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Abstract: Malignant gliomas are one of the deadliest forms of brain cancer and despite advancements
in treatment, patient prognosis remains poor, with an average survival of 15 months. Treatment using
conventional chemotherapy does not deliver the required drug dose to the tumour site, owing to
insufficient blood brain barrier (BBB) penetration, especially by hydrophilic drugs. Additionally,
low molecular weight drugs cannot achieve specific accumulation in cancerous tissues and are
characterized by a short circulation half-life. Nanoparticles can be designed to cross the BBB and
deliver their drugs within the brain, thus improving their effectiveness for treatment when compared
to administration of the free drug. The efficacy of nanoparticles can be enhanced by surface PEGylation
to allow more specificity towards tumour receptors. This review will provide an overview of the
different therapeutic strategies for the treatment of malignant gliomas, risk factors entailing them as
well as the latest developments for brain drug delivery. It will also address the potential of polymeric
nanoparticles in the treatment of malignant gliomas, including the importance of their coating and
functionalization on their ability to cross the BBB and the chemistry underlying that.

Keywords: brain tumours; glioma; blood brain barrier; drug delivery; nanomedicine; polymeric
nanoparticles; PEGylation

1. Introduction

In the past decade, there has been a great development in medicine and cancer treatment. However,
cancer remains a challenging health issue owing to its complicated nature [1,2]. The number of cancer
cases is expected to rise to 27.5 million in 2040, as stated by the American Cancer Society [1]. Among
the most troublesome malignant cancers are the primary brain cancers that can rarely be cured, with a
5-year overall survival of only 35%. Gliomas count as the most common form of malignant primary
brain tumours in adults [3].

The speed and ability to infiltrate and metastasize to nearby brain tissues are the main factors
that determine if glioma cells are of low grade (WHO I and II) or high grade (WHO III and IV) [4].
Gliomas have the ability to infiltrate to surrounding tissue and their margins are difficult to determine.
This results in conventional treatment approaches being insufficient to produce a curative outcome.
Also, the difficulty in achieving successful therapeutic approaches is caused by the physical and
chemical barriers that exist, hampering drugs from reaching tumour sites [5–8]. The blood brain barrier
(BBB) and blood brain tumour barrier (BBTB) represent the main barriers that stop drugs from entering
the brain unless they possess certain characteristics. Also, the multipotent stem cells that give rise to
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glioma cells, have the ability to self-renew and are responsible for glioma recurrence [9]. Efforts have
been extended towards overcoming physical hurdles by developing techniques that deliver therapeutics
to the brain, however, most of these approaches are invasive and fraught with serious side effects,
so curative measures should not be only be based on extending survival, but also towards improving
the quality of life of patients by reducing side effects. Among the advanced therapeutic strategies is
using polymeric nanoparticles for drug delivery and targeting. As will be discussed later in this review,
in vitro and in vivo studies have reported promising results for drug loaded nanoparticles targeted to
gliomas. Therefore, more efforts should be made towards the betterment of these nanomedicines in
terms of improving their loading efficiencies, coating and ability to target gliomas.

2. High Grade Gliomas

Primary malignant brain tumours in adults are mostly gliomas, 75% of which are high grade
gliomas (HGG) diagnosed in the central nervous system (CNS). The rate of incidence is 3 to 5 per
100,000 every year, afflicting mostly men. HGG can occur at any age, however, they mainly occur in
the 5th and 6th decades of life [10].

Bailey and Cushing developed the seminal system for defining the morphology of glial tumours
in the 1920s which is based on the glia stage of growth [11]. This system was used by the WHO in
2000 to classify Gliomas based on their morphology [12]. Gliomas were further stratified based on
genetic and molecular factors that were recognized and reported by the WHO in 2016. These factors
include isocitrate dehydrogenase (IDH) mutation status, the co-deletion status of 1p/19q and the
mutation status of alpha thalassemia/mental retardation syndrome X-linked protein/gene (ATRX) [12].
According to the 2016 WHO classification, grade III tumours which include anaplastic astrocytoma,
anaplastic oligodendroglioma and mixed anaplastic oligoastrocytoma are among HGGs, in addition to
grade IV glioblastoma (GBM) [12]. GBM has the highest incident rate among HGGs with up to 60–70%
of cases being a GBM. This is followed by anaplastic astrocytoma which makes up 10–15% of cases.
Whereas, anaplastic oligodendrogliomas and anaplastic oligoastrocytomas have the least frequent
incidence rate of only 10% [13]. Some other types of malignant gliomas, such as the WHO grade
III gliomas, anaplastic ganglioglioma, anaplastic pilocytic astrocytoma and anaplastic pleomorphic
xanthoastrocytoma and the grade IV gliomas, giant cell and small cell GBM, epithelioid GBM, and
gliosarcoma are not very common. The main cause for HGGs is still enigmatic, with ionizing radiation
only identified as a possible risk factor [14].

3. Treatment

3.1. Surgical Resection

The site, grade and morphology of the tumour will determine if complete surgical resection of the
tumour can be achieved. Patients with high grade tumours require near complete resection in order to
reduce the burden of the tumour and pressure inside the skull, which in turn improves the survival
rate [15–18]. GBM cannot be fully cured with surgical resection as it is invasive in nature and 80% of
cases result in relapse within 2 to 3 cm of the original tumour margin [19].

3.2. Radiation Treatment

Radiation therapy (RT) can be administered internally or externally and is considered the standard
treatment protocol for HGGs [20]. The standard treatment using external RT involves 25 to 35 treatments
on a daily basis for (5–7) weeks. Several factors control the total radiation dose to be administered
which are: tumour site, grade, histology and the extent of resection [21]. A randomized trial conducted
in the 1970s reported that whole brain irradiation with 60 Gy after surgical resection enhanced survival
for patients suffering from HGG. This resulted in RT as being a standard therapy following tumour
eradication for HGG [22]. On the other hand, studies that investigated the difference between partial
and whole brain irradiation for HGG treatment proved that whole brain irradiation did not provide
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extra benefit compared to partial irradiation of the brain [23]. However, there was an improvement
in the delineation accuracy that was achieved employing tomography and magnetic resonance for
maintaining a partial irradiation of the brain for HGG cases [24]. The developments that have occurred
in imaging and RT have enabled irradiation of tumour regions with higher doses while reducing
the volume of normal brain tissue exposed to irradiation. Therefore, involved field RT was granted
acceptance as the standard of care for HGGs. However, the issue of RT delivery for smaller surface
areas remains debatable with efforts towards targeting infiltrating tumour cells [25]. Some techniques
that have been recognized for providing a more targeted irradiation towards tumour tissues include
fixed field intensity modulated RT (IMRT), dynamic arc IMRT, volumetric-modulated arc therapy
(VMAT) and stereotactic radiosurgery (SRS). These techniques were reported to provide a more focused
approach towards affected tissues while reducing toxicity to normal tissues [26]. SRS is used to treat
recurrent GBM and is used as a complementary treatment after external beam RT. However, the use
of SRS for the treatment of recently diagnosed malignant gliomas is still under review [21]. Another
approach for RT is interstitial RT or brachytherapy where radioactive material is implanted inside the
tumour with the use of surgery. Proton therapy could also aid in targeting affected areas and may be
used instead of photon irradiation [26]. RT is associated with some limitations including necrosis of
normal brain tissue, neuronal damage and radiation resistance of tumour cells [19].

3.3. Chemotherapy

The chemotherapeutic drug temozolomide (TMZ) is used in combination with RT in patients with
HGG in order to improve the survival rate of patients. This protocol, known as the Stupp protocol,
demonstrated a median survival rate of 14.6 month compared to 12.1 months (when RT alone was
administered) in a phase III clinical trial. TMZ is initially administered at a daily dose of 75 mg/m2 for
6 weeks, with a 1-month rest period upon the completion of RT treatment. TMZ treatment begins again
with a daily dose of 150 mg/m2 for 5 days in the first month. If this dose can be withstood by the patient,
a higher daily dose of 200 mg/m2 is administered for 5 consecutive days each month until the end of
the treatment period. The stupp protocol administers the TMZ therapy for 6 months following RT [27].
Synergistic effect of combined therapy using RT and adjuvant chemotherapy with TMZ continued over
a 5-year follow up treatment period. Also, the inclusion of TMZ was more beneficial for patients with
a methylated gene promoter that encodes O-6-methylguanine-DNA methyltransferase (MGMT). This
in turn had resulted in identifying MGMT as the first biomarker in brain tumours to help anticipate
the responsiveness to the TMZ treatment and selection of patients accordingly [28]. However, MGMT
is unreliable for patients who do not have a methylated promoter of MGMT except for elderly GBM
patients [29]. Some other chemotherapeutic drugs have shown efficacy against recurrent malignant
gliomas. These drugs are methylating agents such as irinotecan or those that target the vascular
endothelial growth factor such as bevacizumab. Other chemotherapy drugs such as gefitinib, erlotinib
and imatinib target the epidermal and platelet-derived growth factor receptors [30].

Among the latest therapeutic approaches is a device named Optune® that received approval by
the U.S. Food and Drug Administration (FDA) in October 2015. This device allows for the delivery of
electric fields that enable the treatment of tumours by interrupting the division of cells causing cell
death. It is used as an adjuvant therapy with TMZ following surgical resection and is the standard of
care for adults that have been recently diagnosed with supratentorial GBM. The Optune® treatment
regimen alongside TMZ increased survival from 4 to 7 months when compared to treatment with TMZ
alone [31]. Optune® was initially approved by the FDA in 2011 as a single treatment for recurrent
GBM. Optune® is alternatively used as a treatment for primary GBM after surgery and RT have been
shown to be ineffective. A randomized clinical trial exhibited similar rate of survival and less side
effects with a significant reduction in the infectious, gastrointestinal and hematologic complications for
the Optune® treatment group compared to the standard chemotherapy group [32]. The reduced side
effects and practicality of use encouraged the National Comprehensive Cancer Network (NCCN) to
include Optune® as a treatment for recurrent GBM [33].
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Other treatment approaches such as radioimmunotherapy, iodine-125 brachytherapy,
hyperfractionation and SRS have been investigated for their ability to localise treatment and protect
normal brain tissues. However, none have been shown to improve survival rates [34]. Therefore, it was
concluded that chemotherapy used concomitantly and adjuvantly with RT is the standard of care in
current application for GBM patients until more effective treatments become available [28].

4. Postoperative Treatment

Follow up is necessary to monitor the postoperative complications and control the
disease symptoms, which include seizures, cerebral edema, turbulences in the gastrointestinal
tract, osteoporosis, venous thromboembolism, dysfunction of the cognitive abilities and mood
deterioration [35]. Magnetic Resonance Imaging (MRI) scans are used to monitor the size of the tumour
and preformed 3 days following the surgical operation to determine how much of the tumour was
eradicated. Steroids are administered to patients suffering vasogenic edema. However, treatments
based on steroids are associated with adverse side effects such as myopathy [36] which affects 10%
of patients with HGGs with an increased incidence rate in elderly patients that are administered
corticosteroids for long time periods [37]. Also, patients become vulnerable to mental impairment,
hyperglycemic and gastrointestinal complications, in addition to opportunistic bacterial infections such
as Pneumocystis jiroveci. Dexamethasone is a more favourable corticosteroid as it is lower in activity and
upon its discontinuation, myopathy can be reversed [37,38]. Patients with GBM and CNS lymphoma
are more susceptible to venous thromboembolism, especially after craniotomy. Treatment using
warfarin or heparin of low molecular weight is more favourable than vena cava filters in controlling
the anticoagulation and reducing the complications. Levetiracetam is usually administered to patients
suffering seizures due to its low toxicity and the fact that it does not interact with the chemotherapy
drugs [38].

5. Prognosis

Patient prognosis remains depressing with a 15-month median survival, despite the advancements
in surgical resection of the tumours [39]. Anaplastic astrocytoma afflicted patients average between 2
to 3 years survival [40]. The best prognosis is shown in cases suffering anaplastic oligodendroglioma
leaving them with expected average survival of 12 to 15 years [41]. The prognostic factors involve:
the extent of tumour resected, age of the patient and the Karnofsky Performance Status. Younger age
and higher performance status could imply longer survival. Negative results have been linked to
tumours larger than 5 to 6 cm [42]. Surgically curable tumours such as those that arise in the cerebrum
or cerebellum have a better prognosis than those that arise in the brainstem or diencephalon [43].

6. Glioblastoma Multiforme

Glioblastoma multiforme (GBM) is a malignant tumour that arises in the brain and is known
to be the most common form of brain tumours. It represents 16% of the tumours that originate in
the brain and CNS [39]. GBM has an incidence rate of 3.2 per 100,000 population [44,45]. GBMs are
mainly located in the brain but can also occur in the brain stem, cerebellum and spinal cord. Moreover,
the four lobes of the brain (frontal, temporal, parietal and occipital) represent the main sites for the
development of the primary gliomas, with an overall incidence rate of 61% and individual incidence
rate of 25%, 20%, 13% and 3%, respectively [46]. Initially, glial cells were thought to be the only source
of GBMs, however, it has been shown that several types of cells possessing the characteristics of neural
stem cells, could give rise to GBMs. These cells vary in their differentiation stage where they start out
as stem cells then give rise to neurons and glia. This is accompanied with changes in their phenotype,
mainly caused by the variation in their signaling pathways instead of the differences in the origin of
the cell type [47]. The average age in which GBMs develop is 64 [39]. Nevertheless, GBMs can develop
at any age including children. Men are more likely to develop a GBM than women with a rate of 1.6 for
every woman. Caucasians are also more likely to be stricken with the disease than other ethnicities [42].
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GBMs can vary in their classification, for example a GBM would be classed as primary or de novo
in origin if it has developed without a defined precursor. If a GBM develops from a transformed
low-grade tumour it will be termed secondary. Most GBMs are primary in nature and mainly afflict the
elderly, who have a poorer prognosis than their counterparts who develop secondary GBM [48]. GBMs
can be further classified into four subtypes which are, classical, pro-neural, neural, and mesenchymal.
Each subtype varies in its mode of development and survival [49,50]. GBMs are invasive in nature and
are difficult to completely remove by surgical resection. They often exist in sensitive areas of the brain
which mainly control speech, movement or the senses. The tumour cells also possess the ability to
infiltrate and remain in areas that surround the brain, which leads to further disease recurrence [48].

Current Management

The current treatment regimen for GBM is the Stupp protocol which was discussed earlier as the
standard of care for glioma management [28]. The main action of TMZ involves methylation of the DNA
at the N7 and O6 positions on guanine which halts the DNA mismatch repair mechanism resulting
in DNA nicks that halts the cell cycle at the G2-M level, causing apoptosis. However, the elevated
level of MGMT activity which functions by protecting tumour cells against chemotherapeutic
agents can negatively impact the TMZ response. Moreover, TMZ, is reported to be fraught with
deleterious complications such as hematological issues, fatigue and susceptibility to infections [51].
Another chemotherapeutic agent used to treat GBM is the Gliadel® Wafer, which is a disc shaped
200 mg wafer made of biodegradable copolymers that contain 3.85% w/w of the alkylating agent
bis-chloroethylnitrosourea (carmustine, also known as BCNU). Carmustine was initially approved by
the FDA as a potent antineoplastic agent for the treatment of GBM by intravenous administration [52].
Gliadel® is used for local administration of carmustine, with up to 8 discs placed into the resection
cavity during surgery. After treatment with Gliadel® Wafers, the median survival in a group of
patients with malignant glioma (95% of which was GBM) was 42 weeks, eight patients survived one
year, and four patients survived more than 18 months. Local treatment allows the chemotherapy to
be concentrated at the site of the tumour while avoiding systemic side effects. However, patients
suffered perioperative infections, seizures and required addition steroid treatment [53]. Moreover, the
drug penetration into tissues after diffusion from the implants does not exceed 1mm which limits its
efficacy [54].

In summary, the drawback of these treatments is that they are associated with serious unwanted
side effects in addition to the development of resistance, limiting their efficacy. Some patients do
not respond to the TMZ or BCNU, therefore, there has been a second line of drugs developed
which include carboplatin, oxaliplatin, etoposide and irinotecan. Additional chemotherapeutic
agents for GBM include anti-angiogenic agents like anti-VEGF monoclonal antibodies (bevacizumab),
anti-FGF antibodies, monoclonal antibodies targeting EGFR (erlotinib and gefitinib) and tyrosine
kinase inhibitors [19,55–57]. Despite developments in tumour diagnosis and treatment using RT and
concomitant chemotherapy with TMZ, nearly all GBM patients experience tumour recurrence.

7. The Blood Brain Barrier

One of the main limitations in the systemic treatment of malignant gliomas is the presence of the
BBB, which is a complex structure that comprises endothelial cells, pericytes, astroglia and perivascular
mast cells and acts as a barrier to most cells, pathogens and drugs circulating in the blood. The BBB is
compact in nature due to the presence of tight junctions between the endothelial cells of the vascular
layer that are closely stuck together. The BBB surrounds both the brain and spinal cord capillaries
and its compactness halts small molecules and ions from passing through the BBB and into the brain.
The tightness of the BBB stops integral membrane proteins from moving between the apical and
basolateral membranes of the cell, thus protecting the cell membrane from loss of function [58–60].

The tight junctions of the BBB have three fundamental proteins which are occludin, claudins,
and junctional adhesion molecules. Occludin and claudins form the pillar of junction strands. Whereas,
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when there is an immunologic response in the brain, the junctional adhesion molecules function
in the transport of lymphocytes, neutrophils, and dendritic cells from the vascular system. The
tight endothelial junctions and adherens junctions are made of cadherins and catenin proteins that
are responsible for the adherence of the BBB endothelial cells, forming a transelectrical resistance
>1500 Ω cm2. Although the BBB acts as a physical barrier, it still regulates the transport of metabolic
molecules to the brain for nutrition. Small molecules such as glucose or amino acids have specific
transporters that convey them to the brain. While, macromolecules such as cytokines and neurotrophils
enter the brain by receptor mediated endocytosis [61,62].

The BBB limits the passage of chemotherapeutic drugs with only low molecular weight, electrically
neutral, hydrophobic drugs able to cross the BBB with a preference towards molecular weight less
than 500 Da and lipophilicity expressed in log P as (2–3) [63]. Most chemotherapeutic drugs are
large, ionically charged, hydrophilic molecules and thus cannot easily cross the BBB at the levels
required for therapeutic effect, which means a large systemic dose is required. For example, irinotecan
hydrochloride, which is a potent anionic chemotherapy drug, possesses a molecular weight of 623.1 Da
and is hydrophilic in nature, therefore it will face difficulty crossing the BBB and accumulating in the
tumour in its initial administered dose. Even if the drug crosses the BBB, it can very quickly diffuse
back making it difficult to obtain constant drug levels in the brain after systemic administration.

8. Drug Delivery to the Brain

Two strategies, crossing the BBB and bypassing the BBB, are currently used for the delivery of
drugs to the brain. Crossing the BBB can take place via six main pathways: paracellular transport,
passive transcellular diffusion, carrier-mediated transport (CMT), receptor-mediated transcytosis
(RMT), adsorptive-mediated transcytosis (AMT), and cell- mediated transport. The normal physiology
of the BBB does not afford paracellular permeability [64]. However, it can take place when the BBB is
compromised in CNS disorders such as GBM, which could facilitate drug delivery to the brain [65].
Transmembrane diffusion allows for the intake of most of the compounds based on their molecular
weight and lipid solubility. Influx and efflux transporters facilitate mediated transport, which relies on
protein carriers that bind solutes and transport them from the luminal side of the BBB to the other side of
the membrane via passive or active transport mechanism [51]. Among the influx transporters are l-type
amino acid transporter (LAT1), glucose transporter (GLUT1), monocarboxylate lactate transporter
(MCT1), cationic amino acid transporter (CAT1), choline transporter (ChT), sodium-coupled glucose
transporters (SGLTs). Influx transporters facilitate particle uptake by the BBB. Efflux transporters, on the
other hand, mediate molecules exclusion form the BBB. These transporters are like p-glycoprotein (P-gp),
peptide transport system-6 (PTS-6), and breast cancer resistant protein (BCRP) [66–69]. RMT involves
the uptake of macromolecules by clathrin-mediated or caveolin-mediated endocytosis. This route
has been previously used to deliver both free drugs and nanoparticles into the brain [70]. RMT is
the route by which actively targeted drugs are internalized. Receptors expressed on the surface of
cells are recognized and bound by complementary ligands coating the drug loaded nanoparticles and
this complex structure enters the cell in vesicles coated with clathrin. This process is 1000 times more
efficient than pinocytosis [71]. The size of clathrin-coated vesicles is determined by the size of the drug
delivery vehicle which they carry [72]. Several receptors aid in transporting compounds across the BBB,
such as the insulin receptor, low-density lipoprotein (LDL) receptor, transferrin receptor, neonatal Fc
receptor and leptin receptor [73–77]. Whether internalization occurs by pinocytosis or RMT, the cargo
is delivered to the early endosome, which is of slightly acidic pH (6–6.8). The endosome has a sorting
function, where it either allows the recycling of molecules back to the plasma membrane or sends them
to late endosome and lysosome for degradation [78]. Whereas, caveolin-mediated endocytosis forms
caveolae which are invaginations in the plasma membrane that take the shape of small flasks that engulf
large molecules and transport them internally. AMT relies on the electrostatic interaction between
positively charged substances and the plasma membrane, leading to internalization of molecules
followed by their transport across the BBB. This pathway could be exploited by developing drugs
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or nanoparticles with positive charges or by conjugating the drug or nanoparticles with a positively
charged ligand [79,80]. CMT exploits the natural mechanism involved in inflammation with drugs and
nanoparticles engulfed by immune cells such as monocytes and macrophages [81,82]. In diseases such
as neuroinflammation, or GBM, immune cells such as leukocytes are transported towards the brain
parenchyma by chemotaxis and diapedesis processes. This process could be exploited in designing
drugs or nanoparticles that can be phagocytosed by leukocytes and thus transported into the brain.
The efficacy of free drugs and nanoparticles delivered by this natural mechanism, also known as the
Trojan Horse mechanism has been shown to increase. This mechanism allows for larger sized particles
to enter the brain, however, their larger size can result in increased toxicity [83–85]. There are a number
of options for bypassing the BBB. Intracerebroventricular (ICV) administration is performed through
an invasive procedure of skull penetration and drug injection directly into the brain. An implantable
reservoir or a pump is used to introduce the drug through an outlet catheter. The pump allows for
a constant drug supply at high concentrations. The ICV process is extremely invasive and can lead
to infections and increased intracranial pressure [86]. Intracerebral/intraparenchymal administration
involves the delivery of drugs directly into brain tissue either via stereotactic injection or by formulating
into an implant that can be implanted during resection surgery (i.e., Gliadel®) or via stereotactic
surgery. The issue with this type of delivery is that drug diffusion occurs slowly and allows drug to
travel only 2 mm from the injection/implantation site [86]. Convection Enhanced Delivery (CED) is a
slightly less invasive surgical procedure where catheters are placed inside the interstitial space of the
brain parenchyma. A drug solution is administered into the brain under a positive pressure gradient
using a pump, leading to a higher distribution volume compared to intracerebral/intraparenchymal
administration [86]. This procedure is still, however, invasive in nature and could subject patients to the
risk of infections, tissue injury and air bubbles. Furthermore, due to the high pressure used, the drug
solution could leak into sensitive areas of the brain, such as subarachnoid space [86]. Intrathecal
administration is considered one of the least invasive procedures, where drugs are injected into the
subarachnoid space of the spinal cord via a lumbar puncture where they reach the CNS parenchyma in
the cerebral spinal fluid [87]. However, possible side effects such as infections and adverse immune
response could occur due to this technique [87]. In addition, although the ICV and intrathecal techniques
can bypass the BBB and cerebrospinal fluid (CSF) hurdles, there remain the ependymal cell layer and
glial cells which come in the way between the CSF and the brain parenchyma limiting the efficacy of
drug diffusion to reach the brain parenchyma via these techniques [88]. Intratympanic administration
employs the route of the middle ear to administer drugs, which are transported via pinocytosis,
eventually reaching the brain where they bypass the labyrinthine barrier (BLB) which is similar to the
BBB. This route can be suitable for therapeutics up to 1 µm size [89]. Poly(d,l-lactide-co-glycolide)
(PLGA) nanoparticles were used to administer drugs via this route with promising efficacy [90].
Intranasal delivery is a non-invasive route of administration for bypassing of the BBB through spraying
drugs into the nasal cavity, where they diffuse extracellularly or via convection. Another route is
through olfactory sensory neuron termed intraneuronal transport or through trigeminal nerve, termed
intraneuronal transport [91]. The intranasal route is beneficial in terms of being convenient to patients,
allowing for rapid absorption and avoiding first pass metabolism [92]. Some other methods for crossing
the BBB have been investigated, most of which are invasive in nature, such as osmotic opening of the
BBB [93]. Other non-invasive methods have also been investigated, for example, the Trojan Horse
technology which relies on coupling drugs to genetically engineered proteins that can cross the BBB by
receptor mediated transport processes [94]. Such methods are also fraught with side effects and thus
alternative more effective and less toxic methods for delivery of drugs to the brain are needed in order
to improve the treatment of brain tumours [95].

9. Nanomedicine: A Non-Invasive Approach towards a Better Quality of Life

Nanotechnology has provided us with a promising tool that can be used to enhance the uptake
of drugs across the BBB [96,97]. This is because nanoparticles have the ability to be loaded with
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therapeutic agents and functionalized with multiple ligands that enable targeting and crossing of
the BBB. In this case, the ability to cross the BBB will not be dependent on the structure of the drug,
which cannot readily be altered, but on the physicochemical properties of the nanoparticles, which
can be altered. Nanoparticles are proposed to perform their action in delivering drugs across BBB by
concentrating the drug inside or at the surface of the BBB, which will result in a high concentration
gradient between blood and brain, encouraging passive diffusion of the drug into the brain [98].

Nanoparticles have the ability to diffuse into the leaky vasculature of tumour tissues by the
enhanced permeability and retention effect (EPR). This cancer-specific attribute is characterized by
poor lymphatic drainage allowing the accumulation of nanoparticles to reach concentrations much
higher than their concentrations in plasma [99]. The effective treatment of GBM can be accomplished
by achieving three main goals: (1) Improving the ability of chemotherapeutic agents to cross the BBB,
penetrate into brain tissue reaching the tumour tissue at therapeutic concentrations (2) Avoiding or
reducing side effects and (3) Sustaining therapeutic concentrations of the drugs at the site of the tumour,
increasing their half-life and avoiding rapid clearance [99].

10. Physicochemical Properties of Nanoparticles

The different physicochemical properties of nanoparticles such as the particle size, surface charge,
hydrophobicity and coating material have an impact on the targeting process. They also impact the
interaction of particles with the cell membrane and passage through biological body barriers [100]. Size
is an important factor that allows transport of nanoparticles in the blood stream and enables delivery of
nanoparticles to the site of the tumour. Small sized nanoparticles can easily reach the leaky blood vessels
of the tumour, however, they can extravasate into the normal tissues [101]. Therefore, optimization
of nanoparticles size can enhance their uptake into tumour tissues. The shape of nanoparticles is
also of importance as it influences the fluid dynamics and thus particle uptake. The current trend
is towards using spherical nanoparticles owing to the ease in their synthesis and application [102].
In addition, the stability of nanoparticles is affected by their surface charge which also impacts their
distribution in the bloodstream. Previous studies have shown that positively charged nanoparticles
could be more effective in targeting tumour vessels. However, this has been replaced by neutrally
charged nanoparticles which extravasate quicker into the tumour tissue [103].

11. Nanoparticles as a Treatment for Malignant Gliomas

A range of different nanoparticle formulations have been investigated to deliver chemotherapeutic
drugs to the brain. The majority of these formulations have utilized polymers that have met the strict
requirements needed to be accepted for biological applications [104]. During recent years, nanoparticles
for the treatment of CNS diseases such as GBM have received significant attention [105,106]. With
systemic administration of free drug, a small percentage of the drug crosses the BBB with non-specific
accumulation in off target tissues resulting in serious unwanted side effects. Therefore, the use
of nanoparticles for delivery to the brain has the potential to increase the percentage of drug that
crosses the BBB while reducing non-specific accumulation in other tissues [107,108]. For example,
gadolinium-loaded nanoparticles increased the level of gadolinium 100 fold when compared to
free gadolinium [109]. The manufacture of nanoparticles has improved in the last few years with
optimization of drug loading, encapsulation efficiency and release profile. Furthermore, improvements
in the stealth capabilities of nanoparticles have increased their protection from agglutination with
proteins in the blood, enabling them to avoid being cleared from the blood by the reticuloendothelial
system (RES). Nanoparticles whose surface has been modified with ligands have been used to facilitate
imaging of brain tumours nanoparticles [110,111]. PEGylation of nanoparticles has been widely
used in drug delivery in order to protect nanoparticles from blood protein interaction and from the
RES [112,113]. Dawson et al. demonstrated that the PEGylation of nanoparticles completely prevented
their interaction with proteins in the plasma. However, other studies have shown that PEGlylation
does not completely prevent the interaction between proteins and nanoparticles in the blood [114].
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Nanoparticles offer a non-invasive method for drug delivery to the brain. However, they need to be
optimized in relation to size, release kinetics, chemical properties, while modifying their surface could
improve their ability to cross the BBB as well as protecting the drug from the biological environment
and enhancing drug solubility [115]. Nanoparticles for drug delivery to the brain need to meet certain
essential requirements to be most effective, with reduced toxicity. The requirements include non-toxic,
biodegradable, prolonged circulation period, no aggregation in the blood, good encapsulation efficiency
and the ability to cross the BBB [116].

12. Routes of Administration of Nanoparticles in the Treatment of Malignant Gliomas

There are three main routes of administration for nanoparticles designed to treat brain tumours:
(1) direct delivery to the brain; (2) direct systemic delivery to the brain and (3) indirect systemic delivery
to the brain.

Direct delivery to the brain offers a way of bypassing the BBB by direct injection of the nanoparticles
into the brain. CED has been used to infuse a nanoparticle suspension directly into brain tissue. Lollo
et al. used CED to deliver 10 µL of paclitaxel-loaded lipid nanocapsules directly into the brain of
mice. The results showed that the overall survival of mice treated with the lipid nanocapsules was
significantly increased in comparison with mice treated with free paclitaxel [117,118]. Fourniols et al.
described the direct injection of a photopolymerizable hydrogel containing TMZ-loaded micelles to the
brain using a syringe to inject through an incision drilled in the skull. The TMZ-loaded micelles and
injection were well tolerated while the hydrogel improved the drug release profile [119]. The major
limitations of direct delivery to the brain is its invasive nature, the risk of infection and the need
to control critical parameters such as pH and osmolarity which if not optimized may lead to brain
damage [120]. Direct systemic delivery to the brain is where nanoparticles are directly administered
into blood stream through carotid artery and transported to the brain avoiding the rest of the systemic
circulation. This technique has shown improved survival compared to CED with reduced risk of
brain damage [121]. Huynh et al. administered ferrociphekunol-loaded nanoparticles to the brain of
GBM inflicted rats using both CED and direct systemic delivery. Direct systemic delivery provided
a survival of 28 days compared to 24 days for the CED group. The results indicated that direct
systemic delivery could provide a modest increase in survival when compared to direct delivery
to the brain [120,122]. Indirect systemic delivery involves the delivery of nanoparticles into the
systemic circulation via routes of administration that require absorption such as oral, topical, nasal,
and peritoneal administration. The major advantages of oral administration are the convenience,
non-invasiveness, and patient compliance. Kumar et al. administered two curcumin formulations
(nanoparticles and plain suspension) orally to a rat intestinal ex-vivo model. The results showed that
the bioavailability of nanoparticles formulation was 12 times greater than the plain suspension [123].
Intraperitoneal administration is widely used as an indirect systematic delivery method by injecting
the drug into peritoneal tissue. It is used when administering large doses or when it is difficult to
locate a vein for direct systemic delivery [124].

13. The Chemistry of Coating and Bioconjugation of Nanoparticles

Tumour tissues with their leaky vasculature allow the passive accumulation of particles from
10 to 200 nm in size by the EPR effect. However, chemotherapeutics penetration over time becomes
challenging due to the increased interstitial pressure and the dense structure of the tumour tissues
caused by hydrophobic regions in the brain extracellular space which block therapeutic particles,
by steric hindrance, from accessing the tumour. Instead, chemotherapeutics diffuse towards the tumour
edge and leak to blood vessels formed by angiogenesis. Additionally, nanoparticles are spotted by the
RES as foreign particles and cleared by phagocytosis [125,126].

Advanced nanomedicine research has focused on developing stealth nanoparticles, which are
designed with special coatings such as polyethylene glycol (PEG) that mask them from the RES
system allowing them to circulate for longer in the bloodstream increasing tumour penetration and
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physiological stability. Furthermore, the coating enables targeting of brain tumour tissues in a more
specific manner than uncoated particles [127,128]. Such coated nanoparticles are chemically and
physically developed using different techniques which involve grafting, coprecipitation and surface
adsorption [129]. Such bioconjugation involves using coatings that are either biological in nature or
synthetic but specifically designed for biological applications [130].

Nanoparticles could have their surface modified through covalent and non-covalent ligand binding
Covalent binding takes place via either disulphide bonds, primary amines cross linking, primary
amine-carboxylic acid reaction, maleimide-thiol reaction, aldehyde-hydrazide reaction and primary
amine-free aldehyde reaction [131]. Bioconjugates are also formed by using reactive crosslinking
agents or reactive groups that aid in the coupling reaction. Some secondary activating agents could
act as intermediates in the coupling process that facilitate binding specific functional groups. This
process is specific in nature and resembles the selection of building blocks in order to create the whole
structure. Affinity molecules act as an important part in the functionalized entity and they aim at
targeting biomolecules [130].

Non-covalent or physical interaction between targeting ligands and nanoparticles does not involve
chemical bonds, however, it may not create as strong a binding as is the case in covalent binding [132].

The process of PEGylation could take place by coupling with linear or branched PEG molecules
which provides a more stable structure with enhanced water solubility and half-life while reducing
cytotoxicity and adverse immune response [133,134].

Surfactants offer a major advantage for nanoparticles by helping them penetrate the BBB as well
as enhancing their uptake by tumour cells. These surfactants could be polysaccharides, poloxamers
or polysorbates. A study reported that Polysorbate 80 (p80) coated polymeric nanoparticles carrying
paclitaxel had enhanced uptake by GBM cells due to the coating masking them from the P-gps, which
are responsible for drug resistance, as well as by allowing their penetration of the BBB [135]. Previously
published studies have demonstrated the beneficial role of p80 and Poloxamer 107 as surface ligands
in facilitating transport across the BBB with proven efficacy in GBM rats [70,136–138]. However,
the main issue with these particles is that they could only travel through endothelial cells to neurons
in close proximity with the BBB, via cell to cell processes. As a result, the parenchyma barrier of the
brain tumour will remain unpenetrated. Therefore, the focus on developing nanoparticles that can
exceed this hurdle is necessary for a better treatment response. Another study used a similar approach
of coating their PLGA nanoparticles with two different surfactants (p80 or poloxamer 188) for the
intravenous delivery of two model drugs; loperamide and doxorubicin to the brain. Good efficacy
was observed in rats containing an intracranial GBM when treated with doxorubicin loaded particles,
while an analgesic effect was observed in mice when treated with the loperamide loaded particles,
which confirms successful transport across the BBB at therapeutic levels. On the other hand, uncoated
nanoparticles used in the same study had no effect for either drugs [127].

Other targeting moieties have been investigated for the treatment of malignant gliomas. Kuo and
Chen (2015) reported that using lactoferrin and folic acid as grafting ligands for PLGA nanoparticles
were effective in crossing the BBB and delivering etoposide in GBM U87MG cells [139]. Lactoferrin and
folic acid coated nanoparticles had aided in the permeability of etoposide by almost 2-fold as compared
to the uncoated nanoparticles. This resulted in a two-fold tumour suppression by the etoposide-loaded
nanoparticles when compared to the free etoposide over 48 h. Furthermore, these nanoparticles
were prepared with a cationic surfactant, didodecyl dimethyl ammonium bromide (DMAB) which
was previously reported to enhance the affinity of the nanoparticles to the walls of arteries allowing
for their uptake via AMT [140,141]. Other studies also highlighted the role of lactoferrin and other
blood proteins (transferrin, insulin and leptin) as surface ligands in traversing through the BBB by
RMT [77,139,142].

Another study demonstrated that a hydrogel made of polymeric micelles coated with polyethylene
glycol dimethacrylate could provide sustained release of TMZ over a 1-week period in GBM bearing
mice. This study indicated a dramatic decrease in the tumour volume following treatment with
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the TMZ photopolymerized hydrogel as well as increased apoptosis as compared with the other
groups [119].

Dual coating of polymeric nanoparticles is also an interesting therapeutic trend. A study
investigating polymeric nanoparticles with PEG and a covalently attached ligand called peptide-22
was shown to enhance BBB permeability, recognition by LDL receptor on the surface of glioma cells
and increased delivery of paclitaxel [143]. The benefit of dual coating was further investigated in a
study that coated PEGylated PCL nanoparticles with angiopep-2 which is a peptide that facilitates BBB
permeation and drug delivery in glioma cells. This study has also employed cell penetrating peptides
to allow deep permeation towards glioma cells and delivery of docetaxel which improved the rate of
survival in glioma afflicted mice [144].

Another targeting protein moiety named EGFP-EGF1 was bound to polymeric nanoparticles
carrying paclitaxel to form a dual coating alongside PEG aimed at targeting glioma in mice. This
targeting protein has specific affinity towards tissue factor over-expressed in glioma cells therefore
provided better penetration than non-fused nanoparticles. This study has reported enhanced apoptosis
and necrosis and extended time of survival for mice treated with PLA-PEG-EGFP-EGF1 compared to
the other groups [145].

An in vitro study using murine glioma cell lines C6 and F98 compared the cytotoxicity of etoposide
loaded and unloaded PLGA nanoparticles with and without surface coatings. Their results have
indicated enhanced cytotoxic effect on both glioma cell lines as compared to unloaded nanoparticles or
free drug [146]. Surface coating of PLGA nanoparticles with protamine, which is a cationic protein that
enhances drug transport across BBB, also significantly improved the delivery of cisplatin in bovine
endothelial cells and also were cytotoxic in U87 GBM cells [147].

14. Drug-Loading of Nanoparticles

Drugs employed in the treatment of cancer can be loaded either by entrapment within, adsorption
on or by covalently bonding to the nanoparticle [148]. The process of drug entrapment could take place
either during or after the process of nanoparticles manufacture. Several factors, such as the solubility
of the chemotherapy drug in the nanoparticles matrix, the molecular mass of the drug, the type of
interaction between the drug and the nanoparticles and the functional groups on the surface of the
nanoparticles influence their loading process [148].

The method of drug loading could result in drug within the core or on the surface of the
nanoparticles. Drugs loaded on the surface by covalent bonding or physical adsorption as for example
by electrostatic interactions between the nanoparticle and drug usually exhibit low stability and become
pH liable [149,150]. Drugs entrapped within the nanoparticles usually have greater stability and tend
be released over a sustained period of time.

15. Polymeric Nanoparticles for the Treatment of Malignant Gliomas

Polymeric nanoparticles are defined as submicron colloidal nanoparticles and are used as carriers
for different drugs such as chemotherapeutic drugs which are either adsorbed on the surface or
encapsulated within the nanoparticles [151]. There are many types of polymers which have been
used in the manufacture of nanoparticles, such as poly(lactic acid) (PLA), poly(ε-caprolactone) (PCL),
poly(butyl-cyanoacrylate) (PBCA), poly(glycolic acid) (PGA), PLGA and poly (amino acids). PLGA,
PGA, PLA are the most extensively utilized polymers in drug delivery to the brain, because of
their biocompatibility and low toxicity compared to other polymers [152]. They all degrade into
lactic acid and glycolic acid that enter into the Krebs cycle where their metabolites are eliminated
as carbon dioxide and water from the body [153]. Polymeric nanoparticles have advantages over
other types of nanoparticles such as improved release kinetics, better compatibility with some active
agents, no oxidation issues as with phospholipids and improved shelf-life [154–156]. The successful
development of polymeric nanoparticles for drug delivery to the brain will require an understanding of
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the molecular weight, crystallinity and stability of the polymers as well as physicochemical properties
of the drug [157].

The first polymeric nanoparticles developed to deliver drugs to the brain was performed by
Kreuter et al. The BBB penetration of dalargin was significantly increased by formulating it into
PBCA nanoparticles [158]. In 2001, Kreuter et al. used the same dalargin-loaded PBCA nanoparticles
coated with p80, to increase penetration into brain tissue. This nanoparticle formulation was utilized
for the delivery of other drugs, such as doxorubicin and loperamide into the brain [70]. Calvo et al.
prepared PEG-PHDCA (poly(hexadecyl cyanoacrylate)) nanoparticles which demonstrated a greater
accumulation in the brain when compared to the p80 formulation, which may be due to passive diffusion
or intake via macrophage [159]. The density of the PEG coating on the surface of the nanoparticles can
affect the level at which they cross the BBB. Vila et al. produced PEG-PLA nanoparicles with different
densities of PEG coating and demonstrated that the smaller nanoparticles with the highest density of
PEG had a greater accumulation in the brain [160].

16. Targeted Polymeric Nanoparticles for the Treatment of Malignant Gliomas

The active targeting of polymeric nanoparticles via surface modification with ligands that bind to
target molecules on the surface of cancer cells or other cells within the body is a significant development
in nanotechnology [161]. Table 1 shows examples of developed targeted polymer nanoparticles as
targeted drug delivery system for treatment of malignant gliomas. The affinity ligands bind directly
to antigens that are differentially overexpressed on the plasma membrane of cells or to extracellular
proteins on the target tissue [161]. Active targeting of nanoparticles can be used for either extracellular
or intracellular delivery of drugs. Nanoparticles are more effective if they are targeted to intracellular
sites [154,162]. For example, Alexis et al. demonstrated increased cytotoxicty of paclitaxel-loaded
nanoparticles using a ligand targeted to the extracellular domain of the trans-membrane human
epidermal growth factor receptor 2 (HER-2) when compred with non trageted nanoparicles. This
increase in cytotoxicty was due to an increased cellular uptake by the targeted nanoparticles [163].
Studies have confirmed that enhancing cellular uptake is the most important role of using targeted
nanoparticles [164,165]. Targeted nanoparticles can have either single or multi ligands attached to
their surfaces. To date, most researchers have prefered to use a single ligand as multi-ligands are
associated with some disadvantges, particulalry when used for penetration of the BBB and tumour
cells. For example, multi-ligands influence drug release as well as the mobility of the nanoparticles.
Furthermore, competitive binding and/or an interaction between ligands may reduce the targeting
effeciency of the nanoparticles [166].

Transferrin receptors and low density lipoprotein receptor related protein (LRP) are known to
be overexpressed on glioma cells [166]. These two receptors have been used to target polymeric
nanoparticles to glioma cells by attaching the anti-transferrin and angiopep ligands to their surface.
Anti-transferrin can cross the BBB through transferrin receptors while the angiopep ligand binds to
LRP on the surface of glioma cells [166,171]. The transferrin receptor is the most widely characterized
receptor-mediated transport system, which provides an efficient cellular uptake and is over expressed
in numerous tumour cells [167]. The targeting of BBB of an in vitro model has increased 20-fold
with transferrin-PLGA nanoparticles compared to non-coated PLGA nanoparticles. Chang et al.
demonstrated, using an in vitro model of the BBB, that transferrin-PLGA nanoparticles had a 20 fold
increase in uptake by the BBB when compared to un-coated PLGA nanoparticles. The uptake of the
transferrin-PLGA nanoparticles by the BBB was by endocytosis [167]. The major disadvantages of
using transferrin as a ligand for nanoparticles is the competition with endogenous transferrin for
receptor binding. This may result in reducing the cellular uptake and thus the effectiveness of the
nanoparticles [178]. An antibody directed against the transferrin has been used as an alternative ligand
to the endogenous transferrin as it binds to an epitope of the transferrin receptor which is located at a
different location from transferrin binding. Therefore, the nanoparticles have less binding competition
as they do not interfere with the transferrin intake mechanism. This will increase their cellular uptake
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and thus their effectivness [179]. Different antibodies such as OX26 (anti-rat TfR mAbs), R17-217 and
8D3 (both anti-mouse TfR mAbs) have been developed for enhancing brain uptake. OX26 mAbs has
been shown to have a high affinity for cells that overexpress transferrin, including GBM cells [180,181].
The level of brain uptake for each of the antibodies is different. For example, the brain uptake of 8D3
mAbs was relatively high compared to R17-217 mAbs. 8D3 and R17-217 mAbs were more selective for
brain than liver and kidney [182]. Rmalho et al. developed receptor mediated TMZ-loaded PLGA
nanoparticles for GBM treatment functionalized with an OX26 mAbs. The cellular internalization of
the OX26mAbs nanoparticles was signifcantly enhanced compared to the PLGA nanoparticles with no
mAbs [176].

Table 1. Examples of developed targeted polymer nanoparticles as targeted drug delivery system for
treatment of brain tumours malignant gliomas.

Polymer
Type Loaded Size

(nm) Targeting Strategy Targeted Site Ref.

PLGA Dil 90 Transferrin Transferrin receptors [167]

PMLA Antisense ON 25 mAbs antisense oligonucleotides
(AONs)

(proteins)
laminin-411 [168]

PEG-PCL Paclitaxel <100 Angiopep LRP [169]
PEG-PLGA Coumarin 6 125 Peptide (12 amino-acid) Peptide [170]

PEG-PCL Paclitaxel
Rhodamine 90 Angiopep LRP [171]

PLGA Methotrexate 85 Transferrin Transferrin receptors [166]

PEG-PLGA Doxorubicin 100–300 Endogenous tripeptide thiol
(glutathione)

Glutathione
transporters [172]

PLGA Loperamide 100 mAbs (8D3) Transferrin receptors [173]
PLGA Curcumin 100 Magnetic guidance Peptide (T7) Transferrin receptors [174]
PLGA Doxorubicin 120 Poloxamer 188 LRP [175]

PEG-PLGA TMZ 19 mAbs (OX26) Transferrin receptors [176]

PLGA Paclitaxel 230–255 Tripeptide(RGD) Superparamac
iron oxide (SPIO) αvβ3 integrin [177]

Another approach to enhancing the uptake of nanoparticles by the BBB is to coat them with
a polymer that will facilitate cellular uptake. As discussed earlier about the role of surfactants in
coating, Kreuter demonstrated that intravenously injected doxorubicin-loaded p80-coated nanoparticles
had a 40% cure rate in rats with intracranially transplanted GBMs. Although not fully elucitated,
he hypothesised that the most likely mechanism for transport of the nanoparticles across the BBB was
endocytosis by the endothelial cells lining the brain blood capillaries. Coating the nanoparticles with
p80 lead to the adsorption of apolipoprotein E from blood plasma onto the nanoparticles’ surface.
The particles then mimiced LDL particles and could thus interact with the LDL receptor leading to
their enhanced uptake by the endothelial cells [70]. The first polymeric nanoparticles for penetration
of the BBB were investigated by Schröder et al. in 1995. PBCA nanoparticle coated with p80 enhanced
BBB penetration of hexapeptide dalargin-loaded nanoparticles [183]. Wohlfart et al. demonstrated,
using a rat glioma model, that poloxamer 188-coated PLGA nanoparticles enabled the delivery of
doxorubicin across the BBB in the therapeutically effective concentrations. The basis for their transport
across the BBB was hypothesised to be adsorption of blood apolipoproteins (ApoE or ApoA-I) onto the
nanoparticles surface due to the poloxamer 188 coating, followed by RMT of the nanoparticles [184].
Manlioovskaya et al. demonstrated that these same nanoparticles entered U87 human GBM cells
via clathrin-mediated endocytosis. They also demonstrated that the nanoparticles released their
doxorubicin via diffusion rather than by intracellular degradation [175]. These studies prove that PLGA
nanoparticles coated with poloxamer 188 could improve the delivery of doxorubicin and potentially
other chemotherapeutic drugs into brain tumours.

Another promising LPR ligand for delivering nanoparticles to the CNS and BBB penetration is
angiopep. It is from a peptide family that is derived from aprotinin and human proteins [185]. The
transcytosis capacity and parenchymal accumulation of angiopep-2 is much greater compared to
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transferrin [186]. The ability of angiopep to facilitate penetration of the BBB of polymeric nanoparticles
has been confirmed in a number of studies [169,187]. Xin et al. fabricated dual targeting nanoparticles
to improve the drug delivery of paclitaxel to glioma cells. Angiopep-PEG-PCL nanoparticles were
highly endocytosed by U87 GBM cells compared with non-targeted PEG-PCL nanoparticles. These
nanoparticles have also shown higher penetration, distribution, and accumulation in 3D glioma
spheroids as well as increased efficacy in U87 tumour bearing mice [169,171].

17. Challenges Associated with Nanomedicine as a Treatment for Malignant Gliomas

17.1. Reticuloendothelial System

The RES also termed the mononuclear phagocyte system (MPS), possesses cellular and noncellular
components. Phagocytes could cause the clearance of nanoparticles by binding to them and triggering
cytokine cascade, which causes inflammation [188]. Moreover, macromolecules such as proteins and
lipids and others could attach to the surface of the nanoparticles forming a biological corona that gets
recognized by the immune system and cleared from the blood stream [189]. This challenge could be
overcome by surface modification of the nanoparticles that could conceal them from being recognized
by the RES and allow their existence for longer periods in bloodstream. Surface modification is done
using zwitterionic ligands such as cysteine, glutathione or by PEGylation [188]. In a study performed by
Choi et al. using zwitterionic (cysteine) or neutral dihydrolipoic acid ((DHLA)-connected polyethylene
glycol; DHLA-PEG) coatings to coat quantum dots has prevented adsorption of serum proteins and
enhanced their renal clearance [190]. An in vivo study showed that using nanoparticles of PEGylated
human serum albumin loaded with paclitaxel accomplished long systemic circulation of more than 96
h and enhanced accumulation in the tumour providing high efficacy against cancer and extension in
the life span of animals [191]

17.2. Renal System

The main obstacle facing nanoparticles with the renal system is the process of blood filtration.
Nanoparticles will follow certain routes by passing through fenestrated endothelium that has 70–100 nm
pores, then they will go through the capillary endothelium and podocytes that are programmed to
clear particles sized between 2 and 8 nm, whereas nanoparticles >8 nm will face difficulty crossing
the glomerular filtration barrier. In addition, the fact that the glomerular basement membrane carries
a negative charge, cationic nanoparticles (2–6 nm) will exhibit more renal clearance than neutral
or anionic same sized nanoparticles [188]. The shape of a nanoparticle could also influence renal
clearance, with enhanced clearance of rod shaped nanoparticles of size 0.8–1.2 nm diameters as
reported by Ruggiero et al. [192]. Size exclusion is a major challenge that affects the overall benefit
of using the nanoparticles. The solution to this problem could lie through developing nanoparticles
of biodegradable materials that can break down into particles prone to renal clearance. However,
this could result in premature release of the therapeutic agents before reaching their target site [193].
Therefore, in designing nanomedicines for clinical applications, it is necessary to keep the balance
between formulating nanoparticles that have renal clearance to avoid long term toxicity as well as
maintaining the therapeutic levels of the drugs in the plasma [188].

17.3. Blood Brain Barrier

As mentioned previously, the BBB is a barrier consisting of tight junctions that limit the entry of
nanoparticles into the brain. However, nanoparticles with ligands attached have been used to pass
through the BBB by the receptor mediated endocytosis [188].

17.4. Pathophysiological Barriers in Cancer

The composition and structure of the tumour extracellular matrix and its vasculature vary
according to the nature of the cancer, it’s position and stage, alongside personal characteristics [188].
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Therefore, deep penetration of the nanoparticles could be difficult to achieve [194]. Three steps
are involved in the transport of pharmaceutical agents to tumour cells. These involve flow of the
nanoparticles through blood vessels, then passage through the walls of the blood vessels, eventually
crossing the interstitial space to reach the tumour site. The morphological discrepancy between
tumour and normal tissues affect the delivery of the therapeutic agents. The abnormal environment of
tumourous tissues results in leaky vessels, abnormal blood flow, dysfunctional lymphatic vessels and
vascular hyperpermeability that causes interstitial hypertension. The high pressure of the interstitial
fluid and dense extracellular matrix hinder the process of diffusion [195,196]. Several strategies
have been addressed to enhance drug delivery such as: (1) Normalization of tumour vasculature
by using antiangiogenic agents that repair the imbalance that took place between the overexpressed
proangiogenic and antiangiogenic factors in tumour tissues [196]. This approach has rapidly normalized
the tumour microenvironment and reduced vessel size and vascular permeability in GBM patients
after receiving cediranib as an antiangiogenic therapy [197]. In a preclinical study, surface modified
nanoparticles (20–40 nm) could successfully penetrate into breast cancer tissues following vascular
normalization therapy [198]. Nevertheless, normalized vasculature would not grant entry to extra large
nanoparticles due to the reduced pore vessel size. In addition, vessel normalization is impermanent
and requires drug administration within the normalization period [196]. (2) Normalization of tumour
matrix that is mainly composed of collagen and glycosaminoglycan. The normalization process is
based on degrading such components to improve nanoparticles penetration. Bacterial collagenase
treatment has been administered in high collagen containing tumours such as HSTS26T sarcoma and
Mu89 melanoma and has improved penetration of IgG antibodies (4.5 nm size) by two fold [199].
Also, interstitial distribution of herpes simplex virus (size 75 nm) was improved by three-fold [200].
Other strategies have been suggested to improve penetration of nanoparticles into cancerous tissues.
Inhibiting growth factor-β in pancreatic adenocarcinoma was reported to enhance the penetration of
polymeric nanoparticles 100 nm in size [201]. Alternatively, using multi-staged nanoparticles could
enhance drug delivery in cancer. This involves using large nanoparticles that have longer half-life in
the blood stream [202]. These large particles dissociate upon entry into the tumour microenvironment
and release smaller nanoparticles that diffuse on a deeper level into the tumour tissue. A multistage
nanoparticle system (100 nm) was engineered with a gelatin core to dissociate and release nanoparticles
(10 nm) when it comes in contact with matrix metalloproteinases, for a deeper tumour penetration [203].

Designing nanoparticles that can have deep penetration into tumour tissues are under development.
Additionally, smart nanoparticles are being developed that can respond to the surrounding conditions
and allow a better bioavailability for treatment [204].

17.5. Multidrug Resistance

Multidrug resistance (MDR), whether hereditary or gained by long term exposure to drugs,
involves discharge of drugs outside the cells leading to reduced drug concentration and efficacy inside
the cell lumen. Cancer cells can be resistant to chemotherapeutic drugs causing increased toxicity of
healthy cells which get exposed to drugs that get ejected by cancer cells. Some chemotherapy drugs that
cancer cells are resistant to include taxanes, anthracyclines and vinca alkaloids [205]. In cancer, MDR
usually comes from overexpressed P-gp which is an ATP-binding cassette (ABC) transporter that acts
as an efflux pump with the ability of binding many various hydrophobic drugs [206]. Such transporter
is present in several organs such as brain, liver and placenta, for example and it functions by protecting
organs from toxins [207]. Some other MDR associated proteins involve MDR-associated protein-1 and
the breast cancer resistance protein (BCRP) [208]. Efflux pump inhibitors such as verapamil (covera) and
cyclosporine have been investigated and are emerging as first-generation antagonists [209]. Addressing
MDR in cancer has involved the exploitation of nanoparticles drug delivery systems in encapsulating
chemotherapy drugs. Liposomes nanoparticles encapsulating doxorubicin and verapamil have been
formulated for the targeted inhibition of P-gp [210]. Furthermore, hybrid nanoparticles of lipids and
co-polymers were developed and loaded with doxorubicin and GG918 to target BCRP [211]. Both
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of the previously stated studies have accomplished higher cytotoxicity against leukemia and breast
cancer cell lines, respectively, compared to free drug administration. PCL polymer was also employed
alongside other co-polymers in the development of micelle nanoparticles of siRNA to target MDR-1
and perform silencing of the gene responsible for P-gp expression [212].

18. Clinical Transition of Polymeric Nanoparticles

Polymeric nanoparticle formulations utilizing different polymers, coatings and targeting ligands
have been introduced into the clinic. As can be seen from above a wide range of different nanoparticle
delivery systems have been investigated pre-clinically, which may lead to more nanoparticles reaching
the clinic. Furthermore the FDA has approved a range of different routes of administration for
nanoparticles, such as systemic, local, and oral administration [213]. The main route of administration
used in most preclinical and clinical studies is intravenous administration due to the nanoparticles
being able to reach all parts of the body giving them a high potential to influence clinical care by
targeting both the primary cancer and any associated metastasis [214,215]. All of the nanoparticle
formulations approved for cancer treatment are liposomal formulations. The first approved nanoparticle
formulation was PEG-functionalized liposomal doxorubicin (Doxil) in 1995, and the most recently
approved nanoparticle is irinotecan liposomal formulation (Onivyde) [216,217]. The majority of all
approved liposomal nanoparticle formulations are not PEGylated except for Doxil and Onivyde,
which have been shown to have advantages over non-PEGylated nanoparticle formulations even
with their low amount of PEG [213,218]. Preclinical research performed in the 1970s, 1980s, and
1990s, using polymers as controlled release systems for drug delivery has led to a number of clinically
approved products [161]. The clinical success of using polymers for controlled release, and the
ability to manufacture polymeric formulations on the nanoscale have driven the research of polymeric
depots away from the macro/micro scale to the nano scale [219]. A Number of PEGylated polymeric
nanoparticle formulations such as SP1049C, NK911, and Genexol-PM are in early phase clinical trials
for various types of cancers [220–224]. SP1049C is a pluronic polymeric micelle nanoparticle containg
entrapped doxorubicin, that is currently evaluated for patients with esophagus and esophageal
junction metastatic cancer in a phase II clinical trial [220]. The other two polymeric nanoparticles, K911
(doxorubicin-loaded PEG-poly(aspartic acid)) and Genexol-PM (paclitaxel-loaded PEG-PLA) are in
phase II clinical trials for various cancers [221,223]. These first generation, polymeric nanoparticles
have shown promising effect for various cancers with wider therapeutic windows and lower side effects.
However, these nanoparticles are associated with number of limitations related to targeting, therefore
targeted polymeric nanoparticles are now under preclinical and clinical investigation [161]. The first
targeted polymeric nanoparticles to reach the clinic is BIND-014, which is composed of a prostate
specific membrane antigen (PSMA) conjugated to a docetaxel-loaded PLGA nanoparticles [161,223].
There are only two other targeted polymeric nanoparticles currently in clinical trials, CALAA-01 (phase
I), and SEL-068 (phase I) [225–227]. The synthesis of targeted nanoparticles is complex and is difficult to
scale-up. The tuning of ligand density is very difficult because the target ligands attach to the surface of
the pre-prepared nanoparticles through post-coupling processes. In order to achieve a high efficiency
of the coupling of the ligands excessive amounts of reagents and purification techniques for removing
unbound ligands are needed. These issues have lead to batch-to-batch variability and difficulty in
reproducing the surface properties. Consequently, the clinical transition for targeted nanoparticles
will be difficult unless they are prepared using pre-functionalized polymeric materials and minimum
number of components [161,228]. However, this will require the development and registration of new
polymeric excipients.

19. Conclusions

Malignant gliomas remain to be among the most aggressive forms of tumours that may not
respond to most of the conventional treatments of chemotherapy and RT. This in fact is attributed
to the selective nature of the BBB that prevents most particles from entry inside the brain including
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therapeutics. Moreover, conventional management strategies for glioma only allow patients some extra
time to survive while struggling with deleterious side effects that develop mostly from the invasiveness
of the treatment approaches. Nanomedicine is a flexible and non-invasive therapeutic field that allows
the design of materials with nanometer size dimensions to act as drug carriers and delivery agents
crossing the BBB via targeting ligands and special coatings. Such designed nanoparticles will aim only
towards receptors of interest that are overexpressed on tumour tissues, for instance, while sparing
normal tissues. The promising pre-clinical data have paved the way for more nanoparticles to be
introduced in the clinic. The FDA has approved various routes of administration of nanoparticles with
a preference towards the intravenous route which offers advantages towards treatment of metastasized
tumours. Polymeric nanoparticles are gaining more attention for the treatment of malignant gliomas
owing to their biodegradable and biocompatible behaviour inside the human body and the unlimited
designs and characteristics they can be manipulated into. Polymeric nanoparticles can be extra
advantageous when PEGylated as discussed earlier in this review. However, further efforts are needed
to optimize their size, drug loading capacity and release of hydrophilic and hydrophobic drugs, taking
in consideration the different physicochemical properties of drugs and the physiological barriers that
may hamper their success.
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