticles 

 Silica is major component of sand and glass, and it has been 
used in the synthesis of NPs. Functional groups can also be 
added to the surface, making them appealing for designs 
for different applications. Immunofl uorescent labeling of 
both a cancer cell surface marker and tissue sections by dye- 
doped silica NPs has demonstrated high specifi city and high 
intensity. 99  Different strategies have been explored for using 
silica NP probes to target cancer cells. Affi nity and specifi city 
associated with the antibody–antigen recognition have been 
studied in developing immunoassays. Primary or secondary 
antibodies are covalently immobilized onto the NP surface 
to selectively and effi ciently bind various cancer cells. 100  In 
one study, a mouse anti- human CD10 antibody was used as 
the recognition element on NPs. Fluorescence microscopy 
was then used to image the leukemia cells. The brightly 
fl uorescent cells bound with NPs were easily detected under 
the fl uorescence microscope. 101  Other affi nity reagents, such 
as receptor ligands and recognition peptides, can also be 
attached onto NPs to label cell- membrane proteins. For 
instance, folic acid was attached to dye- doped silica NPs and 
targeted to SCC-9 cancer cells, which overexpress folate 
receptors. 102  

 Peptide- targeted uptake is another effi cient technique for 
cancer cell imaging. This technique is based on the propensity 
of the cells to recognize and internalize NPs labeled with 
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specifi c peptides, and even deliver them to specifi c cellular 
compartments. Human lung adenocarcinoma (A549) cells 
(in vitro) and rat brain tissue (in vivo) were successfully 
labeled using transactivator of transcription- labeled NPs. 
Using this strategy, diagnostic and therapeutic agents can be 
delivered to the biological target of interest. 102  Recently, 
aptamers have emerged as a novel class of ligands. Aptamers 
are short strands of DNA/RNA for recognition of a variety 
of targets, including proteins and small molecules, as well as 
complex samples. Aptamers have signifi cant advantages over 
antibodies and peptides, including high affi nity, excellent 
specifi city, and lack of immunogenicity. Specifi c targeting of 
acute leukemia cells with aptamer- conjugated NPs has been 
developed using fl uorescence microscopy or fl ow cytometry. 103  
NP–aptamer conjugates greatly increase the fl uorescence 
signal from the cell. This property shows the potential 
applications of silica NPs in the elucidation of cells with low 
densities of aptamer binding sites, or with relatively weak 
binding probes where the fl uorescence signal from the 
fl uorophore is too weak for observation. 104  Tris(2,2ʹ-
bipyridyl)dichlororuthenium(II) hexahydrate (RuBpy)-
doped silica NPs have been used as highly sensitive and 
photostable labels in Affymetrix GeneChips technology. 
Biotin- labeled complementary RNA samples from a human 
lung cancer cell line were hybridized on the arrays, and then 
incubated with streptavidin and staining with PEG-biotin- 
labeled NPs. Even with the present unfavorable imaging 
modality and existing optical excitation and detection 
systems of the GeneChips, the fl uorescent silica NPs were 
demonstrated to be superior to the traditional streptavidin–
phycoerythrin. Fluorescent silica NPs can act as nonviral 
vectors for gene delivery and biophotonics methods, and 
may be used to optically monitor intracellular traffi cking 
and gene transfection. The potential of cationic silica NPs 
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was investigated for in vivo gene transfer. 105  The NPs were 
tested for their ability to transfer genes in vivo in the mouse 
lung, and a twofold increase in the expression levels was 
found with silica particles in comparison to enhanced green 
fl uorescent protein alone. Silica NPs are also promising 
candidates for improved drug delivery systems because 
of their intrinsic hydrophilicity, biocompatibility, and 
nontoxicity, as well as the excellent protection they provide 
for their encapsulated drugs. With drug molecules loaded 
into silica NPs, surface modifi cation of the NPs with bio- 
recognition entities can allow specifi c cells or receptors in the 
body to be located. Upon target recognition, NPs can then 
release their drug payload at a precisely controlled rate by 
tailoring the internal structure of the particles according to a 
desired diffusion (release) profi le. The high surface area 
(>900 m 2 /g), tunable pore diameter, and uniform mesoporous 
structure of the mesoporous silica NPs offer unique 
advantages for loading and releasing large quantities of 
biomedical agents. Mesopores loaded with guest molecules 
were capped by inorganic NPs, or large organic molecules, 
via a chemically cleavable disulfi de linkage to the mesoporous 
NP surface. Since drug molecules are effectively physically 
trapped, they are unable to leach out of the mesoporous NP 
host therefore preventing any premature release. Compared 
with many current biodegradable polymer- based drug 
delivery systems, that rely on the hydrolysis- induced erosion 
of the carrier structure, the mesoporous NP structure 
provides the ability to release the cargo in a controlled 
manner. 106,107   

   4.2.12  Graphene nanoparticles 

 Graphene is an innovative two- dimensional nanomaterial 
possessing a particular chemical confi guration, and unique 
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physical, electronic, optical, thermal, and mechanical 
characteristics. 108–112  It is a carbon allotrope with a 
bidimensional hexagonal structure and, together with its 
related derivatives, such as its oxide (GO), has shown 
potentials not only in the fi eld of nanoelectronics, 113  
composite materials, 114–118  energy technology, 119–121  sensors, 122  
and catalysis, 123–128  but has also found promising applications 
in biomedical research. The importance of the 
functionalization of GO has been the key for the biological 
and biomedical applications of graphene. 124,129–131  Graphene 
oxide is a versatile material for various applications, which 
range from targeting controlled drug/gene delivery, 
photothermal and photodynamic cancer therapy, and 
biological sensing and imaging, to multifunctional 
nanoplatforms. 132  Even in the fi eld of nanotechnology, 
nano-GO (NGO) has shown enormous potential derived 
from its simple chemical structure and morphology. The 
intensive research on the biomedical applications of graphene 
and its derivatives is due to its intrinsic biocompatibility, 
low cost of production, and ease of the processes of 
functionalization. 127,128  However, as experimental material, 
tests of its toxicity in vitro and in vivo have produced 
controversial results. The biomedical applications of 
graphene represent a new fi eld with signifi cant potential. In 
oncology, NGO has been studied for the treatment of 
different tumor types, both as native molecule, and as drug 
delivery vehicle. 129–136  As an example, non- targeted NGO 
was tested for the treatment of primary tumors given its 
enhanced permeability and retention effect. 137  Moreover, 
tailoring its surface with specifi c ligands as targets for 
proteins expressed in cancer cells, nontargeted NGO could 
improve its role in tumor treatment. Instead, other research 
was conducted in targeted nanomaterials to detect, visualize, 
and destroy cancer cells with minimal side effects on normal 
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cells. 138  Nano-GO has also been experimentally employed 
as a bioimaging agent in different techniques, including 
MRI and radionuclide- based imaging. 139–141  Graphene 
nanoplatelets, namely single layers of carbon atoms having 
nanoscale lateral dimensions, are insoluble and possess 
diffi cult interfacial interaction with the targeting matrix. 142  
They absorb insoluble molecules via noncovalent binding, 143  
with low drug- loading effi ciency. The coating of silica NPs, 
good vectors for insoluble chemotherapeutic drugs, on a 
graphene nanosheet could improve the interfacial properties 
of graphene. 144,145  It has also been considered that the 
morphology of different glioma cells, the molecular status of 
cell lines, and the concentration of graphene may regulate 
the biological response of tumoral cells. One of the fi rst 
attempts at using graphene for the treatment of gliomas 
employed its property as carrier. The chemotherapeutic drug 
1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU), widely used 
for the treatment of brain tumors, has poor thermal stability 
and a short half- life. Immobilization of BCNU on a 
nanocarrier might increase its stability and extend its half- 
life. Nano-GO was conjugated with polyacrylic acid to 
improve the aqueous solubility and increase the cell 
penetration effi cacy, and was used as nanocarrier for BCNU. 
This nanocarrier signifi cantly prolonged the half- life of 
bound BCNU from 19 to 43 hours and showed effi cient 
intracellular uptake by GL261 cancer cells. The in vitro 
anticancer effi cacy of polyacrylic acid–GO–BCNU was 
demonstrated by a 30% increase in DNA interstrand cross- 
linking and a 77% decrease in the half maximal inhibitory 
concentration of the drug. 146  The photothermal activity of 
graphene has also been investigated in the treatment of brain 
tumors. The mechanisms of graphene- mediated photothermal 
killing of cancer cells apparently involved oxidative stress 
and mitochondrial membrane depolarization, resulting in 
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mixed apoptotic and necrotic cell death characterized by 
caspase activation/DNA fragmentation and cell membrane 
damage, respectively. Despite lower NIR-absorbing capacity, 
a suspension of polyvinylpyrrolidone- coated graphene sheets 
exposed to NIR radiation generated more heat than CNs 
under the same conditions. Subsequently, graphene NPs 
performed signifi cantly better in inducing photothermal 
death of U251 human glioma cells in vitro. The superior 
photothermal sensitivity of graphene sheets could be largely 
explained by their better dispersivity. 144  A more recent study 
combined the chemo- photothermal targeted therapy of 
glioma within one novel multifunctional drug delivery system 
using a targeting peptide (IP) -modifi ed mesoporous silica- 
coated graphene nanosheet (GSPI). Doxorubicin was 
conjugated with the GSPI-based system (GSPID), showing 
synergistic chemo- photothermal properties. Cytotoxicity 
experiments demonstrated a higher rate of death of glioma 
cells compared with that of single chemotherapy or 
photothermal therapy. Furthermore, the IP modifi cation 
could signifi cantly enhance the accumulation of GSPID 
within glioma cells. 144  A study by Jaworski et al. 145  examined 
the toxicity of graphene platelets in U87 and U118 glioma 
cell lines. They revealed that graphene is toxic to glioma 
cells, indicating the potential applicability of graphene 
platelets in glioma therapy. Because of their large surface 
area, graphene platelets did not enter the glioma cells, but 
adhered to them. The mechanism the authors explained 
concerns the different biological impacts of graphene 
electrons on various cell and tissue types, and the subsequent 
interaction with cell membranes and receptors, blocking the 
supply of nutrients, inducing stress, and activating apoptosis. 
This direct interaction between platelets and tumor cells, 
caused by their chemical and physical properties, indicates 
that this effect might depend on the surface morphology of 
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the cells. 145  In fact, the properties of glioma cells may vary 
depending on the cell line. 146  Exposure to graphene induced 
apoptosis in both glioma cell lines but with different results: 
68% in U87 and 99% in U118 cells. The activation of 
apoptosis was also observed in a study on the infl uence of 
graphene and nanotubes on the U251 glioma cell line, which 
was treated photothermally. Moreover, mechanisms of 
necrosis were also present – 24% in U87 cells and 0.2% in 
U118 cells. The U118 cells have reduced expression of the 
anti- apoptotic gene  Bcl2  and of the suppressor gene  PTEN , 
allowing for apoptosis, in contrast with U87 cells. The 
precise mechanism of apoptosis is still unknown. However, it 
is clear that because of a mutation of the gene  p53  in U118 
cells, this gene is not involved in apoptosis activation. 147   

   4.2.13  Quantum dots 

 Quantum dots (QDs) are structurally colloidal semiconductor 
nanocrystals, ranging from 2 to 10 nm in diameter. QDs can 
be synthesized from various types of semiconductor materials 
via colloidal synthesis or electrochemistry. The most 
commonly used QDs are cadmium selenide (CdSe), cadmium 
telluride (CdTe), indium phosphide (InP), and indium 
arsenide (InAs). These NPs have unique photophysical 
properties, such that upon excitation they emit fl uorescence 
that is brighter and more stable than that of traditional 
fl uorophores, and their size can be varied to achieve excitation 
and emission at different wavelengths. QDs can be used as 
probes for high- resolution molecular imaging of cellular 
components, for tracking cell activities and movement inside 
the body, for specifi c targeting interaction through antibodies 
linked onto the NPs surface, with specifi c tumor- associated 
antigens expressed on the cancer cell surface. This interaction 
permits penetration inside targeted cancer cells of specifi c 
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drugs, protein, siRNA, genetic materials, and AONs and 
modulates genic expression into the cancer cell genome. In 
vivo cancer targeting and imaging in living animals by QDs 
was fi rst demonstrated by Gao et al., 148  wherein both 
subcutaneous injection of QD-tagged cancer cells (prostate 
cancer) and systemic injection of multifunctional QD probes 
were used to achieve sensitive and multicolor fl uorescence 
imaging of cancer cells. The utility of the QD–aptamer–
doxorubicin conjugateas a novel targeted cancer imaging, 
therapy, and sensing system has been demonstrated in a 
recent study. The targeted QD imaging system (QD-Aptamer) 
was capable of differential uptake and imaging of prostate 
cancer cells that express the prostate- specifi c membrane 
antigen. The Tan et al. 149  study group conjugated siRNA 
targeting the gene encoding human epidermal growth factor 
receptor-2 (hEGFR-2) to QDs by using these last ones not 
only as carriers, but also as a means to monitor the 
transfection effi ciency. By directing antibodies against 
EGFR-2 overexpressed by breast cancer cells, it was possible 
to induce a selective interaction of siRNA–QD conjugates 
with cancer cells, and a receptor- mediated endocytosis of 
conjugates and subsequent silencing effects on the target 
gene through RNA interference. CdSe particles may leak 
cytotoxic cadmium ions after long- term exposure to UV 
light, whereas CdTe particles produce ROS as a result of the 
loss of their protective coating after long- term circulation.  

   4.2.14  Dendrimers 

 A dendrimer is generally defi ned as a macromolecule that is 
characterized by its highly branched three- dimensional 
structure, which provides a high degree of surface functionality 
and versatility. 150  The generation number and chemical 
composition of the core, branches, and surface functional 
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groups, determine the size, shape, and reactivity of dendrimers. 
Dendrimers have attracted attention as possible drug 
carriers because of their unique properties, namely their 
well- defi ned three- dimensional structure, the availability 
of many functional surface groups, their low polydispersity, 
and their ability to mimic. Dendrimers can function 
as drug carriers either by encapsulating drugs within the 
dendritic structure, or by interacting with drugs at their 
terminal functional groups via electrostatic or covalent 
bonds (prodrug). 151  Dendrimers have been studied 
extensively for targeting and delivery of therapeutic agents 
for cancer and of contrast agents for MRI. The avidimers 
are dendrimers targeted to tumor vasculature using a 
methotrexatepolyamidoamine (PAMAM) bioconjugate 
platform functionalized with small targeting ligands. 152  The 
authors demonstrated in vitro, that drug- free dendrimer 
conjugates were not cytotoxic, and that drug- loaded 
dendrimer conjugates had no effect on folate receptor- negative 
cells. Polyanionic PAMAM dendrimers showed rapid serosal 
transfer rates in crossing an adult rat intestine in vitro, and 
had low tissue deposition. The transport of PAMAM and 
surface- modifi ed PAMAM across a cell monolayer follows 
endocytosis- mediated cellular internalization. However, non- 
biodegradable dendrimers may potentially accumulate in 
lysosomes depending on their frequency and dose of 
administration. Various studies report that PEG-modifi ed 
dendrimers show reduction of cytotoxicity and 
immunogenicity, high exocytosis rate and low accumulation 
in endothelial cells, with excellent solubility and favorable 
pharmacokinetics. 153  Amine- terminated polyamidoamine 
(PAMAM) dendrimers appear to be an ideal class of building 
blocks for developing multifunctional gene vectors. Angiopep 
is a high brain penetration peptide that targets to the LDL 
receptor- related protein-1. Ke et al. 154  coupled angiopep to 
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PEGylated PAMAM dendrimer G5.0 via the distal end of 
PEG, and used it to deliver pEGFP-N2 plasmid to the brain 
both in vitro and in vivo. The plasmid DNA covalently labeled 
with fl uorescent dye, ethidium monoazide bromide, was 
detected in the brain of the mice treated with the PAMAM-
PEG-Angiopep/DNA. Multimodal dendrimer- conjugated 
magnetofl uorescent nanoworms, called dendriworms, were 
developed recently for siRNA delivery. 155  The magnetic core 
in dendriworms enables in vivo imaging of dendriworms with 
MR whereas PAMAM dendrimers conjugated to the magnetic 
core allow nucleic acid delivery and targeting. Dendriworms 
accumulate in the lungs and the reticuloendothelial fi ltration 
organs following systemic delivery. Dendriworms administered 
with convection- enhanced drug delivery, effi ciently delivered 
EGFR siRNA to suppress the expression of EGFR in GBM 
tumors in a mouse model. 155  Yang et al. 156  prepared EGF-
carrying boronated PAMAM dendrimer G4.0 for neutron 
capture therapy of brain tumors. Doxorubicin was conjugated 
to arginyl- glycyl-aspartic acid- coupled PEGylated PAMAM 
dendrimer, via a degradable disulfi de spacer, for controlled 
release in the treatment of glioma tumors. 157  PAMAM 
dendrimers have been tested as genetic material carriers. 
SuperFect-DNA complexes, a transfection reagent consisting 
of activated dendrimers, are characterized by high stability 
and provide more effi cient transport of DNA into the 
nucleus. The high transfection effi ciency of dendrimers may 
be due to their well- defi ned shape but also to the low pK of 
the amines. 158    

   4.3  Application in brain tumors 

 Nanomedicine devices are ideal for delivering drugs to brain 
tumors, loading them as carriers via a variety of chemical 
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methods including encapsulation, adsorption, and covalent 
linkage. In brain tumor treatment, various molecules at 
different steps and pathways, such as cell immortalization 
and apoptosis escape, tumor neoangiogenesis, and invasion 
of normal tissues, have been studied as possible targets of a 
novel therapeutic model. Recent advances in molecular, 
biological and genetic diagnostic techniques have evidenced 
new cerebral glioma- associated biomarkers and their 
implications for glioma progression. The possibility to block 
the more contemporary pathway into glioma by molecular- 
based targeted approaches, using a nanocarrier loaded with 
anti- cancer agent, represents an interesting therapeutic 
strategy to overcoming the BBB and delivering drugs and/or 
genetic probes into brain tumor cells in a selective manner. 
The future challenges of this approach may be the possibility 
to modify the cell genome and induce it to a reversion into 
the wild- type conditions, the enhancing of immune system 
antitumor capacity, and the targeted drug delivery into brain 
tumor cells. 

   4.3.1  Emerging studies 

 Bernardi et al. 159  evaluated the effi cacy of immunonanoshells 
in vitro against medulloblastoma and malignant glioma cell 
lines. They used an antibody against the human epidermal 
growth factor receptor (HER-2) to target gold–silica 
nanoshells to medulloblastoma cells, demonstrating cell 
death in the HER-2-overexpressing medulloblastoma cell 
lines, after exposure to laser light. In glioma cell lines, they 
showed the capacity of these immunonanoshells in causing 
leading cell death in U373 and U87 malignant glioma cell 
lines. This mechanism may also be innovative in diagnostics. 
In fact, iron- oxide NP-based MRI contrast agents, targeted 
NP-based MRI contrast agents, and intraoperative 
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NP-enabled brain tumor delineation, may produce contrast 
enhancement at an earlier stage of gliomas. 160  Another 
emerging specifi c contrast agent is represented by a nanoprobe 
that targets gliomas that may express membrane- bound 
matrix metalloproteinase-2. This nanoprobe, named 
chlorotoxin- conjugated superparamagnetic nanoprobe 
(PEG-coated NPs), has the capacity to selectively detect 
neoplastic cells in gliomas, medulloblastoma, prostate cancer, 
sarcoma, and intestinal cancer. 161  Wang et al. 162  in a recent 
study have demonstrated, using a molecular targeting of 
glioma cells through CD133 antigen overexpressed on the 
surface of GBM cells, a prominent photothermal selective 
damage of targeted glioma cells. Molecular targeting in this 
case has been performed using CNs, conjugated with 
anti-CD133 monoclonal antibodies. The effi ciency of 
liposomal and other nanoplatform systems has been 
enhanced by various molecular targeting, such as IL-13 
expression, transferring receptor and LDL surface receptor 
pathways. Glioma cells show upregulation of expression of 
IL-13R α 2 on their surfaces. In a recent study, the improvement 
of internalization of doxorubicin- loaded nanoliposomes, 
targeted with conjugated IL-13, and cytotoxicity in U251 
glioma cells has been shown. In an in vivo animal model the 
authors demonstrated the inhibition of the growth of 
subcutaneously implanted gliomas. 163  In anticancer gene 
therapy, the effi ciency of liposomes has been increased 
through surface ligand targeting, via monoclonal antibodies 
to specifi c receptors that are upregulated on glioma cell 
surfaces, such as transferring receptors, LDL receptors, 
IL-13R. A biopolymeric gene delivery NP has recently been 
shown to be effective in vivo in delaying tumor growth. This 
polymeric NP-based nonviral gene delivery vector is a 
cationic albumin- conjugated pegylated NP, in which is 
incorporated a plasmid encoding proapoptotic Apo2 ligand/
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tumor necrosis factor- related apoptosis- inducing ligand 
(Apo2L/TRAIL). After intravenous injection of plasmid- 
loaded NPs, and subsequent accumulation in a C6 murine 
glioma model, incorporation of plasmid DNA into the host 
cell genome and inhibition of tumor growth lead to prolonged 
survival in mice bearing implanted C6 gliomas. 164  An 
alternative therapeutic strategy is the PDT with targeted 
delivery systems. PDT involves the intratumoral release of 
photosensitizers combined with local excitation by an 
appropriate wavelength of light, resulting in the production 
of oxygen and other ROS, which initiate apoptosis and 
cytotoxicity and microvascular injury, within treated 
neoplastic tissues. The recent molecularly targeting approach 
leads to the selective detection of cancer cells, through 
molecular recognition processes, such as ligand–receptor or 
antibody–antigen interaction. PDT is an interesting approach 
for the treatment of cerebral gliomas, resulting in a very 
selective loco- regional therapeutic approach with an 
important improvement in local control of tumors and a 
signifi cantly improved survival. 165  A recent in vitro and in 
vivo study has shown the effi cacy of indomethacin- loaded 
nanocapsules in signifi cantly reducing the tumor size of 
implanted glioma in rats. Moreover pathological analysis 
demonstrated the lack of some important malignant 
characteristics typical of GBM, such as mitotic index and 
microvascular proliferation. 166  

 Gold nanostructures demonstrate great potential in 
imaging in diagnostics serving as molecular contrast 
agents. Because of their high extinction coeffi cient gold 
NPs can be used as contrast agents for dark- fi eld, light- 
scattering, and two- photon luminescence imaging. Moreover, 
gold nanomaterials were used for signal amplifi cation 
in photoacoustic tomography (PAT). PAT is an advanced 
diagnostic hybrid technique based on laser- induced 
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thermoelastic expansion through biological tissue, which 
allows the combination of the benefi ts of optical and 
ultrasound imaging. 167  PAT allowed noninvasive in vivo 
molecular imaging of the vascular system in the brain of a 
live small animal and, even more, imaging of important 
hallmarks of tumor development and progression such as 
angiogenesis 168  and hypoxia. 169  Wang and coworkers 167  
applied PEGylated gold nanoshells as exogenous NIR 
contrast agent for laser- induced PAT of the rat brain in vivo 
with high spatial resolution and satisfactory sensitivity. 

 Nanotechnology nonviral gene delivery systems, such as 
CNs, represent an interesting therapeutic choice. These 
systems carry siRNA molecules that exert RNA interference 
on target gene expression after their internalization into the 
target tumor cells and release. Zhang et al. 86  with in vitro 
studies, used siRNA that specifi cally targeted murine 
telomerase reverse transcriptase and showed that delivery of 
siRNA via CNs into tumor cells, silenced the target gene, 
inhibited the proliferation of cancer cells in vitro, and 
suppressed tumor growth in mouse models. Higher 
therapeutic index per NP system application in brain tumor 
treatment will need better engineering for higher loading and 
better controlled release of the drug into a tumor site, and an 
improvement in the development of most functional drugs. 
A new interesting and promising strategy to achieve localized 
drug delivery to tumor tissue is magnetizing targeting. This 
approach has the advantage that the accumulation and 
retention of drug- loaded magnetic NPs in cancer cells can be 
enhanced, by the attraction of NPs to the tumor location 
using an externally applied magnetic fi eld. 170  Schneider 
et al. 171  have examined a “double- punched” approach to 
overcome the escape of GBM cells to immune surveillance, 
through an active specifi c immunization with Newcastle 
disease virus- infected tumor cells, and blocked the 
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transforming growth factor- β  (TGF- β ) production by 
delivery of TGF- β  AONs using polybutyl cyanoacrylate NPs. 
This approach induced a signifi cant decrease in plasma TGF-
 β  2  level, as well as an increase in the rate of high- affi nity 
IL-2R (CD25) on lymphocytes and consequently of 
antitumoral cytotoxicity. By using anti- focal adhesion kinase 
phosphotothioate AONs packaging into liposomes in U251 
microglia cells, the downregulation of expression levels of 
FAK and the activation of apoptosis, through increase in 
caspase-3 activity, a key mediator of apoptosis in mammalian 
cells, has been shown. 172  Paclitaxel, one of the most successful 
anticancer drugs, is the fi rst of a new class of microtubule 
stabilizing agents and has demonstrable antitumor activity in 
glioma cell lines. However, because of the poor aqueous 
solubility and low therapeutic index of paclitaxel, its clinical 
application is extremely limited. Furthermore, it is reported 
that the activity of paclitaxel against brain tumors has been 
disappointing in a phase II study, because of drug resistance 
and poor penetration across the BBB. 173  A recent study 
demonstrated that drug- loaded mPEGylated PCL long- 
circulating NPs provided a sustained release of the embedded 
drug, and higher, or at least comparable, in vitro cytotoxicity 
to that of Taxol injection against C6 GBM cells. 174  It has 
been demonstrated that an Angiopep-2-modifi ed drug 
delivery system could enhance delivery of a gene drug and a 
NIR fl uorescent probe across the BBB. 175  The potential 
therapeutic effect of Angiopep- conjugated PEGePCL NPs, 
loaded with paclitaxel as a dual- targeting drug delivery 
system in the treatment of glioma, was evaluated in a recent 
study. PEGePCL NPs were conjugated to Angiopep for 
enhanced delivery across the BBB as well as for targeting 
the tumor via LDL receptor- related protein- mediated 
endocytosis. Angiopep- conjugated PEGePCL NPs were 
internalized by U87 microglia (U87MG) glioma cells, and 
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displayed higher cell uptake and stronger inhibition and 
apoptosis toward glioma cells due to LDL receptor- related 
protein- mediated endocytosis. As well as this, the Angiopep- 
conjugated PEGePCL NPs construct increases the transport 
of the NPs across the BBB, and target the brain glioma by the 
in vitro coculture model and in vivo imaging of brain 
fl uorescence. 175  In an ongoing phase I clinical trial, paclitaxel 
albumin- stabilized NP formulation is being used in treating 
advanced cancers such as bladder cancer, brain and CNS 
tumors. The authors demonstrated, in a subset of patients, a 
decrease in tumor vascular permeability. 176  Majoros et al. 177  
evaluated a multifunctional dendrimer conjugated with 
fl uorescein isothiocyanate (for imaging studies), folic acid 
(for targeting cancer cells overexpressing folate receptors), 
and paclitaxel (chemotherapeutic drug). The authors 
demonstrated in vitro that drug- free dendrimer conjugates 
were not cytotoxic, and that drug- loaded dendrimer 
conjugates had no effect on folate receptor- negative cells. It 
is known that NPs may trigger an infl ammatory process, 
resulting in the release of different pro- infl ammatory 
cytokines, chemokines, ROS, and transcription factors that 
could explain some known side effects. These mechanisms 
may involve microglia and interact in different ways with 
normal brain tissue and glioma cells. All of these aspects 
are crucial in modulating an effective strategy for a 
molecular therapeutic approach, trying to hit an important 
molecular pathway, such as neovascularization, invasiveness 
and interaction between tumor and perilesional tissue. 
The more recent experimental studies on the molecular 
approach in glioma treatment have been performed by 
hypothesizing a single molecular target. This strategy has 
shown poor results, as demonstrated by the actual 
pharmacological and molecular multimodal strategy of 
treatment. The authors think, that using the intrinsic capacity 
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of NPs should be very interesting in attempting to structure 
a new NP-based molecular approach against two or more 
molecular targets, contemporaneously. 178–184  

 In a laboratory approach, the authors are trying to create 
an engineered carrier, loaded with an antisense molecule 
against hypoxic ischemic factor-1 α  (HIF-1 α ) and IL-8. The 
HIF-1 α  appears to be highly involved in the development of 
a characteristic tumor phenotype infl uencing growth rate, 
invasiveness, and metastasis. HIF-1 α  actively regulates 
downstream processes, and is also itself infl uenced by the 
tumor microenviroment in many different ways. As a result, 
local hypoxia, due to increased proliferation or insuffi cient 
oxygen supply, inactivation of tumor suppressors, oncogenes, 
and growth factors, along with other cell types, such as 
macrophages, contributes to form a tumor microenviroment 
that is capable of modulating the HIF response itself. 
Antisense inhibition of HIF may be a strong target for 
antiangiogenic therapy. The authors study group has recently 
shown high expression levels of prostaglandin E1 synthase 
and IL-8 in high- grade glioma cells and microglial cells, 
strongly correlate with the grading of a tumor. 187,188  During 
progression of gliomagenesis, leukocyte infi ltration and 
necrosis are two biological phenomena associated with the 
development of neovascularization. In malignant gliomas, 
IL-8 further localizes in oxygen- deprived cells surrounding 
necrosis. Macrophages are known to produce high levels 
of IL-8, which has a tumorigenic activity, by inducing 
tumor growth and angiogenesis. Tumor pseudopalisading 
cells secrete HIF, which induces IL-8 secretion. The IL-8-
binding chemokine receptors CXCR1, CXCR2 and the 
Duffy antigen receptor for chemokines (DARC) were found 
in all astrocytoma grades by reverse transcription–polymerase 
chain reaction analysis. These results support a model 
in which IL-8 expression, by induction of infl ammatory 
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stimuli, may be an early step in astrocytoma development. It 
seems that augmented IL-8 directly and/or indirectly 
promotes angiogenesis by binding to DARC, and induces 
leukocyte infi ltration and activation by binding to CXCR1 
and CXCR2. The contemporary actions of IL-8 into 
glioma angiogenesis and leukocyte infi ltration, as well 
as macrophages, microglial cells, and ECM components 
involvement, suggest IL-8 as a future interesting target in 
brain tumor treatment. 

 Nanoparticle systems, can represent ideal devices for the 
delivery of specifi c compounds to brain tumors across the 
BBB. 189–192  Nanotechnology and nanomedicine have been 
used to form new therapeutic intracerebral drug delivery 
systems, and to develop treatments for various diseases and 
disorders. By using nanotechnology in drug design and 
delivery, it will be possible to deliver the drug to the targeted 
tissue and cells across the BBB, to release the drug at a 
controlled rate, and to be able to escape from degradation 
processes. Solid tumors require therapies to actively penetrate 
deeply into the tumor in order to affect a large proportion of 
cancer cells. Nanotechnology provides a unique advantage 
in glioma therapy because the size scale is of the order of the 
proteins used for cell function. The size and shape of NPs 
can be tuned to exert a desired therapeutic response on a 
specifi c target.  

   4.3.2  Antiangiogenic approach 

 Antiangiogenic approaches have been extensively exploited 
to provide a rationally designed therapy for the treatment of 
malignant gliomas. The brain tumor endothelium, with 
characteristics of high proliferation, high permeability, and 
high expression of proangiogenic factors, is a particularly 
appealing therapeutic target for this strategy. 185,186  
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Antiangiogenic approaches in glioma therapy have been 
strongly directed against a VEGF pathway. In an in vivo 
murine model, created by implantation of U87MG malignant 
glioma cells in mice, Im et al. 187  demonstrated the suppression 
of the ability of glioma cells to form tumors in mice. This 
result was obtained after transfection of antisense VEGF 
complementary DNA, in an antisense orientation through 
the recombinant adenoviral vector Ad5CMV- α VEGF. 
Infection of U87MG malignant glioma cells resulted in the 
reduction of the level of the endogenous VEGF messenger 
RNA, and in reduced production of the VEGF targeted 
secretory form. Agemy et al. 188  have proposed a 
multifunctional theranostic NP in which the CGKRK peptide 
provides the targeting function that takes the NPs to tumor 
vascular cells and into their mitochondria. The NP uses the 
mitochondria- targeted D[KLAKLAK] 2  peptide as the drug 
and iron oxide, as a diagnostic component for MRI. In 
addition, the NP was combined with the tumor- penetrating 
peptide i arginyl- glycyl-aspartic acid, which enhances the NP 
penetration into the extravascular tumor tissue. Systemic 
treatment of GBM-bearing mice with this compound 
eradicated most tumors in one GBM mouse model, and 
signifi cantly delayed tumor development in another. An 
important molecular target used to selectively detect glioma 
cells is IL-13, based on upregulated expression of IL-13 α 2 on 
the surface of GBM cells. In a recent study, Madhankumar 
et al. 163  showed the improvement of internalization of 
doxorubicin- loaded nanoliposomes targeted with conjugated 
IL-13, compared with nontargeted nanoliposomes in 
U251 glioma cells. In an in vivo animal model, the 
authors demonstrated growth inhibition of subcutaneously 
implanted gliomas. Bernardi et al. 159  evaluated the effi cacy of 
immunonanoshells in vitro against both medulloblastoma 
and malignant glioma cell lines. In this study, the authors, 
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using gold–silica nanoshells coated with an antibody against 
HER-2 to target medulloblastoma cells, showed cell death in 
the HER-2-overexpressing medulloblastoma cell lines after 
exposure to laser light. The same authors conjugated gold–
silica nanoshells to an antibody specifi c to IL-13R α 2, which 
is strongly expressed in gliomas, demonstrating that these 
immunonanoshells are capable of leading to cell death in 
U373 and U87 malignant glioma cell lines. Convection- 
enhanced delivery (CED) techniques were developed to 
address the diffusion- limited penetration of agents directly 
delivered to the brain. This strategy has been used to deliver 
proteins and small particles, including liposomes and 
polymeric NPs, into the brain. CED provides penetration 
through a large volume of brain tissue but it is limited by 
unpredictable drug distribution and potentially high 
intracranial pressures. Combining polymeric controlled 
release with CED could improve the drug distribution 
limitations of implantable wafers while also offering 
spatiotemporal distribution control that is lacking from 
CED. Poly(lactic- co-glycolic acid) is capable of encapsulating 
and releasing a variety of agents, including chemotherapy 
drugs, for long periods of time. The authors evaluated the 
effi cacy of CED of surface- modifi ed, drug- loaded PLGA NPs 
to treat intracranial glioma using the topoisomerase I 
inhibitor camptothecin. The camptothecin is an attractive 
drug for delivery by controlled release because it has known 
anticancer activity, but is limited by low solubility and serious 
systemic toxicity. The NPs were shown to be effective both in 
culture and in vivo, with a statistically signifi cant survival 
benefi t observed in all animals treated. 189  CED of iron oxide 
NPs in a mouse glioma model results in MRI contrast of the 
NPs and effective intratumoral and peritumoral distribution 
of NPs in the brain. A signifi cant therapeutic effect was found 
after CED of both iron oxide NPs and EGFRvIIIAb- iron 
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oxide NPs in mice. Dispersal of the NPs over days, after the 
infusion has fi nished, may potentially target infi ltrating 
tumor cells outside the tumor mass that are potentially 
responsible for tumor recurrence and the demise of 
patients. Use of bioconjugated magnetic NPs may permit the 
advancement of CED in the treatment of malignant gliomas 
because of their sensitive imaging qualities on standard 
T2-weighted MRI and therapeutic effects. 190  Cyclo- oxygenase 
(COX)-2 is the key enzyme in arachidonic acid metabolism 
resulting in prostaglandin production, and is induced by 
several factors, such as growth factors, cytokines, and tumor 
promoters. In particular, COX-2 expression and prostaglandin 
production are associated with tumorigenesis and tumor 
progression. Celecoxib, a selective COX-2 inhibitor, has been 
reported to mediate growth inhibitory effects and to induce 
apoptosis in various cancer cell lines. PLGA NPs incorporating 
celecoxib were prepared for antitumor drug delivery. The 
PLGA NPs incorporating celecoxib showed the same 
cytotoxicity against U87MG tumor cells as celecoxib itself. 
Furthermore, celecoxib did not affect the degree of migration 
of U87MG cells. When C6 rat glioma cells were used, 
PLGA NPs incorporating celecoxib showed dose- dependent 
cytotoxicity similar to that of celecoxib itself. Neither 
celecoxib nor PLGA NPs incorporating celecoxib affected 
COX-2 expression in C6 cells on a Western blot assay. 191  
Curcumin is a polyphenolic compound derived from the 
Indian spice turmeric. NanoCurc™, a recently described 
polymeric NP formulation of curcumin, was used to treat 
medulloblastoma and GBM cells. This formulation caused a 
dose- dependent decrease in growth of multiple brain tumor 
cell cultures, including the embryonal tumor- derived lines 
DAOY and D283Med, and the GBM neurosphere lines 
HSR-GBM1 and JHH-GBM14. The reductions in viable cell 
mass observed were associated with a combination of G2/M 
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arrest and apoptotic induction. Curcumin also signifi cantly 
decreased anchorage- independent clonogenic growth and 
reduced the CD133-positive stem- cell-like population. Levels 
of signal transducer and activator of transcription 3 were 
also attenuated. These data suggest that curcumin NPs can 
inhibit malignant brain tumor growth through the modulation 
of cell proliferation, survival and stem cell phenotype. 192   

   4.3.3  Gene therapy 

 Gene therapy has the potential to effectively treat cancer by 
treating the root of the disease. This technology involves the 
delivery of DNA molecules to cancer cells to insert or modify 
a gene in an effort to treat the disease. The delivery of DNA 
can be accomplished using a variety of vectors including 
viruses, cell- based systems, and synthetic vectors. For glioma 
gene therapy, viral vectors have been used to deliver suicide 
genes, pro- apoptotic genes, p53, cytokines, and caspases. 
These studies have shown promising preclinical results, but 
clinical trials have been limited by the fact that transduced 
cells were found only within a very short distance of the 
delivery site. To overcome these limitations, synthetic vectors 
have been developed to more safely deliver DNA. In this study 
the authors investigate targeted gene delivery to C6 glioma 
cells in a xenograft mouse model using chlorotoxin- labeled 
NPs. The developed nanovector consists of an iron oxide NP 
core, coated with a copolymer of chitosan, PEG and 
polyethylenimine. The chlorotoxin promotes specifi c uptake 
of nanovectors into glioma cells, exposing a higher proportion 
of target cells to the delivered payload. These results could 
provide insight into the design of more effective gene delivery 
vehicles for improved treatment outcome of gene therapy for 
glioma. 161  In brain tumor treatment, the effi ciency of liposomes 
as nonviral gene delivery vectors has been increased through 
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surface ligand targeting, via monoclonal antibodies specifi c to 
certain receptors upregulated on glioma cell surfaces, such as 
transferrin receptors, LDL receptors, and IL-13 receptors. A 
biopolymeric gene delivery NP has recently been shown to be 
effective in vivo in delaying tumor growth. This polymeric 
NP-based nonviral gene delivery vector is a cationic albumin- 
conjugated pegylated NP that incorporates a plasmid encoding 
proapoptotic Apo2 ligand/tumor necrosis factor- related 
apoptosis- inducing ligand (Apo2L/TRAIL). After intravenous 
injection of plasmid- loaded NPs in a C6 murine glioma 
model, plasmid DNA is incorporated into the host cell 
genome, so inhibiting tumor growth, with prolonged 
survival. 164  Another gene therapy approach is the injection 
into cancer cells with genes that can destroy the cells. A pro- 
drug or an inactive form of a toxic drug is administered to the 
patients, and this drug will kill off any cancer cells with the 
suicide genes in them. The use of specifi c NPs can represent a 
valid alternative to overcome possible toxic and infective 
effects of classic gene therapy. The use of NP nonviral gene 
delivery systems such as CNs blocks a selective genic function 
without toxic effect on cellular phenotype. These systems 
have the ability to carry short single genes, and also short 
DNA fragments or siRNA molecules that exert RNA 
interference on target gene expression after their 
internalization. 193  One of the most promising new strategies is 
the RNA interference- based approach, wherein small double- 
stranded RNA molecules can sequence specifi cally to inhibit 
the expression of targeted oncogenes. To harness the full 
potential of this approach, the prime requirements are to 
deliver the siRNA molecules with high selectivity and 
effi ciency into tumor cells, and to monitor both siRNA 
delivery and the resulting knock- down effects at the single cell 
level. Herein, the authors describe the synthesis and target- 
specifi c delivery of multifunctional siRNA-QD constructs for 
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selectively inhibiting the expression of EGFR variant III in 
target human U87 GBM cells, and subsequently monitoring 
the resulting downregulated signaling pathway with high 
effi ciency. This study demonstrates the multifunctional 
siRNA-QD strategy focusing on targeted delivery, high 
transfection effi ciency, and multimodal imaging/tracking. 
These novel methods and applications complement recent 
advances in nanomaterial- based siRNA delivery, nanomaterial- 
based molecular imaging, and siRNA-based chemotherapeutic 
strategies reported recently. This strategy could also provide 
highly useful information regarding biosurface chemistry of 
nanomaterials. In addition, the application of multifunctional 
siRNA-QDs to modulate the key cancer signaling pathways is 
important not only for a selective chemotherapeutic strategy 
but also for dissecting signaling cascades triggered by 
inhibiting specifi c proteins. 193   

   4.3.4  Other potential approaches 

 Although immunotherapy is being investigated as an adjunct 
treatment, the ability of gliomas to escape the immune response 
will continue to be a signifi cant obstacle to this strategy. 
One approach to overcome the local immunosuppressive 
tumor microenvironment is the activation of the innate 
immune system by Toll- like receptor agonists such as CpG 
oligonucleotides (CpG). Because the Toll- like receptor 9, CpG 
receptor, is located intracellularly, the authors have hypothesized 
that methods that enhance CpG internalization may also 
potentiate its immunostimulatory response. In this study, it has 
been reported that CNs enhanced CpG uptake by tumor- 
associated phagocytic cells, and resulted in their activation 
both in vitro and in vivo. Furthermore, a single injection of 
low- dose CN–CpG complexes eradicated intracranial gliomas 
through activation of natural killer and CD8 cells. These 
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fi ndings demonstrate that CNs are nontoxic vehicles that can 
improve CpG uptake into tumor- associated infl ammatory 
cells, leading to a more robust anti- tumor response. 194  Alizadeh 
et al. 195  evaluated the mechanism of cyclodextrin- based NP 
uptake into a murine glioma model. Using mixed in vitro 
culture systems, the authors demonstrated that cyclodextrin- 
based NP was preferentially taken up by BV2 and N9 
microglia cells as compared to GL261 glioma cells. Fluorescent 
microscopy and fl ow cytometry analysis of intracranial 
GL261 gliomas confi rmed these fi ndings, and demonstrated a 
predominant cyclodextrin- based NP uptake by macrophages 
and microglia within and around the tumor site. In conclusion, 
these studies better characterize the cellular distribution of 
cyclodextrin- based NP in brain tumors, and demonstrate 
that macrophages and microglia could potentially be used as 
NP drug carriers into malignant brain tumors. Schneider 
et al. 171  recently examined a “double- punched” approach to 
overcome the escape of GBM cells from immune surveillance 
through an active specifi c immunization. The authors, using 
Newcastle disease virus- infected tumor cells and an antisense 
oligonucleotide against the TGF- β  loaded in polybutyl 
cyanoacrylate NPs, demonstrated a signifi cant decrease in 
plasma TGF- β  2  and an increase in antitumoral cytotoxicity. 

 In vitro study of PDT with targeted delivery systems is an 
alternative to current adjuvant therapy, and it is characterized 
by low morbidity and lack of susceptibility to the development 
of resistance. PDT involves the use and delivery of 
photosensitizers combined with local excitation by the 
appropriate wavelength of light, resulting in the production 
of ROS, which initiate apoptosis and cytotoxicity in many 
types of tumors. Moreover, PDT produces microvascular 
injury within treated neoplastic tissue, leading to infl ammation 
and hypoxia. This therapeutic approach is more selective 
and less toxic than chemotherapy, because the drug is not 
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activated until the light is delivered. The recent molecular 
targeting approach selectively detects cancer cells through 
molecular- recognition processes such as ligand–receptor or 
antibody–antigen interactions. PDT is an interesting 
approach for the treatment of malignant gliomas, resulting 
in a localized treatment approach with an important 
improvement in local control of tumors and a signifi cantly 
improved survival rate. 165  In a recent study, Wang et al. 162  
have demonstrated prominent photothermal selective 
damage of 426 targeted glioma cells. Molecular targeting, 
in this case, has been performed using CNs conjugated 
with monoclonal antibodies specifi c to CD133. PDT 
using the nanobiohybrid photocatalyst resulted in the 
destruction of over 80% of A172 glioma cells with high 
levels of IL-13R expression, whereas in the case of U87 
cells characterized by lower antigen presentation, cytotoxicity 
at the same conditions reached a plateau of 50% and 
did not increase at higher photocatalyst concentrations. 
Moreover, no cytotoxicity was observed for normal 
human astrocytes, which are known not to express 
IL-13R. 196,197  Recently Tian et al. 198  showed the feasibility 
of encapsulating the alkylating agent, temozolomide 
[(3,4-dihydro-3-methyl-4-oxoimidazo [5,1-d]-as- tetrazine-
8-carboxamide (TMZ)], into polybutylcyanoacrylate NPs 
by polymerization. Compared with TMZ solution, TMZ–
polybutylcyanoacrylate NPs exhibited sustained release in 
vitro. Furthermore, based on the pattern of distribution in 
body organs, higher concentrations of TMZ can be detected 
in the brain after binding to polybutylcyanoacrylate NPs 
coated with polysorbate-80, which may be more useful for 
treating brain tumors. The prepared formulation may also 
reduce the toxicity of chemotherapy. Steiniger et al. 199  
demonstrated in a murine GBM model, a statistically 
signifi cant increase in survival time of GBM-bearing rats 
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treated with doxorubicin bound to polysorbate- coated NPs, 
compared with the control groups treated with other 
doxorubicin formulations. More than 20% of the animals 
showed a long- term remission and no drug–NP complex 
neurotoxicity was observed. One interesting approach 
consists of coating an NP with polysorbate 80, which adsorbs 
apolipoproteins B and E, and allows receptor- mediated 
endocytosis by brain capillary endothelial cells. In these 
studies, 40% of the rats treated with doxorubicin- loaded 
NPs survived the duration of the study (6 months), with no 
evidence of residual tumor. Similarly, PEGylated doxorubicin- 
loaded solid lipid NPs can enhance delivery across the BBB 
after intravenous administration in rabbits. 200  Doxorubicin 
was present in the brain only after administration of the NP 
formulation and the extent of doxorubicin transport was 
dependent on the extent of PEG modifi cation. Recently, a 
promising chemotherapeutic drug (SN-38) incorporated in 
micelles was compared with CPT-11 (irinotecan), a prodrug 
of SN-38, for the treatment of GBM in mice. The growth- 
inhibitory effects of the drug- loaded micelles were 34-fold to 
444-fold more potent than those of CPT-11. In addition, 
when the drug was incorporated in the nanovectors, a 
signifi cantly potent antitumor activity against an orthotopic 
glioblastoma multiforme xenograft and signifi cantly longer 
survival rates than CPT-11 were observed. 201  

 A new strategy to achieve selective drug delivery to tumor 
tissue is magnetic targeting. This approach has the advantage 
of enhancing the attraction of drug- loaded magnetic NPs in 
cancer cells by using an externally applied magnetic fi eld. 125  
Among the other polymer- derived drug delivery systems, the 
nanoconjugate Polycefi n (based on polymalic acid) has been 
studied in animal models of human glioma, using intracranial 
injections of human cancer cells. Antiangiogenic results have 
been obtained in rats by injection, in vivo, of human glioma 
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U87MG xenografts. 202  A novel study aimed to examine the 
applicability of polyethyleneimine- modifi ed magnetic NPs 
(GPEI) as a potential vascular drug/gene carrier to brain 
tumors. The obtained data show that the cationic magnetic 
NPs GPEI exhibit high cell penetration ability and low cell 
toxicity. In addition, GPEI could be magnetically captured in 
glioma lesions following clinically viable intracarotid 
administration. Furthermore, the extent of GPEI 
accumulation was 5.2-fold higher than that of G100 in the 
tumor lesions, but not in the contralateral normal brain, 
revealing higher target selectivity of cationic NPs. 203  

 Polycefi n conjugated with appropriate monoclonal 
antbodies specifi c to a tumor cell surface receptor may 
represent a potential new drug for glioma treatment. A 
recent in vitro and in vivo study in rats has demonstrated 
the effi cacy of indomethacin- loaded nanocapsules, with 
a signifi cant reduction of the mitotic index and the 
microvascular proliferation in implanted glioma. 86  Recently, 
Etame et al. 204  have been described the fi rst demonstration 
of focal enhanced delivery of GNPs with therapeutic 
potential into the cerebral hemisphere using MR-guided 
focused ultrasound surgery in a rat model. The authors 
show the fi rst direct evidence of localization of GNPs 
within the brain parenchyma suggesting BBB transgression. 
These results suggest a potential role for MR-guided 
focused ultrasound surgery in the delivery of GNPs with 
therapeutic potential into the CNS for targeting neurological 
disorders.   

   4.4  Recent patents in brain tumors 

 The development of new targeted chemical compounds as 
well as noninvasive targeted strategies is gaining greater 
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attention. However, the principal targets of the following 
reported patents are represented by the ideal of overcoming 
the BBB because an effi cient overcoming of the BBB could 
permit better delivery of pharmacological compounds. It is 
clear that the methods discussed in these patents are equipped 
for the passage of various therapeutic and/or diagnostic 
agents, able to treat various brain diseases including brain 
tumors. Besides, various applications can also increase the 
effi cacy, safety, and effi ciency of chemotherapeutic or 
irradiation therapies. 205  

   4.4.1  Magnetic and metallic nanoparticles 

 Oxidative stress and interference with mitochondrial energy 
production by magnetic NPs lead to in vivo cytotoxicity, 
which has limited their clinical translation. To bypass this 
effect, thermosensitive magnetic NPs prepared by covering 
the NPs with a thermosensitive polymer with a critical 
temperature of 40–45 °C were used for hyperthermic 
treatment of tumors. The thermosensitive polymer shell 
could be ruptured at the site of action by applying an external 
magnetic fi eld to increase the temperature of the inner 
magnetic core. 206  Intratumoral thermotherapy may be used 
in combination with any conventional therapy to amplify its 
effects. Because of the stability of the NP deposits the 
thermotherapy sessions may be repeated or combined with 
other therapies without any inherent limit. The Nano
Therm® therapy, also termed magnetic fl uid hyperthermia, 
combined with fractionated stereotactic radiotherapy, 
is a new local heat treatment of solid tumors (such as 
glioblastoma multiforme and prostate carcinoma). It 
consists of NanoTherm®, Nanoplan® and NanoActivator™ 
F100 (MagForce Nanotechnologies AG, Berlin, Germany). 
NanoTherm is a magnetofl uid made of superparamagnetic 
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iron oxide NPs which are colloidally dispersed in water with 
a high iron concentration. The iron oxide magnetite (Fe 3 O 4 ) 
core is approximately 12 nm in diameter and coated with an 
aminosilane- type shell. Due to their aminosilane coating, 
these small magnets can be fi nely dispersed in water, forming 
a colloidal solution that is dispensable with a syringe. Once 
inside the alternating magnetic fi eld applicator, NanoActivator 
are responsible for the production of warmth. Through 
this high frequency magnetic fi eld, the NPs begin oscillating 
and warmth is produced from directly within the tumor 
tissue. Hence, the tumor cells are either directly destroyed 
or sensitized for the accompanying chemotherapy or 
radiotherapy, the fi nal effect depending on the temperature 
reached and the length of treatment. NanoTherm® therapy 
has been used successfully to treat glioblastoma multiforme 
in a phase II trial. 207  In this trial combined treatment of 
fractionated stereotactic radiotherapy and NanoTherm® 
therapy was applied to 59 patients with recurrent GBM. The 
magnetic fl uid MFL AS1 (NanoTherm AS1,  c  = 112 mg/ml) 
was injected directly into the tumor with the help of neuro- 
navigational guide surgery. A fi ber- optic thermometry probe 
was installed into the tumor after injection of the NPs for a 
temperature measurement during the hyperthermia sessions, 
which were carried out in a NanoActivator F100. The 
median temperature measured within the tumor area during 
the hyperthermia was 51.2 °C. The median overall survival 
from diagnosis of the fi rst tumor recurrence among the 
59 patients with recurrent GBM was 13.4 months after 
primary tumor diagnosis, in comparison with the previous 
23.2 months. Any serious side effect of the therapeutic 
approach was observed. 

 Magnetic NPs dispersible in lipid and aqueous phases were 
also structured. These new NPs have a core surrounded by 
oleic acid and stabilized by a pluronic acid. These lipophilic 
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magnetic NPs containing doxorubicin were capable of 
effi cient targeting of the drug deep into the cancerous brain 
tissue. A recent patent is characterized by an internal magnet 
to which the drug could be attached. The internal layer is 
coated by a polymeric layer of dextran or silicon; this in turn 
is coated with an extra layer of polysorbate 80 so as to create 
a space between the shell and the magnetic core. The 
therapeutic agents could be attached to the projection of 
the embedded functional group that is extended from the 
magnetic NPs into the space between the magnetic NPs and 
the outer polysorbate layer. This approach shows that the 
nano- magnets, surrounded by a layer of dextran or silicon, 
could attach the drug in a highly stable system covered by an 
outer polysorbate 80 layer and that it enables BBB penetration 
due to the effect of polysorbates. 208  Newly, functionalized 
magnetic NPs were produced to contain a functional group 
with selectivity to some types of brain cancer such as 
astrocytoma and glioma. Additionally, it was found that the 
ratio of diameter of the magnetic core to the whole 
functionalized NP could affect the permeation through the 
BBB and various tissues. Recently, novel magnetic iron 
oxides NPs were designed for brain tumor targeting. These 
magnetic iron oxides NPs were covered with sulfated 
glycosaminoglycan compounds such as heparin. The coating 
molecule was attached noncovalently to polyethyleneimene 
or low- molecular-weight protamine to which the antitumor 
agent is attached. This patent allows the antitumor agent to 
pass from the carotid arteries through the BBB with the 
assistance of the penetrating peptide and then to target the 
tumor tissue by the effect of an external magnetic fi eld. 209  

 Thanks to their unique physicochemical properties, GNPs 
classically enter into the cells with a nonspecifi c receptor- 
mediated endocytosis mechanism 210  A patent regarding 
GNPs relates to a new method for imaging tumors by 
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detecting tumor biomarkers. 211  It may also be used for killing 
tumor cells. Electrical impedance tomography is an imaging 
technique in which an image of the conductivity of a part of 
a body is inferred from surface electrical measurements. 
Conducting electrodes attached to the skin of the subject and 
small alternating currents applied to some or all of the 
electrodes measure the resulting electrical potentials. By 
targeting NPs to a tumor and detecting the location of the 
NPs using the electrical impedance tomography or, preferably, 
a multifrequency electrical impedance tomography, a more 
accurate image of the tumor can be produced. The electrical 
impedance tomography can be used for detecting NPs to 
which are attached ligands such as antibodies or fragments 
thereof which are capable of attaching to a biomarker on a 
tumor. Examples of specifi c tumor biomarkers that may be 
targeted include carcinoembryonic antigen on the surface of 
colon cancer cells, HER-2 a surface biomarker for breast 
cancer, EGFR and mesenchymal–epithelial transition factor, 
both biomarkers for brain tumors. The core material for a 
metal NP can be gold, ferrous iron, silver, copper or platinum 
or combinations thereof, for example an alloy selected from 
Au/Ag, Au/Cu, Au/Ag/Cu, Au/Pt, Au/Fe, Au/Cu or Au/Fe/
Cu. By coating theranoparticles with molecules such as 
antibody fragments bound by different linkers, the NPs can 
be made a suffi cient size to exploit the greater leakiness of 
the tumor blood vessels, thereby differentially targeting 
theranoparticles to the tumor. This selectivity can be 
augmented by warming with microwaves or alternating 
magnetic fi elds focused on the location of the tumor. These 
allow deeper interstitial penetration of a tumor mass. In 
addition to antibody or antibody fragment ligands, the NPs 
may have anticancer drugs, for example doxorubicin and/or 
cytotoxic compounds attached to them in order to treat the 
tumor to which they become attached or entrapped within. 
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 A recent invention 212  provides methods of using metal NPs 
to enhance the dose and effectiveness of X-rays or of other 
kinds of radiation in therapeutic regimens of ablating a 
target tissue, such as tumor. The metal NPs can be 
administered intravenously, intra- arterially, or locally to 
achieve specifi c loading in and around the target tissue. The 
metal NPs can also be linked to chemical and/or biochemical 
moieties, which bind specifi cally to the target tissue so as to 
treat solid tumors such as carcinomas, brain tumors, 
melanomas, lymphomas, plasmocytomas, sarcomas, and 
thymomas. Metal NPs suitable for use in radiation therapy 
are composed of a metal core and typically a surface layer 
surrounding the metal core. Metals that can be used to form 
NPs suitable for enhancing radiation effects are heavy metals, 
or metal with a high Z number, including gold, silver, 
platinum, palladium, cobalt, iron, copper, tin, tantalum, 
vanadium, molybdenum, tungsten, osmium, iridium, 
rhenium, hafnium, thallium, lead, bismuth, gadolinium, 
dysprosium, holmium, and uranium. The preferred metal is 
gold. The metal core can consist of one metal, or it can be a 
mixture or an ordered, concentric layering of such metals, or 
a combination of mixtures and layers of such metals. The 
shell or surface layer material typically surrounding the 
metal can be molecules containing sulfur, phosphorus or 
amines, e.g. phosphines, phenanthrolines, silanes and 
organo- thiols. Other surface layer materials suitable for use 
in accordance with the present invention include synthetic 
polymers, proteins, antibodies, antibody fragments, peptides, 
nucleic acids, carbohydrates, lipids, drugs, and other 
compounds. 

 A recent patent developed divalent- metal coated NPs for 
delivery of compositions into the CNS by nasal insuffl ation. 213  
The compositions and methods of the disclosure particularly 
target the divalent metal transporter expressed on olfactory 
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nerve terminals to transport divalent cation- coated or 
cation- containing NPs to all regions of brain. It has been 
found that such divalent cation- containing NPs, including 
those NPs comprising manganese have affi nity for the metal 
transport receptor proteins. Although this receptor has 
particular affi nity for manganese, it is contemplated that 
other divalent ions, such as magnesium and calcium, may 
also be bound to such receptors leading to transport of the 
NPs into the intracellular cytoplasm. Nanoparticles have 
been developed, therefore, as vehicles for parenteral delivery 
of genes, oligonucleotides, including but not limited to 
siRNA, and other small molecule drugs, into the brain by 
nasal insuffl ation. 

 In a recent patent 214  modifi ed GNPs enable a noninvasive, 
real time, targeted cancer imaging–therapeutic in one step. 
After reaching the cancer targets, the designed targeted GNPs 
signifi cantly enhance conventional treatment modalities at 
the cellular level, and the GNPs of this invention are modifi ed 
to be bound to a positron emission tomography tracer.  

   4.4.2  Polymeric nanoparticles 

 Polymeric NPs, namely nanospheres and nanocapsules, 
show greater stability in biological fl uids and during the 
enzymatic metabolism. The use of biodegradable, 
biocompatible polymers such as PCL and  ε -caprolactone, to 
synthesize a polymer scaffold into which the NPs are 
dispersed further extends drug release over several months, 
as the slow degradation of the scaffold allows for prolonged, 
controlled release of drug- loaded NPs, removing the need for 
daily oral intake and thereby enhancing the patient’s quality 
of life. The availability of numerous polymer fabrication 
techniques reported enables researchers to manipulate the 
physicochemical and physicomechanical properties of the 
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material to obtain optimum drug- release kinetics from 
innovative delivery systems. This application 215  relates to a 
polymeric pharmaceutical dosage form for the delivery, in 
use, of at least one pharmaceutical composition in a rate- 
modulated and site- specifi c manner. The dosage form 
comprises a biodegradable, polymeric, scaffold loaded with 
at least one active pharmaceutical compound. The polymer 
or polymers making up the scaffold degrade in a human or 
animal body in response to or in the absence of specifi c 
biological stimuli and, on degradation, release the 
pharmaceutical compound in an area where said stimuli are 
encountered. 

 Given that the chemotherapic TMZ is toxic, its therapeutic 
dosages are limited by severe side effects. A targeted delivery 
can improve the effi ciency of TMZ and reduce healthy tissue 
toxicity. Recently, multifunctional targetable nanoconjugates 
of TMZ hydrazide have been synthesized using a poly( l -
malic acid) platform, which contained a targeting monoclonal 
antibody to transferrin receptor, trileucine for pH-dependent 
endosomal membrane disruption, and PEG for protection. 
The strongest reduction of human brain cancer cell viability 
was obtained using versions of TMZ nanoconjugates 
containing trileucine and anti- transferrin receptor antibody. 216  
The release of chemotherapeutic agents from implantable 
drug–polymer carrier systems intended for local delivery can 
be further delayed and modulated by embedding drug- loaded 
NPs within a polymer matrix in the place of pure drug. The 
combined unique hydration and swelling dynamics of each 
system gives rise to higher- order drug- release kinetics and 
drug- modulation effect compared with a matrix system 
loaded with pure drug, rendering the composite system more 
suitable for long- term drug delivery. 

 An interesting patent is characterized by the combination 
of two, three, or more agents useful in treating a patient with 
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a neoplasm, as well as methods for identifying combinations 
of compounds potentially useful in treating a patient with a 
neoplasm. Combinations can include cerivastatin, irinotecan, 
lovastatin, topotecan, simvastatin conjugated with adefovir 
dipivoxil, auranofi n, epirubicin, idebenone. 217  An original 
patent to target drugs to brain neurons 218  has been applied 
on some selected types of neural cells and/or brain neurons, 
such as cerebellar Purkinje cells, raphe nucleus neurons, 
cerebral cortex neurons, hypothalamus neurons, thalamus 
neurons, and brainstem neurons. The drug can be 
administered directly by injecting it into the cerebrospinal 
fl uid by lumbar puncture. In this conventional drug delivery 
system, after processing such as encapsulation of a small 
amount of a drug in small capsules (drug carriers) that are 
tens of nanometers across has been performed, the drug is 
selectively delivered to the target cells such as those of 
cancerous tissue by exploiting interactive mechanisms such 
as the antigen–antibody reaction. Examples of carriers used 
include water- soluble polymers, nanospheres, liposomes, 
and polymeric micelles where polymers with heterogeneous 
structure are aggregated. This drug delivery system is a 
method in which the drug is coupled to the drug carrier and 
administered into a blood vessel to deliver it to the affected 
area via the circulatory system, and the drug is made to act 
on the targeted cells through chemical or physical 
mechanisms. Although this patent was born to target 
brain neurons in particular to modulate the concentration 
of CNS-active molecules and/or neurotransmitters in 
patients affected by neurodegenerative diseases, this same 
kind of approach may be applied in neuro- oncology to 
treat cerebral gliomas and overcome the actual problems 
of the toxic effects of systemic chemotherapy, overcoming 
the BBB, drug delivery to selective cancer cells, and cell 
targeting. 
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 Another recent patent 219  has been developed through the 
simultaneous grafting of polymethacrylic acid grafted starch 
and NP formation in an aqueous medium. The new 
pH-responsive NPs possessed useful properties for controlled 
drug delivery.  

   4.4.3  Lipid nanoparticles 

 Nanoparticles comprising lipids, such as brain lipids, are 
used to encapsulate drugs and to facilitate drug delivery to 
the brain. 220  

 The liposome- incorporated entity may be completely or 
partially located within the bilayer membrane of the 
liposome, or associated with the exterior surface of the 
liposome membrane. In a recent patent, NP composition 
was characterized by brain lipids, supplemental lipids, 
PEG-conjugated lipids and drugs. 221  The NPs are generally 
made by dissolving one or more drugs and brain lipids 
in chloroform. In an experimental application, NPs 
containing brain- derived lipids were formulated encapsulating 
6-coumarin, which resulted in a fi vefold increase in drug 
levels inside the brain compared with controls. Furthermore, 
hydrophobic ion pairing agents were found to be effi cient for 
inclusion of BBB-impermeable proteins into lipophilic core 
NPs, hence rendering them BBB permeable. Anionic proteins 
could bind cationic hydrophobic ion pairing agents such as 
cetrimonium bromide, leading to effi cient encapsulation of 
the protein into the lipophilic poly- butyl-cyanoacrylate 
NPs. 222  In a patent application, Micklus et al. structured an 
immunoliposome, capable of targeting pharmacological 
compounds to the brain. Liposomes are coupled to a 
monoclonal antibody binding fragment such as Fab, F(abʹ) 2 , 
Fab’ or a single- chain polypeptide antibody that binds to a 
receptor molecule present on the vascular endothelial cells of 
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the mammalian BBB. The receptor is preferably from the 
brain peptide transport system, such as the transferring 
receptor, or insulin receptor, insulin- like growth factor-1 or 
-2 receptor. 223  Another patent 224  demonstrates that substituted 
ammonium and polyanions are useful for loading and 
retaining entities inside liposomes. Accordingly, the present 
invention provides methods and liposome compositions that 
are useful for the delivery of a variety of entities, especially 
therapeutic entities, that is, entities useful in the diagnosis, 
prognosis, testing, screening, treatment, or prevention of an 
undesirable condition. An interesting application 225  provides 
a method of CED of drugs to cross the BBB. In particular, it 
related to a method using self- diffusion delivery of drug in 
the extracellular space of the brain to make the drug reach 
the target brain tissue and produce an effect. Cytidine-5ʹ-
diphosphate choline is a micromolecule that fi nds it diffi cult 
to cross the BBB because of its strong polarity. Because the 
neuroprotection of citicoline is dose- dependent, the amount 
of cytidine-5ʹ-diphosphate choline absorbed by brain tissue 
is one of the key factors in thereapeutic effi cacy. The intake 
of citicoline is improved usually by increasing the dosage of 
drugs and enhancing the permeability of BBB via liposomes. 
This application can reduce delivery time and dose of drugs, 
relieve injection pressure, decrease damage to normal brain 
tissue, and observably reduce the cost of treatment. 

 A recent patent 226  relates to a highly effi cient artifi cial 
LDL carrier system for the targeted delivery of therapeutic 
agents across the BBB. In particular, this invention relates to 
artifi cial LDL particles comprised of three lipid elements: 
phosphatidyl choline, fatty- acyl-cholesterol esters, and at 
least one apolipoprotein. The invention provides a process 
for conjugating hydrophilic therapeutic agents with 
cholesterol to facilitate incorporation of the conjugated 
therapeutic agent into an artifi cial LDL particle. In a preferred 
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format, the present invention provides cholesterol- conjugated 
adriamycin and tetracycline. 

 Another patent 227  provides a novel synthetic LDL NP 
comprising a lipid moiety and a synthetic chimeric peptide 
wherein the lipid moiety forms a particle that is c.10–30 nm 
in size and the synthetic chimeric peptide comprises an 
amphipathic  α -helix and an LDL receptor. The LDL receptor 
ligand is apoB100, a 514-kDa glycoprotein on the surface of 
LDL. Various studies suggest that tumors have a high 
requirement for LDL. The increased import of LDL into 
cancerous cells is thought to be the result of elevated LDL 
receptors in these tumors. Comparative studies of normal 
and malignant brain tissues have shown a high propensity of 
LDL receptors to be associated with malignant or rapidly 
growing brain cells and tissues. 228  These fi ndings suggest that 
malignant brain tumors exhibit increased expression of LDL 
receptors because of their increased requirement for 
cholesterol.  

   4.4.4  Peptide nanoparticles 

 The interaction of peptides and proteins with the cell 
membrane results in their penetration into the cell or 
the formation of pores within the cell membrane. 229  A 
recent application 230  provides a conjugate comprising 
a transmembrane module (TPU), a nuclear localization 
sequence (NLS) and a signaling and/or drug- carrying 
module. The use of gadolinium (Gd 3+ ) contrast agents is 
limited to the extracellular space. To overcome this problem, 
a transmembrane transport of Gd 3+  an amphiphilic transport 
peptide of human origin (TPU) that contains a similar peptide 
sequence to that of the homeodomain of Antennapedia, was 
realized. This similar peptide sequence was chosen to 
minimize the risk of immunization reactions. This transport 
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peptide is part of a modularly constructed CNN–Gd 3k  
complex and is cleavably covalently linked to the nuclear 
localization sequence of SV40T–antigen via a disulfi de bond. 
After cleavage of the disulfi de bond, the nuclear localization 
sequence becomes the terminal part of the conjugate and can 
be recognized by the cytoplasmic receptor (importin  α ). 
After binding of the complex to a second cytoplasmic 
receptor (importin  β ) the entire complex Gd 3+ –nuclear 
localization sequence–importin  α –importin  β  is delivered to 
the nucleus. Using MRI, Gd 3+  was detected within DU-145 
prostate cancer cells after only 10 min.  

   4.4.5  Theranostic nanoparticles 

 The multifunctionality of nanovehicles creating 
nanotheranostic platforms offers a number of advantages 
over conventional agents and are powerful tools for imaging 
and treatment of cancer. These include targeting to a diseased 
site, thereby minimizing systemic toxicity; the ability to 
solubilize hydrophobic or labile drugs, leading to improved 
pharmacokinetics; and their potential to image, treat, and 
predict the therapeutic effects. 

 In various embodiments, the surface of the NP is modifi ed 
or functionalized with at least a portion of an isolated cellular 
membrane, such as an isolated plasma membrane. Often, the 
NP is a lipid particle or a liposome that contains a lipid layer. 
In other settings the NP is fabricated as a porous particle 
(e.g. a porous silicon or a porous silica) or a multistage 
object. In addition, the NP contains at least one active 
agent, such as therapeutic and/or imaging agents. This 
invention provides targeted nanoplex molecules that carry 
multimodality imaging reporters together with target enzyme 
inhibitors such as siRNAs and target prodrug enzymes, that 
are useful for theranostic imaging. The nanoplex molecules 
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of the present invention provide a platform technology 
toward many cancer subtypes and alternative therapeutic 
targets. Downregulation of specifi c pathways using targeted 
enzyme inhibitors further provides unique opportunities to 
target cancer cells selectively while sparing normal tissue. 
Such a nanoplex molecule platform also has the ability to 
deliver multiple siRNA enzyme inhibitors. The strategy 
described herein can be useful to downregulate multidrug 
resistance pathways, or to repair enzymes with the goal 
of increasing the effi cacy, safety, and effi ciency of 
chemotherapeutic or irradiation therapies. Small interfering 
RNA-mediated silencing of specifi c targets has signifi cant 
potential in cancer therapy to downregulate pathways that 
are upregulated in cancer cells but not in normal tissue to 
achieve cancer cell- specifi c treatment. Similarly, prodrug 
enzyme therapy, where a drug- activating enzyme delivered 
to the tumor converts a nontoxic prodrug to a cytotoxic 
drug, is being actively investigated to minimize normal tissue 
damage. A combination of both strategies can be exploited 
to enhance the effect of conventional chemotherapy against 
cancer cells and minimize damage to normal tissue. Imaging 
can play a key role in several aspects of such a treatment. 
The ability to image the delivery of the siRNA and the 
prodrug- activating enzyme within the tumor would ascertain 
effective delivery.   

   4.5  Nanotechnology 

 Nanotoxicology evaluates the interactions of NPs with 
biological systems and the relationship between the physical 
and chemical properties of NPs with the induction of toxic 
biological responses. Currently, a complete evaluation of 
the size, shape, composition, and aggregation- dependent 
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interactions of NPs with biological systems is lacking, so it is 
unclear whether the exposure of humans, animals, and plants 
to engineered nanostructures could produce harmful 
biological responses. 

 Nanotechnology has been considered by some as a risk to 
human health. 231  Although its benefi ts are widely publicized, 
concerns on the potential effects and safety of its widespread 
use in consumer and industrial products is becoming 
frequent. While developing therapeutics, attention should be 
given to toxicity. It is hard to argue on this matter because of 
the limited information available. Some have drawn an 
analogy between high- aspect-ratio NPs and asbestos fi bers. 
In the UK, the Prince of Wales has requested advice on 
nanotechnology from the Royal Society, whereas Greenpeace 
and the Canadian Action Group on Erosion, Technology, 
and Concentration have called for a moratorium on the use 
of NPs until the toxicological issues have been resolved. 
Although some concerns may be ill- founded, it remains true 
that the toxicology of many nanomaterials has not yet been 
fully evaluated. To address this issue, some companies are 
participating in the European Nanosafe consortium, which 
is starting to evaluate the possible risks presented by 
nanomaterials. In the USA, the Center for Biological and 
Environmental Nanotechnology at Rice University has begun 
an investigation of two popular nanomaterial systems: 
carbon nanotubes and titanium dioxide. 232  The NPs own 
electronic, optical, and magnetic properties that are related 
to their physical dimensions, and their breakdown could 
lead to a unique toxic effect that is diffi cult to predict. 
Although targeted NPs have emerged as one strategy to 
overcome the lack of specifi city of conventional chemotherapy, 
there are other potential risks and challenges associated with 
this novel strategy. Some cancer cell types would develop 
drug resistance, rendering drugs released from the targeted 
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NPs ineffective. Also the targeted NPs might change the 
stability, solubility, and pharmacokinetic properties of the 
carried drugs. The shelf life, aggregation, leakage, and 
toxicity of materials used to make NPs are other limitations 
for their use. Some materials used to make NPs show low 
toxicity, but degrade quickly and do not circulate in tissues 
long enough for sustained drug/gene delivery. On the other 
hand, other materials, such as carbon nanotubes and 
quantum dots are durable and can persist in the body for 
weeks, months, or even years, making them potentially toxic 
and limiting their use for repeated treatments. The surfaces 
of NPs, also, are involved in many catalytic and oxidative 
processes that may be potentially cytotoxic. Some NPs 
contain metals or compounds with known toxicity, so the 
breakdown of these materials could elicit similar toxic 
responses to the components themselves. Nanomaterials can 
enter the human body through several ports. Accidental or 
involuntary contact during production or use is most likely 
to occur via the lungs, from which a rapid translocation is 
possible to other vital organs through the bloodstream. On 
the cellular level, an ability to act as a gene vector has been 
demonstrated for NPs. Carbon black NPs have been 
implicated in interfering with cell signaling. There is work 
that demonstrates uses of DNA for the size separation of 
carbon nanotubes. The DNA strand just wraps around it if 
the tube diameter is right. 233  Though excellent for the 
purposes of separation, this tendency raises some concerns 
over the consequences of carbon nanotubes entering the 
human body. Coated or uncoated NPs have a tendency to 
accumulate in the liver in varying amounts. Therefore, a 
detailed mechanism for elimination from the body/
metabolization needs to be properly addressed. Moreover, 
while formulating NPs, an important aspect is to minimize 
the batch- to-batch variations; the synthetic yield and the 
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drug- loading effectiveness must also be boosted to warrant 
practical utility of the NPs. In addition, the mechanism of 
endocytosis and degradation pathways needs to be addressed 
because these are still poorly understood, despite their 
primary importance for clinical transition. 234  Furthermore, 
there is an urgent need for the development of safety 
guidelines regarding the environmental effects and the 
potential effects on the health of people manufacturing the 
NPs. Despite these concerns, the most exciting prospect of 
nanocarriers is the near limitless possibilities for treatment 
strategies. The versatility of formulation, colloidal size, 
biocompatibility, and sustained- release properties of NPs 
have already been accepted with growing interest for a wide 
range of applications. However, the recent strategy gaining 
widespread interest and attention is that of “functionalized 
NPs”. Methods are being devised to tailor the surface 
characteristics of NPs to achieve specifi c ligand- mediated 
targeting of therapeutic and imaging agents. Optimization of 
these techniques, coupled with the considerable progress 
made in the fi eld of NP characterization and a better 
understanding of the in vivo behavior of NPs have raised 
hopes for the successful development of commercial products 
based on targeted NPs for use in therapy and imaging.   
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 Future scenarios: nanoparticles 
and stem cells  
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  Abstract:  Although nanotechnologies hold great promise 
in glioma therapy, there have been few positive results in 
the clinical setting so far due to intra- and inter- patient 
heterogeneity. New models allowing tumor- specifi c 
targeting and extensive and safe intratumoral distribution 
must be developed to effi ciently deliver drugs carried by 
nanoparticles. Laboratory modifi cations of nanoparticles 
have been tested to specifi cally track tumor cells, and a 
great step forward has been made thanks to the conjugation 
with neural and mesenchymal stem cells. These stem cells 
possess a specifi c tropism for brain tumors which makes 
them putative candidates as delivery vehicles for 
nanoparticles in glioma therapy. Stem cells have a natural 
tendency to migrate and distribute within the tumor mass 
and they can also incorporate nanoparticles. Stem cell 
therapy combined with nanotechnology could be a 
promising tool to effi ciently deliver drugs to brain tumors.  

   Key words:    brain tumor, drug delivery, nanoparticles, 
nanotechnology, neural stem cells.   
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     Adult neural stem cells (NSCs) are self- renewing, proliferative, 
multipotent cells that give rise to the different 
neuroectodermal- derived cell populations, including neurons 
and glia. In the adult mammalian brain, these cells can 
principally be isolated from the subgranular zone of the 
dentate gyrus and the anterior area of the subventricular 
zone along the ventricle. 1  These sources of autologous NSCs 
are scarce, so for clinical applications fetal brain, adult 
allogeneic brain, and embryonic stem cells are used as 
substitutes. 2  NSCs possess extensive tropism for experimental 
intracranial gliomas in adult rodents. 3,4  Strong antineoplastic 
effects were reported following intracranial administration 
of gene- modifi ed NSCs. The molecules tested ranged from 
cytokines, 5–7  to tumor necrosis factor- related apoptosis- 
inducing ligand, 8–10  or toxic molecules, 11–16  the fragment of 
human metalloproteinase 2, PEX, 17  antiangiogenic agents, 18,19  
and fi nally cytokines combined with toxic molecules. 16  NSCs 
have also been used as cell carriers for replication, 
transportation, and local release of oncolytic adenoviruses 
into tumors. 20  A pilot clinical trial to evaluate the safety of 
genetically modifi ed embryonic NSCs expressing the suicide 
gene ( Escherichia coli  cytosine deaminase) combined with 
oral administration of 5-fl uorocytosine for the treatment of 
recurrent high- grade gliomas is actually ongoing (  http://
clinicaltrials.gov/show/NCT01172964  ). However, clinical 
application of NSCs, although appealing, is still limited 
by ethical problems associated with their isolation and 
by potential immunological incompatibility due to the 
requirement for allogeneic transplantation. 

 Fewer ethical problems are coupled to the use of 
mesenchymal stem cells (MSCs). These cells can also be 
easily propagated in vitro. MSCs are usually isolated from 
bone marrow, 21,22  anyway similar cells are reported as being 
present in adipose tissue, 23  umbilical cord blood, 24–27  
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peripheral blood, 28,29  connective tissues of the dermis, and 
skeletal muscle. 30  MSCs are cultured under specifi c 
conditions: they have to be induced by a panel of nonspecifi c 
surface antigens (CD29, CD44, CD90, CD73) to give rise to 
different cell lines: adipocytes, chondrocytes, and osteoblasts. 
Different subpopulations of MSCs have been identifi ed 
under particular culture conditions: in low oxygen tension, 
for example, it has been possible to isolate the so- called 
Marrow-Isolated Adult Multilineage Inducible (MIAMI) 
MSCs, which are phenotypically unique and express 
embryonic stem cell markers. These cells, without distinction 
for the age of human donors, can differentiate into cell 
lines derived from all three germ layers. So they can develop 
into neuron- like cells, 31,32  thus representing autologous 
human cell populations for tissue regeneration of skeletal 
and nervous system disorders. This multistep process 
passes through their differentiation into NSCs, neural/
neuronal progenitors, and fi nally neuron- like cells with 
electrophysiological characteristics that are similar to 
those observed in neurons. From their last differentiation 
onwards, MSCs can assimilate themselves with NSCs, 
without large differences. As for NSCs, MSCs possess the 
capacity to migrate to areas of injury and tumors. This 
characteristic makes them pivotal in therapeutics. In fact, 
after intratumoral or contralateral injection of MSCs into 
mouse models of glioma, MSCs are found all around the 
tumor, at the border between the tumor mass and the 
brain parenchyma. Furthermore, MSCs follow tumor 
infi ltrations, migrating and localizing around glioma 
cells. The pathways involved can be different and rely 
on numerous factors, the most studied of which are 
stromal- derived factor-1, 33  platelet- derived growth factor, 34  
epidermal growth factor, 35  matrix metalloproteinase-1, 36  and 
macrophage chemoattractant protein-1. 37  As described for 
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NSCs, MSCs that have been genetically modifi ed with viruses 
expressing immunostimulators or toxic molecules have been 
shown to impede tumor growth in animal models. 38–49  MSCs 
have also been used to deliver intact oncolytic adenoviruses 
into tumors. 50,51  Due to their ease of isolation, MSCs are a 
promising tool as therapeutic gene- delivery vectors. However, 
no clinical trials have been performed, probably because the 
viral carriers used for the therapeutic gene delivery carry 
risks of toxicity, immunogenicity, and insertional mutagenesis, 
and have high manufacturing costs. 52,53  

 Thanks to their unique characteristics, NSCs and MSCs 
are promising in brain tumor treatment, alone or in 
combination with other new technologies. Nanotechnology 
can aid in monitoring the presence of stem cells and stem 
cells can be tracked if nanoparticles (NPs) are incorporated 
into them, such as superparamagnetic iron oxide NPs, 
fl uorochrome- loaded NPs, or quantum dots. 54–59  The 
migratory behavior of stem cells towards glioma cells in vivo 
has been routinely demonstrated with this approach. 60–64  NP 
systems have also been used for gene transfection. For 
example, biodegradable polymer NPs have been developed 
to deliver the vascular endothelial growth factor gene to 
human MSCs and human embryonic stem cell- derived cells 
to promote angiogenesis. 65  Another application of NPs with 
stem cells is intracellular delivery of growth factors to induce 
osteogenic or chondrogenic differentiation of stem cells. 66–72  
Stem cells were also transfected using NPs encapsulated with 
plasmid DNA encoding bone morphogenetic protein-2 to 
induce their odontogenic or osteogenic differentiation. 73,74  
The combination of stem cells and drug- loaded NPs for 
therapeutic applications in glioma therapy is a promising 
strategy. Roger   et al. 75  combined MIAMI cells as carriers 
with a subpopulation of MSCs with polylactide-NPs and 
lipid nanocapsules to target brain tumors and showed that 
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MIAMI cells mainly localized at the border between tumor 
cells and normal brain parenchyma following intratumoral 
or contralateral injection into mice with U87MG glioma. 
Polylactide-NPs and lipid nanocapsules were effi ciently 
internalized into MIAMI cells whereas cell viability and 
differentiation were not affected. Furthermore, these 
NP-loaded cells were able to migrate towards the U87MG 
experimental human glioma model. 75  The therapeutic 
effi cacy of MIAMI cells carrying drug- loaded NPs was 
evaluated by using the cytotoxic compound 1,1-di(4-
hydroxyphenyl)-2-ferrocenylbut-1ene (Fc- diOH), an analog 
of 4-hydroxy- tamoxifen. MIAMI cells loaded with Fc- 
diOH–lipid nanocapsules were toxic to the U87MG glioma 
cell line both in vitro and in vivo. This indicates that MIAMI 
cells are able to internalize drug- loaded NPs and deliver the 
cytotoxic agent into the tumor. Agents other than drugs 
could be encapsulated into NPs, such as DNA to transfer 
genes into the tumor or miRNA to repress the translation of 
mRNAs. 

 The use of stem cells, in particular MSCs, as cellular 
carriers is a promising therapeutic strategy to deliver specifi c 
drug- loaded NPs. However, the interaction between MSCs 
and tumor cells should be determined. Currently, several 
studies highlight that caution should be used in the therapeutic 
exploitation of MSCs for malignant conditions. Indeed, the 
exact biological function of MSCs in brain tumors and 
peripheral tumors is still unclear. 76  Some studies indicate that 
MSCs promote tumor development either by providing a 
niche for cancer stem cells, through impairing immune 
surveillance or by differentiation into cancer- associated 
fi broblast- like cells. 77–79  Other studies have demonstrated an 
opposite effect 38,80  or no effect at all. 45,81–83  Before using MSCs 
as cellular carriers, the fate of these cells within the brain 
tumor still needs to be carefully evaluated.   
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 Conclusions  

   DOI:  10.1533/9781908818744.167   

     Nanotechnology is the engineering of functional systems at a 
molecular scale obtained through the fi nely controlled 
manipulation of matter on atomic, molecular, and 
supramolecular scales. The earliest description referred 
to the so- called “molecular” nanotechnology, which 
involves precisely manipulating atomic molecules to 
fabricate macroscale products. 1  Subsequently, the National 
Nanotechnology Initiative formally established a given size 
threshold for the matter manipulated: from 1 to 100 nm. 2  
Because of the “atomic” size of the matter and the possibility 
of exponential growth as a fi eld, nanotechnology has 
generated a new industrial revolution, progressing from 
passive nanostructures to productive nanosystems. 3  

 Current research fi elds in nanotechnology can be divided 
into fi ve different approaches: the bottom–up, top–down, 
functional, biomimetic, and nanomaterials approaches. 
Bottom–up techniques seek to assemble smaller components 
into more complex ones and are aimed at designing 
organic and inorganic molecules with well- defi ned shape 
that are able to automatically arrange themselves into 
some useful conformation. 4  Similarly, a top–down approach 
seeks to create smaller devices by using larger ones, and it 
fi nds a fi eld of application in fabricating microprocessors 

                 6 
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smaller than 100 nm and which may also become cheaper, 
faster, and contain more memory. 5  Functional approaches 
seek to develop molecules with useful specifi c properties 
which could then be used as single- molecule components 
in nanodevices. Bionic nanotechnology applies biological 
methods and systems found in nature to the study and 
design of engineering biomolecular systems and modern 
technology, including use of viruses and lipid assemblies. 
Nanomaterial subfi elds such as nanoelectronics with 
carbon nanotubes and other fullerenes have given rise to 
nanoscale materials used for commercial and also medical 
applications. Display technology, lighting, solar cells, 
biological imaging, nanorobots applied in medicine, 6  and 
other innovative materials have been demonstrated, with 
some patents being granted to devices for future commercial 
applications. 

 The online database of the Project on Emerging 
Nanotechnologies estimates that over 800 manufacturer- 
identifi ed nanotech products are publicly available, with new 
ones hitting the market at a pace of three or four per week. 7  
Further applications allow tennis balls to last longer, golf 
balls to fl y straighter, and even bowling balls to become more 
durable and have a harder surface. Trousers and socks have 
been infused with nanotechnology so that they will last 
longer and keep people cool in the summer. Bandages are 
being infused with silver nanoparticles (NPs) to heal cuts 
faster. 

 Hence, given the variety of potential applications, ranging 
from medical and biotechnological fi elds to industry and 
military, governments have invested billions of dollars 
in nanotechnology research. The USA 2014 Federal 
Budget provides more than $1.7 billion for the National 
Nanotechnology Initiative, with a cumulative investment 
since fi scal year 2001 of almost $20 billion; 8  the European 
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Union $1.2 billion with an expected market volume of 
€1 trillion in 2015, 9  and Japan $750 million. 

 The wide versatility of nanotechnology fi nds numerous 
applications in the medical fi eld. The treatment of cancer in 
general and of brain tumors in particular remain a great 
challenge. Targeted therapies have recently been applied in 
different kinds of tumor, achieving good results in some 
cases, but their effi cacy remains low when tested in brain 
tumors. Despite therapeutic advances – last but not least the 
new epigenetic- based therapies – the overall mortality is still 
high, especially in glioblastomas. The key points to achieve 
successful results in terms of morbidity and mortality involve 
both the multiple aberrant signaling pathways typical of the 
tumor progression and the presence of the blood–brain 
barrier acting as a gate that restricts the delivery of many 
chemotherapeutic agents. Of course, there are several other 
factors underlying the disappointing results in brain cancer 
therapeutics to be considered, including limited tumor cell 
drug uptake, intracellular drug metabolism, inherent tumor 
sensitivity to chemotherapy, and cellular mechanisms of 
resistance. Glioblastoma is a multifaceted disease, a therapy 
acting on a single molecular mechanism is not enough to 
eradicate it. 

 Nanotechnology provides a revolutionary opportunity 
for molecular treatment thanks to the engineering of 
nanomedicines specifi cally interacting with tumor cells and 
able to cross the blood–brain barrier. Being tumor- specifi cally 
targeted, nanodrugs will show more effi cacy with fewer side 
effects because it is possible to use a lower dose of drug with 
a selective delivery to target tumor cells. Nanoparticles are 
able to detect the tumor at an early stage and act on cancer- 
specifi c markers. Promising in vitro results have been 
reported that remain to be validated in patients. Beyond the 
use of NPs as drugs, more focus should be placed on their 
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role as tools to learn more about cancer biology. In fact, it is 
possible to take selective contrast enhancement molecules to 
visualize brain tumors and to study in vivo all of their 
characteristics in greater defi nition. 

 These unique properties are very attractive for 
pharmaceutical and clinical applications. Engineering of 
NPs for combined therapeutic and diagnostic applications 
(theranostic NPs) requires that the surface of NPs can be 
modifi ed to achieve targeted delivery and improved 
biocompatibility. Compounds may also be encapsulated 
within the interior core of NPs for multiple functions creating 
multifunctional NP platforms. Platforms are able to target 
multiple tumor markers and deliver multiple agents 
simultaneously, acting as diagnostic molecular imaging 
agents and carrying different type of drug at same time. 

 In coming years, we may expect growing numbers of 
reports involving novel hybrid structures based upon nucleic 
acids, such as small interfering RNAs for the targeted 
silencing of the major genetic pathways associated with 
brain cancer development and progression, and single- strand 
DNA short aptamers for effi cient, inexpensive, and non- 
immunogenic alternatives to antibodies. A great step forward 
has been made thanks to the conjugation of NPs with neural 
and mesenchymal stem cells. These stem cells possess a 
specifi c tropism for brain tumors, which makes this platform 
always more specifi c. 

 Although nano- derived applications have great potential, 
there are some concerns about their putative adverse effects 
on human health and the environment, as suggested by 
nanotoxicology research. The properties that make NPs so 
promising can have an impact on the ecosystem, depending 
on the size, shape, and chemical composition of the particle. 
Nanotechnology is still a relatively young fi eld and little 
is known about the long- term effects of exposure to 



Conclusions

171

nanomaterials, especially in clearance organs such as the 
liver, spleen, and kidneys. Furthermore, the potential toxicity 
associated with the wide variety of nanomaterials available, 
ranges from completely inert to highly toxic. Public health 
research agencies, such as the American National Institute 
for Occupational Safety and Health, are actively conducting 
research on potential health effects stemming from 
exposures to NPs. 11  Some NP products may have unintended 
consequences. Researchers have discovered that bacteriostatic 
silver NPs used in socks to reduce foot odor are being 
released in the wash. These particles are then fl ushed into 
the waste water stream and may destroy bacteria which 
are critical components of natural ecosystems, farms, and 
waste treatment processes. 12  Considering health and 
environmental implications, it is noteworthy that inhalation 
of airborne NPs and nanofi bers may lead to pulmonary 
diseases, such as fi brosis. 13  This has been demonstrated in 
rats breathing NPs: the particles settled in the brain and 
lungs leading to signifi cant increases in biomarkers for 
infl ammation and stress response 14  and also induced skin 
aging through oxidative stress in hairless mice. 15  It is 
suggested how some forms of carbon nanotubes could be as 
harmful as asbestos if inhaled in suffi cient quantities. There 
is the need for further research aimed at obtaining a basic 
understanding of how they interact with the biological 
system in terms of biocompatibility and biodistribution, and 
biosafety. 

 Continuous experimentation for new applications of 
nanotechnologies has given rise to numerous patents 
regarding all the fi elds described above. The patents reported 
in this book concern the most recent applications in 
neuroscience and, specifi cally in brain tumor treatment, 
where the principal target is the overcoming of the blood–
brain barrier to permit effective delivery of pharmacological 
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compounds or to increase the effi cacy of chemotherapeutic 
or irradiation therapies. Most of these patents found 
application only at in vitro or animal levels and they have 
not yet been tested in humans, because of the issues relative 
to their reproducibility in a humans without side effects. In 
fact, because of the great debate and for ethical reasons too, 
the majority of the NP applications in brain oncology remain 
reported for  in vitro  or animal models. Elucidating the safety 
of these novel materials will rely on the drawing of more 
accurate and broadly applicable tools.   
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