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Chapter 12
Polymeric Nanoparticles to Target
Glioblastoma Tumors

Payal H. Patil, Chandrakantsing V. Pardeshi, and Sanjay J. Surana

12.1 Introduction

Cancer is one of the diseases with the maximum mortality tolls in the world, amid
major medical developments in the field of oncology (Padhi et al. 2015). There are
many types of cancers (Fig. 12.1), out of which glioblastoma multiforme is one of
the most severe and most frequent brain tumors of all human cancers in adults,
responsible for about 50% of all primary gliomas (Fernandez et al. 2012). According
to the World Health Organization, the prevalence is roughly 5-10 instances in a
population of one lakh (Omuro and DeAngelis 2013). Bailey and Cushing initially
identified glioblastoma multiforme in the year 1926, and they identified it as irregu-
lar glioblasts (glial cell growth) in the brain (MacKenzie 1927). A more frequently
identified central nervous system tumor in adults is glioblastoma multiforme, which
is specified as grade IV astrocytoma as described in the guidelines of the World
Health Organization. Usually, the tumor shows dispersed boundaries and a large
penetration into the surrounding healthy brain tissue of individual tumor cells that
exacerbates surgical removal (Maher et al. 2001). In addition, conventional chemo-
therapy results in by low drug partitioning through the blood brain barrier leading to
poor selectivity and lower therapeutic efficacy. Treatment methods presently offered
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Fig. 12.1 Common types of brain tumors. Adapted from the Journal of Cancer Metastasis and
Treatment, OEA Publishing Inc. from EL Amrawy et al. (2016), an open access article distributed
under the creative commons attribution license that permits unrestricted use, distribution, and
reproduction in any medium

have not proven very successful in improving the conditions of patients. It offers a
median approximate life expectancy of just 12—16 months, presumably the presence
of residual tumor cause the glioma to relapse.

Restricted and far less successful choices for the management of such
extremely aggressive glioblastoma multiforme pushed the research scientists to
develop new strategies furthering to improvement of existing technologies.
Multiple options for overcoming the disadvantages of conventional delivery of
anticancer agents to the brain through the use of nanocarriers have been impli-
cated in the recent years. In curing the stated disease, nanoscience has played a
vital role and specifically polymeric nanoparticles have shown the ability to pen-
etrate the blood brain barrier and persist in glioblastoma multiforme tissues for
a prolonged period of time. Nanoparticles are especially suitable carriers for
deoxyribonucleic acid (DNA), ribonucleic acid (RNA), chemotherapeutic agents
and proteins (Pitorre et al. 2020). Current nanotechnology based approaches aim
to increase the active targeting of drug to the targeted tissues for the purpose of
delivery of chemotherapeutic drugs and offer good imaging studies (Padhi et al.
2018; Behera and Padhi 2020).

The aim of the present chapter is to elaborate the progress in the field of nano-
technology that has helped enormously in the targeted delivery of chemotherapeutic
drugs in glioblastoma multiforme tissues. The potential of polymeric nanoparticles
in the management of malignant gliomas also will be addressed, along with the
significance of their coating and functionalization for their ability to cross the blood
brain barrier.
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12.2  Glioblastoma

Glioblastoma multiforme remains as one of mankind’s biggest life threatening ail-
ments and each year impacts lakhs of patients worldwide. Early in its pathogenesis,
this malignancy infiltrates the brain and renders total neurosurgical resection which
is nearly inevitable (Abrudan et al. 2014). Gliomas (54%) and primary brain tumors
(16%) are categorized under glioblastoma multiforme. Malignant gliomas accounts
for approximately 11,000 deaths globally (Behin et al. 2003). The standard treat-
ment protocol pertains to surgical removal accompanied by temozolomide adminis-
tered orally simultaneously with chemotherapeutic. The life expectancy of patients
with glioblastoma multiforme following its preliminary identification is only
15 months (Roger Stupp et al. 2005). Hence, there arises a certain need to develop
novel strategies for treating patients with glioblastoma multiforme. The lack of
existing therapeutic strategies for malignant gliomas has so far been due to the pres-
ence of a subpopulation of malignant glioma cancer stem cells that have the strength
to tolerate chemotherapy and ionizing radiation built on some of their distinctive
attributes such as high anti-apoptotic protein expression, high ATP-binding cassette
pump expression, and outstanding DNA properties (Stupp et al. 2005, 2010).

A bunch of nanoparticulate drug delivery systems, including polymeric nanopar-
ticles, nanoemulsion, liposomes, iron oxide nanoparticles, and polymeric micelles
have been widely studied as carriers for an array of drugs in the treatment of various
disease conditions in the recent past (Patnaik et al. 2021; Behera et al. 2020a, b;
Hassan et al. 2021) Passive and active targeting are the central approaches which are
employed for targeting nanocarriers to specific sites (Padhi and Behera 2020).
Passive targeting allows the accumulation of nanoparticles in tumor tissues owing
to the typical attributes of the tumor microenvironment which is termed as enhanced
permeability and retention effect (Verma et al. 2017). Enhanced permeability and
retention effect allows the retention of nanomaterials in tumor tissues via passive
targeting. At present, convection-enhanced delivery is applied to increase the uptake
of nanomaterials into brain tumor tissues. Nanomaterials along with small-
interfering RNA are used to suppress the gene function that makes glioblastoma
multiforme highly aggressive. More importantly, these nanomaterials can be used to
deliver chemotherapeutic agents specifically to the tumor tissues without causing
systemic toxicity (Michael et al. 2018). A combination of conventional and
nanotechnology-based therapies has provided promising outcomes in this regard
(Abrudan et al. 2014).

12.3 Advances in the Development of Novel Therapeutics
for Glioblastoma

Nanotechnology has revolutionized the preceding years in the drug delivery domain
(Padhi et al. 2020). The past few years have witnessed major developments in the
studies related to targeted therapies for amelioration of tumors. Owing to the spe-
cific chemical and physical characteristics that lead to precise distribution and
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accumulation of encapsulated drugs in precise organs and tissues, polymeric
nanoparticles have proven as outstanding transport carriers for biologically active
molecules or drugs (Abrudan et al. 2014). Polymeric nanoparticles employing bio-
degradable polymers like poly (ethylene glycol), and poly (butyl-cyanoacrylate)
encapsulating an array of chemotherapeutic agents have garnered varied application
and have resulted in improved survival rates. Polymeric nanoparticles have also
demonstrated enhanced therapeutic efficacy with a reduction in adverse effects to
the surrounding healthy tissues (Abrudan et al. 2014; Maier-Hauff et al. 2011;
Khuroo et al. 2014).

Malignant gliomas are one among the deadly types of brain cancer. Particularly
the administration of hydrophilic drugs in neat form leads to diminished targeted
delivery at the tumor site due to inadequate blood brain barrier penetration.
Furthermore, drugs of low molecular weight do not undergo sufficient accumulation
in cancerous tissues and are characterized with a lower t;, in the systemic circula-
tion. The nanoparticles may be engineered with suitable ligands for crossing the
blood brain barrier leading to targeted delivery in the brain, thereby enhancing their
therapeutic efficacy as compared to drugs in its native form. Surface decoration of
polymeric nanoparticles with suitable ligand is known to improve the therapeutic
effectiveness with reduced off-target side effects (Mahmoud et al. 2020).

There has been a significant improvement in nanomedicine and cancer care over
the past few decades. However, due to its complicated pathophysiology, cancer con-
tinues to be a daunting health issue. As shown by the american cancer society, the
number of cancer occurrences is projected to increase to 27.5 million by the year
2040. The major brain tumors, which can seldom be healed, are among the most
problematic malignant cancers, with a 5 years average lifespan. Gliomas are by far
the most prevalent type of primary malignant brain tumor in adults (Lapointe et al.
2018). The primary factors that decide whether glioma cells belong to low grade
(WHO I and II) or high grade (WHO III and IV) category are their capacity to pen-
etrate and metastasize into surrounding tissues of brain. Gliomas have the ability to
penetrate the underlying tissue, and hence it becomes difficult to define their mar-
gins. This results in the failure of conventional treatment approach to provide a
curative effect. The prevalent chemical and physical barriers challenging the bio-
logical milieu possess a major challenge for the effective delivery of the drugs at the
target site (Cornago et al. 2014; De Boer and Gaillard 2007). The barrier that pro-
hibits suitable delivery of drugs across the brain is the blood brain tumor barrier and
the blood brain barrier (Fig. 12.2). The multipotent stem cells that culminate into
glioma cells are capable of self-renewal and often relapse (Binello and Germano
2011). With the advancement of targeted strategies for drug delivery to the brain,
attempts have been explored to address physical barriers, however, all of these
methods are found to be intrusive and hazardous with severe side effects. Utilizing
polymeric nanoparticles for drug delivery and targeting is one among the innovative
treatment options. Positive results for drug-loaded nanoparticles targeting gliomas
are reported in many research studies, which are discussed later in this chapter.
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Fig. 12.2 Differences between blood brain barrier and blood brain tumor barrier. Blood brain bar-
rier, a diffusion barrier, protects the brain and maintain brain’s homeostasis by controlling influx of
blood components into the brain. Brain capillary endothelial cells and other cell types such as
pericytes, astrocytes, and neuronal cells that play an important role in its function form the blood
brain barrier. Tight junctions of brain capillary endothelial cells prevent paracellular transport of
small and large water-soluble compounds (a). Under some pathological conditions like tumors, the
structure and functions of blood brain barrier are altered. In such case, the barrier is called as
blood-brain tumor barrier. In high-grade gliomas, the blood brain tumor barrier becomes disrupted
and leaky in nature (b). Adapted from the Journal of Cancer Metastasis and Treatment, OEA
Publishing Inc. from EL Amrawy et al. (2016), an open access article distributed under the creative
commons attribution license that permits unrestricted use, distribution, and reproduction in
any medium

Further attempts should indeed be made to enhance these nanomedicines to improve
their ability to target gliomas (Mahmoud et al. 2020).

12.4 Drug Delivery to the Brain

Paracellular permeability is not provided by the normal physiology of the blood
brain barrier. In central nervous system diseases such as glioblastoma multiforme,
however, it may take place if the blood brain barrier is damaged, which may allow
drug distribution to the brain. Immune cells like leukocytes are transferred through
chemotaxis and diapedesis processes to the brain parenchyma in conditions like
neuroinflammation, or glioblastoma multiforme. This process could be exploited in
the production of nanoparticles or drugs that could be phagocytosed by leukocytes
and then transmitted into the brain. This has been shown to improve the effective-
ness of free drugs and nanoparticles supplied by such a natural process, which is
also regarded as the trojan horse mechanism. This process makes it possible to pen-
etrate the brain with larger particles, but their larger size will also contribute to
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enhanced toxicity. To circumvent the blood brain barrier, there seems to be a range
of choices some of which are mentioned below.

Intracerebroventricular delivery is done directly into the brain via an aggressive
skull invasion technique and drug injection. To administer the medication via an
outlet catheter, a pump or an implantable reservoir is employed. At high levels, they
facilitate the flow for a steady drug supply. The procedure of intracerebroventricular
is highly aggressive and may contribute to augmented intracranial pressure and
infections.

Intraparenchymal/Intracerebral management includes injecting medications
straight into the brain tissue either through stereotactic injection or through implant
formulation, which can be inserted throughout resection surgical procedure
(Gliadel®), or through stereotactic surgical treatment. The problem of this delivery
technique is that the medication dissemination happens gradually from the injec-
tion/implantation site (penetrates only 2 mm inside) that helps the drug to escape.

Convection enhanced delivery is a surgical technique that is marginally less
intrusive whereby catheters are positioned within the brain parenchyma interstitial
space. Using a pump the solution of drug is administered inside the brain under-
neath a positive pressure gradient, resulting in a greater amount being visually pre-
sented for intracerebral/intraparenchymal treatment. Although this technique is also
invasive and could increase the threat for patients like illness, tissue damage, and air
bubbles. Besides, the solution of drug might escape into vulnerable parts of the
brain, like subarachnoid space, because of the high pressure being utilized
(Bennewitz and Saltzman 2009).

Intrathecal administration is regarded to be among the lowest medical interven-
tions in which medicines are inserted through a lumbar puncture into another sub-
arachnoid space of the spinal cord, touching the central nervous system parenchyma
into the cerebral spinal fluid. Though, according to this process, potential adverse
effects known as adverse immune responses and infections may follow. Furthermore,
while the intracerebroventricular and intrathecal techniques may resolve the obsta-
cles of cerebrospinal fluid and blood brain barrier, the glial cells and ependymal cell
layer reside between the cerebrospinal fluid and the brain parenchyma, restricting
the effectiveness of diffusion of the drug by these strategies to enter the brain paren-
chyma (Mahmoud et al. 2020).

Intratympanic administration uses the middle ear pathway to administer medica-
tions that are transmitted by pinocytosis, ultimately accessing the brain whereby
they circumvent the blood-labyrinthine barrier. For therapeutics upto 1 pm scale,
this route may be acceptable. Poly (D, L-lactide-co-glycolide) nanoparticles have
been utilized with encouraging effectiveness to deliver drugs through this pathway.

Intranasal distribution is a method of drug delivery that is non-invasive and used
for circumventing blood brain barrier into nasal cavity via spraying medications,
whereby they disperse drugs extracellularly or by convection. Another direction is
through the intra-neuronal transport of olfactory sensory neurons or trigeminal
nerves, called intra-neuronal transport (Lochhead and Thorne 2012). In addition to
becoming effective for customers, the intranasal route is advantageous in facilitat-
ing the rapid onset of action and preventing first-pass metabolism (Zhang et al. 2016).
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Certain other blood brain barrier crossing strategies have been researched; many
of these are intrusive, including the blood brain barrier’s osmotic opening. The tro-
jan-horse technology, for example, which depends on the combination of drugs with
genetically engineered proteins that could circumvent the blood brain barrier via
receptor-mediated transport processes, has also been examined by other non-inva-
sive methods. Such strategies are often rife with adverse effects, therefore more
reliable, and less toxic methods are required to deliver medications to the brain to
enhance the management of brain tumors (Busquets et al. 2015).

12.5 Polymeric Nanoparticles for Targeting Glioblastoma

Nanomedicine has equipped us with such a powerful candidate that can be used
around the blood brain barrier to increase the absorption of drugs. It is because
nanoparticles are capable of being loaded with drugs and functionalized with vari-
ous ligands that allow the blood brain barrier targeting. By focusing the medication
within or on the blood brain barrier surface, nanoparticles are suggested to carry out
their operation in transmitting drugs through the blood brain barrier, resulting in a
greater concentration gradient among brain and blood, facilitating drug’s passive
diffusion throughout the brain. An important advancement in nanotechnology is the
polymeric nanoparticles delivery by active targeting through ligands mediated sur-
face modification that attaches to a specific entity on the cancer cell surface or to
some other cells inside the body (Holmes 2013; Re et al. 2012). Examples of such
nanoparticles for treatment of malignant gliomas by targeting are shown in
Table 12.1. Either for the intracellular or extracellular drugs delivery, actively tar-
geted nanoparticles needs to be explored. If directed to intracellular sites, nanopar-
ticles are most successful (Mahmoud et al. 2020). Nanoparticles provide the
potential to diffuse through the improved permeability and retention effect into the
leaky vasculature of tumor tissues (Wicki et al. 2015). Three key tasks can be
achieved for successful treatment of glioblastoma multiforme: (i) to enhance blood
brain barrier crossing ability of chemotherapeutic agents, to infiltrate into brain tis-
sue and deliver the therapeutic concentrations in the tumor tissue, (ii) to prevent or
eliminate adverse effects, and (iii) to preserve therapeutic drug concentrations at the
tumor site, to extend its half-life and to prevent rapid clearance (Wicki et al. 2015).

Polymeric nanoparticles are known as colloidal nanoparticles of submicronic
size that are employed as drug carriers in which drugs are either are attached to the
surface or encapsulated inside the core. Several types of polymers, like poly (butyl-
cyanoacrylate), poly (lactic acid), poly (glycolic acid), poly (e-caprolactone), poly
(amino acids), and poly (lactic-co-glycolic acid); that are used in the formulation of
nanoparticles. Owing to low toxicity profile and biocompatible properties, poly
(lactic-co-glycolic acid), poly (lactic acid) and poly (glycolic acid) are by far the
most commonly used polymers in the brain targeted drug delivery. They convert
into lactic acid and glycolic acid, which join the pathway of kreb’s cycle, whereby
their metabolites are extracted from the body as carbon dioxide and water. Polymeric
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Table 12.1 Polymer nanoparticles developed as targeted drug delivery system for management of
brain tumors malignant gliomas

Particle
Polymer size
type Drug loaded (nm) Targeting strategy Targeted site | Reference
PLGA |Dil 90 Transferrin Transferrin Chang et al.
receptors (2009)
(proteins)
PMLA | Antisense 25 mAbs antisense Laminin-411 | Ding et al.
oligonucleotides oligonucleotides (2010)
PEG- Paclitaxel <100 Angiopep LRP Xin et al.
PCL (2011)
PEG- Coumarin 6 125 Peptide (12 Peptides Lietal. (2011)
PLGA amino-acid)
PEG- Paclitaxel 90 Angiopep LRP Xin et al.
PCL rhodamine (2012)
PLGA | Methotrexate 85 Transferrin Transferrin Jain et al.
receptors (2015)
PEG- Doxorubicin 100- Endogenous tripeptide | Glutathione Geldenhuys
PLGA 300 thiol (glutathione) transporters etal. (2015)
PLGA | Loperamide 100 mAbs (8D3) Transferrin Fornaguera
receptors etal. (2015)
PLGA | Curcumin 100 Magnetic guidance Transferrin Cui et al.
peptide (T7) receptors (2016)
PLGA | Doxorubicin 120 Poloxamer 188 LRP Malinovskaya
etal. (2017)
PEG- Temozolomide 19 mAbs (0X26) Transferrin Ramalho et al.
PLGA receptors (2018)
PLGA | Paclitaxel 230- Arginylglycylaspartic | avp3integrin | Ganipineni
255 acid (RGD) SPIO et al. (2019)

PLGA poly (lactic-co-glycolic acid), PMLA poly (B-L-malic acid), PEG-PCL poly (ethylene
glycol)-poly (e-caprolactone) copolymers, PEG-PLGA poly (ethylene glycol)—poly (lactic acid-
co-glycolic acid), mAbs monoclonal antibodies, SPIO superparamagnetic iron oxide, LRP lipopro-
tein receptor-related protein, RGD arginylglycylaspartic acid

nanoparticles have benefits over traditional nanoparticles, like enhanced kinetics of
drug release, improved drugs compatibility, no phospholipid-like oxidation prob-
lems, and enhanced shelf life. An acknowledgment of the crystallinity, stability, and
molecular weight of the polymers, and also the drug’s physicochemical properties,
is needed to successfully synthesize polymeric nanoparticles for brain drug delivery
(Mahmoud et al. 2020).

Kreuter et al. formulated polymeric nanoparticles to deliver drugs to the brain.
Blood brain barrier penetration of dalargin was substantially improved by formulat-
ing it into nanoparticles employing poly (butyl cyanoacrylate). In 2001, the same
p80 coated dalargin-loaded poly (butyl cyanoacrylate) nanoparticles were used by
Kreuter et al. to increase brain tissue penetration. This nanoparticle composition has
been used to inject certain drugs into the brain, including loperamide as well as
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doxorubicin (Kreuter 2001). Calvo et al. formulated nanoparticles of poly (ethylene
glycol) — (poly (hexadecyl cyanoacrylate)) that showed significantly better brain
buildup according to the p80 formulation, which might be attributable to passive
diffusion or macrophage intake (Calvo et al. 2001). On the surface of nanoparticles,
the poly (ethylene glycol) coating density influenced the degree to which they cir-
cumvent the blood brain barrier (Mahmoud et al. 2020).

For brain distribution of chemotherapeutic drugs, a multitude of distinct nanopar-
ticle compositions were examined. In subsequent years, a major focus has been paid
to nanoformulations for the glioblastoma multiforme management. The usage of
nanoparticles for brain delivery can improve the probability of drugs crossing the
blood brain barrier whilst minimizing unspecific aggregation in certain tissues. For
instance, if correlated with free gadolinium, gadolinium-loaded nanoparticles
improved the level of gadolinium by 100 folds. With the optimization of entrapment
efficiency, drug loading, and drug release profile, the development of nanoparticles
has increased in the last couple of years.

Advances in the stealth capabilities of nanoparticles have also strengthened their
protection against protein agglutination in the blood, enabling them to avoid blood
cleaning from the reticuloendothelial system. Ligand-modified surface nanoparti-
cles have been documented to allow the imaging of nanoparticles for brain tumors
as well. In an attempt to safeguard nanoparticles from plasma protein binding and
reticulo endothelial system uptake, PEGylation approach for nanoparticles has been
commonly utilized. Nanoparticles provide the brain with a non-invasive drug deliv-
ery means. To be much more efficient with decreased toxicity, nanoparticles for
brain targeting needs to fulfill some significant tasks. The criteria involves nanocar-
riers to be biodegradable, non-toxic, no blood aggregation, greater encapsulation
efficiency, extended circulation time, and the ability to cross the blood brain barrier
(Tian et al. 2014).

Paclitaxel is a chemotherapeutic agent that was in a nanoparticle formulation
composed of poly (lactic-co-glycolic acid). The entrapment allowed for the repos-
session of paclitaxel (toxic chemotherapeutic agent) only within the nanoparticles
before the enhanced permeation and retention effect, which reduced systemic toxic-
ity and entered the tumor tissue. Though enhanced permeation and retention effect
is extremely advantageous for nanoparticulate drug delivery, this passive mecha-
nism helps the nanocarriers to penetrate the glioblastoma multiforme tissue.
Polymeric nanoparticles which do not penetrate cancerous tissues tends to retain in
the liver, kidney, and spleen reticuloendothelial tissue (Mehrotra and Tripathi 2015;
Pérez-Martinez et al. 2011). Convection-enhanced delivery is a tool to preserve a
pressure gradient throughout interstitial infusions. It has been used to improve the
paclitaxel loaded polymeric nanoparticles delivery to the brain parenchymal cells. It
has been demonstrated that convection-enhanced delivery greatly enhances the dis-
tribution of small and large molecules inside the brain (Michael et al. 2018; Zhou
et al. 2013).

Enhanced cytotoxicity of paclitaxel — loaded nanoparticles was reported when a
ligand specific to the transmembrane human epidermal growth factor receptor 2;
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extracellular domain was employed as compared to non-targeted nanoparticles.
This increase in cytotoxicity was due to enhanced cellular absorption of the targeted
nanoparticles. Due to the drawbacks associated with the use of multi-ligands in a
single nanosystem for tumor cells targeting, many researchers have chosen to
employ a single ligand. Multi-ligands affect the release of drugs as well as the
mobility of nanoparticles. Also, the targeting efficacy of the nanoparticles is often
seen to be decreased by interaction amongst ligands and/or competitive binding. It
is understood that transferrin receptors as well as low-density protein-related lipo-
protein receptor are over-expressed in glioma cells. Using binding the angiopep and
anti-transferrin ligands to its exterior surface, these two receptors were targeted by
polymeric nanoparticles to reach glioma cells. The most frequently described recep-
tor-mediated transport mechanism is the transferrin receptor that ensures successful
cellular uptake.

Using an in vitro blood brain barrier model, Chang et al. showed that the transfer-
ring coated poly (lactic-co-glycolic acid) nanoparticles showed 20-folds improve-
ment in poly (lactic-co-glycolic acid) uptake relative to uncoated polymeric
nanoparticles. The absorption of transferrin- poly (lactic-co-glycolic acid) nanopar-
ticles by the blood brain barrier occurred by endocytosis pathway. The main draw-
back with transferrin as a ligand is its competition with endogenous transferrin for
receptor binding. It may contribute to a decrease in cellular uptake by the tumor
cells. An antibody directed against transferrin was used as an alternative ligand to
the endogenous transferrin because it binds to the epitope of transferrin receptor,
which is located at a higher position as compared to the transferrin binding position.
Consequently, even if they do not interact with the transferrin intake process,
nanoparticles get less binding rivalry. This improves their cellular uptake and hence
their therapeutic efficacy. To improve brain uptake, various antibodies like 8D3
(both anti-mouse TfR mAbs), OX26 (anti-rat TfR mAbs), and R17-217 are being
established. Rmalho et al. have produced temozolomide — mediated receptor loaded
poly (lactic-co-glycolic acid) nanoparticles functionalized with OX26 mAbs for
glioblastoma multiforme treatment. Especially the cellular internalization of OX26
mAbs nanoparticles was greatly improved as compared to the poly (lactic-co-
glycolic acid) nanoparticles with no mAbs (Mahmoud et al. 2020).

Another technique for improving the blood brain barrier’s absorption of nanopar-
ticles is polymer coating that enhances cellular uptake process. Kreuter showed that
i.v. injected doxorubicin-loaded p80-coated nanoparticles had a 40% more cure rate
in rats with intracranially transplanted glioblastoma multiformes. Albeit not thor-
oughly elucidated, he hypothesized that endocytosis by the endothelial cells lining
the brain blood capillaries may be the underlying mechanism for transporting the
nanoparticles around the blood brain barrier. The coating of p80 nanoparticles
resulted in the surface adsorption of apolipoprotein E from blood plasma on them.
The nanosized particles then imitated low-density lipoprotein particles and were
thus able to communicate with the low-density lipoprotein receptor, contributing to
improved endothelial cell uptake (Kreuter 2001). The first polymeric nanoparticles
for blood brain barrier absorption were studied in 1995 by Schroder et al. for hexa-
peptide dalargin-loaded nanoparticles by poly (butyl cyanoacrylate) nanoparticles
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coated with p80 were noted. Wohlfart et al. showed that poly (lactic-co-glycolic
acid) nanoparticles-coated with poloxamer 188 permitted the doxorubicin delivery
at therapeutically efficient concentrations across blood brain barrier. Because of the
poloxamer 188 coating, the reason for the transport through the blood brain barrier
was hypothesized to be the adsorption of blood apolipoproteins (ApoE or ApoA-I)
on the surface of nanoparticles. Manlioovskaya et al. showed that through clathrin-
mediated endocytosis, the nanoparticles were taken up by human primary glioblas-
toma cells (U87). They also showed that doxorubicin was released from the
nanoparticles through diffusion instead of intracellular degradation (Demeule et al.
2008). The research thus showed that poly (lactic-co-glycolic acid) nanoparticles
coated with poloxamer 188 could increase the targeting of such chemotherapeutic
drugs for brain tumors.

Angiopep is one more successful lipophorin-receptor ligand that is used for
delivery of drugs to central nervous system (Demeule et al. 2008). In contrast to
transferrin, the transcytosis potential and parenchymal aggregation of angiopep-2 is
much higher. A series of research studies have verified the potential of angiopep to
promote blood brain barrier absorption of polymeric nanoparticles (Mahmoud et al.
2020) for enhancing the paclitaxel delivery to glioma cells. Xin et al. formulated
nanoparticles with dual-targeting approach. Angiopep-PEG-PCL nanoparticles,
relative to non-targeted poly (ethylene glycol)-poly (e-caprolactone) nanoparticles,
were strongly endocytosed by human primary glioblastoma (U87) cells. These
nanoparticles in 3D glioma spheroids displayed a greater amount of penetration,
distribution, and aggregation as well as enhanced therapeutic effectiveness when in
U87 tumor-carrying mice (Xin et al. 2012).

12.6 Peptide-Receptor as a Dual-Targeting Drug
Delivery Approach

The use of receptors present on tumor cells for the targeting of nanomedicines is one
technique to improve glioblastoma multiforme management. One such example is
the low-density lipoprotein receptor (cell-surface receptor) that is expressed by
blood brain barrier cells and over-expressed by glioblastoma cells. Angiopep-2, a 19
amino acid peptide that specifically binds to the low-density lipoprotein receptor,
has been shown to improve the blood brain barrier delivery of wide chemotherapy
agents when evaluated in both in vitro and in vivo models (Pitorre et al. 2020).

Xin et al. investigated the concept of developing dual-targeted angiopep-2 modi-
fied nanoparticles. The restructured nanoparticles need to first traverse the blood
brain barrier and then target the tumor cells (Xin et al. 2011). Angiopep-2-conjugated
poly (ethylene glycol)-poly (e-caprolactone) nanoparticles were fabricated by cou-
pling of angiopep-2 and maleimide- poly (ethylene glycol)-poly (e-caprolactone)
copolymer. Paclitaxel (PTX) was used as a model drug in the said system. The
encapsulation ratio and angiopep-2-paclitaxel loading coefficient decreased without
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a targeting ligand relative to paclitaxel loaded nanoparticles. The formulations were
evaluated in nude mice implanted with intracranial tumor U87 MG upon intrave-
nous injection. The findings indicated that angiopep-2-paclitaxel nanoparticles
aggregation was much greater than paclitaxel nanoparticles in the brain of tumor
bearing mice. The finding was supported by an ex vivo assessment of the expurgated
tissues (liver, heart, kidney, spleen, and lung) that showed selective brain tumor
deposition by the targeted nanoparticles (Pitorre et al. 2020). In the presence of low-
density lipoprotein receptors in both tumor cells and blood brain barrier, differences
in the absorption of angiopep-2-conjugated nanoparticles may be associated with
peptide-induced infiltration as compared to non-conjugated nanoparticles. Similar
authors examined the bioavailability of angiopep-2-poly (ethylene glycol)- pacli-
taxel nanoparticles utilizing a three dimensional glioma cell culture model.
Angiopep-2-oly (ethylene glycol)-paclitaxel nanoparticles transcytosis through
blood brain barrier cells shadowed by tumor cell endocytosis was shown by low-
density lipoprotein receptor recognition, verifying the dual-targeting approach (Xin
et al. 2012).

The evaluation of anti-tumor effectiveness was done in vivo in U87 MG tumor-
bearing mouse model. In contrast to the control group treated with saline, tumor
inhibition levels were 20.5%, 36.1%, and 65.6%, while mice were given poly (eth-
ylene glycol)-paclitaxel nanoparticles; angiopep-2-poly (ethylene glycol)-paclitaxel
nanoparticles or taxol respectively. Furthermore, the median survival time was
37 days for mice treated with angiopep-2-poly (ethylene glycol)-paclitaxel nanopar-
ticles, which was substantially higher as compared to the poly (ethylene glycol)-
paclitaxel nanoparticles or taxol treated mice. Altogether, the findings indicated the
potential of the dual-targeting method using angiopep-2 conjugated nanoparticles.
Besides, after i.v. infusion of conjugated non-loaded nanoparticles (100 mg/kg/day)
over a week, acute toxicity was not observed in the liver, hematological system,
brain and kidney parenchyma (Xin et al. 2011).

12.7 Dual-Targeting of Both Glioma and Neovascular Cells

Of all solid tumors, glioblastoma multiforme is one of the most studied one, and
neovascularization has a major role in glioma development (Pitorre et al. 2020).
Zhang et al. have established an interesting dual-targeting strategy by developing
nanoparticles to target neovascular cells while delivering paclitaxel to control tumor
cells. It has been shown that Enhanced green fluorescent protein (EGFP-EGF1), a
fusion protein, binds tissue factor uniquely to neovascular and tumor cells. Poly
(ethylene glycol)-poly (lactic acid) nanoparticles in the size range of 105 nm was
formulated by emulsion-solvent evaporation process, which was evaluated in cells
that express tissue factor. An improved in vivo absorption of functionalized nanopar-
ticles in extravascular and neovascular tumor cells was observed 4 h after intrave-
nous administration relative to non-functionalized nanoparticles. Also, the median
survival time for control animals with functionalized nanoparticles was longer
(41 days) compared to the non-functionalized nanoparticles treated animals
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(21-27 days), taxol (13 days), and saline (14 days) (Mei et al. 2010; Zhang
et al. 2014).

12.8 Aptamer-Peptide Conjugates as a Dual-Targeting
Delivery System

Gao et al. designed a targeted delivery method capable of crossing the blood brain
barrier. Poly (ethylene glycol)-polycaprolactone nanoparticles loaded with docetaxel
were formulated using the emulsion solvent evaporation method and
TGNYKALHPHNG (TGN), a 12 amino acid peptide and an aptamer (AS1411) was
grafted to the surface of the nanoparticles to boost uptake across the blood brain
barrier and target tumor cells, respectively (Gao et al. 2012, 2014). Utilizing mouse
brain endothelial cells, the nanoparticles in vitro tuamor-targeting efficacy was inves-
tigated. In contrast with the AS1411- nanoparticles and non-grafted nanoparticles,
nanoparticles grafted with both TGN and AS1411 showed a greater brain uptake,
which indicated a TGN mediated uptake of nanoparticles via blood brain barrier.
Nanoparticles modified with TGN were identified in tumor cells as well as in healthy
brain tissue, whereas TGN and AS1411 modified NPs both were primarily found
within the glioblastoma multiforme cells. The outcomes of the nanoparticles uptake
into the glioblastoma multiforme verified the formulation’s dual-targeting effi-
ciency. The enhanced in vivo effect of the dual-targeting approach i.e. mice bearing
the tumor treated with AS1411-TGN nanoparticles was shown to have an enhanced
survival time by 36 days comparable to TGN- nanoparticles (31 days) or AS1411-
nanoparticles (30 days) treated mice (Pitorre et al. 2020).

12.9 Routes of Administration of Nanoparticles
in the Treatment of Malignant Gliomas

For nanoparticles engineered to manage brain tumors, there have been three major
routes of administration: (i) direct brain delivery (ii) direct systemic brain delivery
and (iii) indirect systemic brain delivery. Direct brain delivery ensures nanoparticles
injection directly into the brain, which bypasses the blood brain barrier. Convection-
enhanced delivery was used specifically in brain tissue to infuse a nanoparticle sus-
pension. Convection-enhanced delivery was used by Lollo et al. to deliver paclitaxel
loaded lipid nanocapsules into mice brain. The findings indicated that for lipid
nanocapsule-treated mice, the total survival period was substantially higher than
that of free paclitaxel-treated mice (Allard et al. 2010; Lollo et al. 2015). Fourniols
et al. reported the direct injection of polymerizable hydrogel containing micelles
loaded with temozolomide into the brain using a syringe through an incision drilled
into the skull. The temozolomide - loaded injection micelles were well tolerated and
the hydrogel improved the drug release profile. The key drawbacks of direct brain
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delivery included the contamination risk and the necessity to regulate essential fac-
tors like osmolarity and pH, which can lead to serious brain injury if not optimized
(Huynh et al. 2012).

Specific systemic brain delivery involves the administration of nanoparticles
directly via the carotid artery into the bloodstream, which are transferred to the
brain, eliminating the rest of the systemic circulation. Compared to convection-
enhanced delivery, this approach has demonstrated enhanced existence with a
decreased risk of brain injury. Huynh et al., using both direct systemic brain deliv-
ery and convection-enhanced delivery in glioblastoma multiforme-inflicted rats,
administered the nanoparticles loaded with ferrociphenol. Compared to convection-
enhanced delivery community’s survival of 24 days, direct systemic delivery pro-
vided a survival time period of 28 days. The findings showed that direct systemic
delivery relative to direct brain delivery may provide a small improvement in sur-
vival time spans (Huynh et al. 2011, 2012).

Indirect systemic delivery is required for the further introduction of nanopar-
ticles into systemic circulation through administration routes requiring absorp-
tion, such as nasal, oral, peritoneal and topical administration. Non-invasiveness
and patient compliance are the main benefits of oral administration. Two different
curcumin preparations (nanoparticles and plain suspension) were orally adminis-
tered to rats and were evaluated in rat intestinal model ex vivo. The observations
revealed that the nanoparticles bioavailability was 12 times higher compared to
the single suspension of the neat drug. Intraperitoneal administration is com-
monly used as an alternative technique for the administration of the medication
into peritoneal tissue. It can be used for delivering massive doses and in situations
when a vein for direct systemic delivery is difficult to locate (Verreault et al. 2015).

12.10 Challenges Related to Nanotherapy
of Malignant Gliomas

12.10.1 Reticulo Endothelial System

The mononuclear phagocyte system, often referred to as reticulo endothelial sys-
tem, has cellular and non-cellular components. The administered nanosystems
are often recognized by the reticulo endothelial system leading to an induction of
cytokine cascade that causes inflammation and the circulating phagocytes may
induce the removal of nanoparticles. Besides, macromolecules like proteins and
lipids binds to the nanoparticles surface creating a biological corona that is iden-
tified and discharged from the bloodstream by the immune system. Surface mod-
ified nanoparticles are not recognized by the reticulo endothelial system, which
helps in overcoming the said challenge and enables their presence in the blood-
stream for extended durations. Surface modification is achieved by using zwitter
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ionic ligands such as glutathione, PEGylation, or cysteine. In research conducted
by Choi et al., the results inferred the fact that the use of neutral dihydrolipoic
acid — connected polyethylene glycol; or zwitter ionic (cysteine) coating material
for quantum dot coating prohibited serum protein adsorption and inhibited renal
clearance. An in vivo study indicated that the use of PEGylated human serum
albumin nanoparticles loaded with paclitaxel achieved extended systemic circu-
lation by more than 96 h and improved tumor aggregation leading to improved
anti-cancer efficacy and extended animal life expectancy (Mahmoud et al. 2020).

12.10.2 Renal System

The biggest challenge faced by the nanoparticles the systemic circulation is the
renal clearance. Nanoparticles greater than 8 nm in size may find difficulties cross-
ing the glomerular filtration barrier. Besides, cationic nanoparticles of 2—-6 nm
would show greater renal clearance than anionic or neutral nanoparticles of similar
size because the glomerular basement membrane is negatively charged (von
Roemeling et al. 2017). The shape of a nanoparticle could also influence renal clear-
ance. Improved clearance of rod-shaped nanoparticles with a diameter of 0.8—1.2 nm
were reported by Ruggiero et al. (Ruggiero et al. 2010). Optimization strategies
may be employed by formulation scientists to design biodegradable nanoparticles
that may be resistant to renal clearance. Nevertheless, before entering their target
site, this may lead to premature release of the therapeutic drugs (Mahmoud
et al. 2020).

12.10.3 Blood Brain Barrier

The blood brain barrier comprises of tight junctions that restricts access of nanopar-
ticles into the brain. Nanoparticles with conjugated ligands, were readily internal-
ized by blood brain barrier through the receptor-mediated endocytosis (Mahmoud
et al. 2020).

12.10.4 Pathophysiological Barriers in Cancer

Nature of cancer, its location, stage, and patient’s traits are the important character-
istics that affect the composition and structure of tumor extracellular matrix and its
vasculature (von Roemeling et al. 2017). These properties stand as major hurdle in
achieving suitable penetration of the nanoparticles in the solid tumors. Delivery of
drugs to the tumor cells involves the transport of nanoparticles through blood
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vessels, crossing the interstitial space to reach the tumor site. This delivery is
affected by the morphological differentiations between the tumor and normal cells
and/or tissues. The abnormal tumor tissue environment leads to leaky vessels,
abnormal blood flow, abnormal lymphatic vessels and vascular hyperpermeability.
All of these factors contribute to interstitial hypertension, thereby hindering the dif-
fusion process. Two major strategies have been extensively utilized to enhance the
drug delivery, namely normalization of tumor vasculature by using antiangiogenic
agents that repairs the imbalance between overexpressed proangiogenic and antian-
giogenic factors in tumor tissues, and second is normalization of tumor matrix that
is based on degradation of collagen and glycosaminoglycan to improve the nanopar-
ticles penetration (Alexandrakis et al. 2004; Batchelor et al. 2007; Blanco et al.
2015; Boucher et al. 1990; Jain 2005; Mahmoud et al. 2020). Smart nanoparticles
are being fabricated which can react to environmental conditions and enable better
bioavailability for therapy (Mahmoud et al. 2020).

12.10.5 Multidrug Resistance

Multidrug resistance entails drug release outside the cells, either inherited or
acquired from long-term drug exposure, causing a reduction in efficacy and concen-
tration of drugs within the cell lumen. Cancer cells can be resistant to some chemo-
therapeutic agent viz. taxanes, anthracyclines, and vinca alkaloids, which when
ejected by cancer cells causes increased toxicity to healthy cells (Szakdcs et al.
2006). Multidrug resistance probably occurs from overexpressed P-glycoprotein
which is an ATP-binding cassette transporter (present in brain, liver and placenta)
that functions as efflux pump with an ability of binding several hydrophobic drugs
and also plays a role of protecting vital organs from toxins (Aller et al. 2009;
Gottesman et al. 2002). Other multidrug resistance associated proteins includes
multidrug resistance — associated protein-1 and the breast cancer resistance protein
(Fletcher et al. 2010). Efflux pump inhibitors such as verapamil (covera) and cyclo-
sporine have been investigated and are emerging as first-generation antagonists
(Dean et al. 2005). Addressing multidrug resistance in cancer has involved the
exploitation of nanoparticles drug delivery systems in encapsulating chemotherapy
drugs. Liposomes and nanoparticles encapsulating doxorubicin and verapamil have
been formulated for the targeted inhibition of P-glycoprotein (Wu et al. 2007).

12.11 Conclusion

Malignant gliomas are some of the most violent tumor types, which do not react to
most traditional chemotherapy and radiation therapies. This is actually due to the
blood brain barrier’s selective nature, which prohibits most particles, particularly
therapeutics, from accessing the brain. In addition, traditional glioma management
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techniques only enable patients to live for a certain time period while dealing with
harmful adverse effects that arise primarily from the invasiveness of treatment
methods. Nanodrug delivery system is a non-invasive and versatile therapy area that
enables the development of nanometer-size materials to serve as drug delivery sys-
tems. Such engineered nanoparticles only targets the over-expressed receptors on
tumor tissues while sparing normal tissues, leading to reduced adverse effects. The
positive pre-clinical data has formed the base for the suitable application of nano-
systems in the clinical usage. FDA approval has been obtained for the application of
nanoparticles for the intravenous route, which offers advantages for the manage-
ment of metastasized tumors. Thanks to their biocompatible and biodegradable
actions within the human body and the limitless shapes and features that can be
manipulated into, polymeric nanoparticles are attracting further interest in the
malignant glioma treatment. As previously discussed in this analysis, polymeric
nanoparticles can be especially beneficial once PEGylated. Even more, efforts are
required to optimize the scale up techniques, drug loading ability and drug release
pattern, considering the physiological obstacles and various physicochemical prop-
erties of drugs that may impede their performance.
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