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Abstract: Glioblastoma multiforme (GBM) is a typical category of the most common and aggressive brain tumors,
with a high incidence in older adults, particularly in males. Although the etiology of GBM has not been fully eluci-
dated, yet it is characterized by highly proliferative activity in the glial cells. Its complete resection is impossible, and
radiotherapy is not always efficient for complete relief. Thus, GBM remains a therapeutic challenge in neuro-
oncology as there is no treatment that provides significant improvement in the survival rate of patients. In this regard,
the identification of newer drug therapy for the treatment of GBM is gaining popularity. However, identifying new
targets and developing new leads for screening suitable drug candidates require the investment of resources like time,
money, and efforts. It has been observed in many research studies that the use of polyunsaturated fatty acids (PUFAs)
as therapeutic moieties for cancer treatment has yielded significant interest owing to their cost-effective availability,
limited side effects, and insensitivity towards drug resistance. Nevertheless, the implications of nanostructured thera-
peutic systems in delivering the PUFAs can provide significant improvement in their biopharmaceutical performance
and antitumor activity over the existing alkylating agents used as chemotherapeutic drugs in GBM. Currently, vari-
ous studies have shown that PUFAs, especially y-linolenic acid (GLA), have selective tumoricidal action and the
ability to reduce antioxidant contents of the glioma tumor cells. In this regard, the present review endeavors to pro-
vide an insight into the applications of nanomedicinal drug carriers used for delivering the PUFAs for the effective

treatment of GBM and associated diseases.
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1. INTRODUCTION

In 2016, World Health Organization (WHO) upgraded the clas-
sification of tumors of the central nervous system in both ways,
conceptual and practical [1]. In addition to histology, to explain
many tumor units, WHO uses molecular parameters to decide how
CNS tumor detection systems should be designed in the molecular
era [1]. According to the histological analysis, gliomas can be cate-
gorised into low-grade gliomas and high-grade gliomas. Low-grade
gliomas (LGG) include grade 1 tumors as slowly proliferative
gliomas and grade 2 infiltrative LGG. Third and fourth-grade
anaplastic infiltrative gliomas are included under high-grade glio-
mas (HGGs), referred to as glioblastoma multiforme (GBM) [2]. In
predicting prognosis and helping make the best decisions for the
treatment, molecular classification plays an important role [2]. In
terms of their molecular temperament, GBM is very much hetero-
geneous and has high genomic instability and intra-tumor variabil-
ity [3]. Such types of cancers require a “magic bullet” type drug
delivery system for reaching the tumor cells.

Various conventional cancer treatment approaches, like chemo-
therapy and radiotherapy, damage the cancer cells due to their cyto-
toxic effects [4, 5]. However, there are some limitations associated
with these treatments, like using them as modalities of signals in the
solid tumor due to the high heterogeneity and cell signaling deregu-
lation [5, 6]. Due to the blood-brain barrier, tumor heterogeneity,
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and overly aggressive infiltration into the surrounding tissues, GBM
is particularly difficult to treat [7]. A combination of various treat-
ment methodologies can be a practical approach for GBM treatment
in which different therapies or therapeutic agents with different
mechanisms are combined to improve the cytotoxic effects on the
cancer cells [8].

Various epidemiological studies have studied the role of natural
dietary compounds in cancer metastasis [9]. There is a wide range
of natural compounds with antioxidant properties and chemopre-
ventive potential, such as soy isoflavones, curcumin, epigallocate-
chin, resveratrol, and retinoids [10]. Moreover, various studies have
reported that polyunsaturated fatty acids (PUFAs), which are natu-
ral bioactive, could kill tumor cells selectively without destroying
the normal cells [11, 12-14]. Many PUFAs, like omega-3 fatty acids
such as alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA),
and docosahexaenoic acid (DHA), and omega-6 fatty acid (gamma-
linolenic acid, GLA), have shown promising efficacy against the
glioma tumor cells. GLA exerts a more selective tumoricidal action
than other PUFAs (arachidonic acid and eicosapentaenoic acid)
[14]. Some in-vivo studies have also verified that GLA, eicosapen-
taenoic acid, and docosahexaenoic acid might have tumoricidal
action [15]. In a limited open clinical trial, human gliomas were
treated with GLA by intratumoral administration [16, 17]. Various
studies have shown that GLA and other PUFAs enhance prostanoid
production in cells [18]. To investigate the mechanism(s) by which
GLA exerts a cytotoxic effect on astrocytoma cells, we have studied
the role of lipid peroxidation or free radical generation, and also of
prostanoids and leukotrienes, in the cytotoxic action of GLA and
enhancement of the response to radiation. By the action of delta 6-
desaturase, linoleic acid (LA, 18:2n6) converts into GLA [19].

© XXXX Bentham Science Publishers
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The main objective of this review paper is to describe the role
of these natural bioactive in increasing the efficacy of chemothera-
peutic drugs in GBM treatment, as reported in many studies.

1.1. GBM Treatment: Current Scenario

GBM treatment is very challenging, as it may cause a differential
cellular reaction to specific therapies (tumor heterogeneity) [3]. There
are various treatments of GBM, like surgery, chemotherapy, radiation
therapy, and combinations of different treatments [20]. The advan-
tages and disadvantages of multiple modalities used for the treatment
of GBM are given in Table 1. GBM cure initiates with surgical resec-
tion in those cases where it is possible due to the size and position of
the tumor [21]. Surgery plays a dynamic role in the treatment because
it reduces tumor mass, thereby decreasing intracranial pressure and
providing a histological sample for diagnosis. For controlling symp-
tomatology, surgery is the fastest and the most effective method.
With the help of surgery, the efficiency of chemoradiotherapy in-
creases [22]. However, there are cases where complete tumor resec-
tion cannot occur because of high proliferative activity and infiltra-
tion into the surrounding tissues [23]. In these situations, radiotherapy
or chemotherapy is the other solution [24]. The selection of drugs for
the treatment of GBM is difficult because of various limitations asso-
ciated with them, like the blood-brain barrier (BBB), which is an
anatomical barrier that protects the brain [25]. This barrier contains
essential components, like the ABC transporter family of proteins,
which remove foreign substances from cells, including alkylating
agents [26]. The size of the tumor is another limitation for better
treatment [27]. The size of the tumor must be smaller (around 4 ml)
[27]. Furthermore, GBM often shows drug resistance in terms of
unregulated signaling pathways, DNA repair pathways, the persis-
tence of cancer stem cell (CSC) subpopulations, and self-defense
mechanisms [28]. Currently, the FDA-approved chemotherapeutic
agent, temozolomide (TMZ), is preferred for GBM treatment because
it is a DNA alkylating agent that prevents DNA replication and de-
stroys cancer cells [21]. Nowadays, intensive research has been car-
ried out for introducing advanced therapies to fight GBM, such as
immunotherapy and nanotechnology with natural bio-actives [29].
They give very promising new approaches for GBM treatment to
improve the patient's quality of life and survival [30].

1.2. GBM: Molecular Pathology to Targeted Treatment

Targeted molecular therapies can be developed concerning
intracellular growth signaling and intercellular signaling, which are
usually abnormal in most of the tumors. The first group includes
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growth factor pathways related to proliferation and apoptosis, con-
stitutively activated in GBM, such as EGFR, PDGFRA, and
HGFR/c-MET [31]. For example, in malignant gliomas,
PI3K/Akt/mTOR signaling is frequently activated, and due to this,
several mTOR inhibitors, like temsirolimus (CCI-779), and ever-
olimus (RADO01), are under evaluation. The second group includes
several angiogenic factors, which are required for GBM growth
[32]. Of all the VEGF inhibitors, the only one approved by the FDA
is Bevacizumab, although other inhibitors, such as Cediranib
(AZD2171) and CT-302, have also been evaluated [33]. Despite
efforts to develop treatment, the results obtained are not as favor-
able as expected, with 10-15% response rates or less and no prolon-
gation of survival [34].

1.3. Nanomedicinal Approaches for GBM

As the existing treatment for GBM has several limitations, it is
essential to find new approaches for drug prognosis and enhance
treatment efficacy [35]. Nowadays, the new strategies include
nanomedicines, which comprise nano-sized materials with physical-
chemical properties that help in developing new treatments or
enhance the efficacy of existing treatments [36].

1.4. Nanoformulations and their Properties

Nanoformulation can transport antitumor agents such as drugs,
nucleic acids, or proteins to the tumor cells [37]. In comparison to
other drugs, this system also improves the solubility of drugs. There
are some other advantages, like the large number of drug
nanovesicles that can transport and, in the target tissue, allow
controlled and sustained release of the drugs [38]. Nanovesicles
enhance the bioavailability by extending their half-life in the
bloodstream and protecting the drugs from degradation, metabolism,
and renal clearance. Due to passive targeting produced by the
enhanced permeability and retention effect, it helps the accumulation
of macromolecules in the tumor tissues [39]. However, in the normal
tissues, they can reduce the amount of drugs used and the side effects
[39]. The therapeutic properties of nanoformulations are typically
defined by their physicochemical properties (size, shape, and surface
charge) [40]. The size for NPs to be used in nanomedicine usually
ranges between 10 to 200 nm [40]. After intravenous administration,
nanoformulations, which are very small in size (<5.5 nm), may be
climinated by renal excretion [41]. However, they may be stuck in the
spleen sinusoids and liver due to their large size (greater than 200 nm)
[40]. The relationship between size and cellular uptake is inversely
proportional in tumor cells, which means the smaller the NP, the

Table 1. Different treatment modalities and their advantages and disadvantages.
S. No. Treatments Advantages Disadvantages References
. . As glioblast into th 1 brain tis-
The neurosurgeon will remove the glioblastoma. s glioblastoma grows 1n‘ o e norr‘na ram l.s
. sue, a complete removal is not possible. For this
1. Surgery The goal is to remove as much of the tumor as . . [22]
. reason, most people receive additional treatments
possible. ..
after surgery to target the remaining cells.
2 Radiation therapy Radiation therapy uses high-e‘nergy beams, such lliadiothera‘py can cause side effects, i.ncluding [24]
as X-rays or protons, to kill cancer cells tiredness, sickness, and loose stool (diarrhoea).
. Side effects of chemoth d d on th
Chemotherapy uses drugs to kill tumor cells. 1 etieets of chemo eraPy epenc on ‘e type
. and dose of drugs you receive. Common side ef-
Chemotherapy drugs can be taken in the form of . » .
3. Chemotherapy . . . . fects include nausea, vomiting, headache, hair loss, [24]
a pill (orally) or injected into a vein (intrave- .
fever, and weakness. Some side effects may be
nously). . L
managed with medication.
Targeted drug treatments focus on specific ab-
Targeted d liti tin th 1ls. By block- . ..
4. argeted drug rllorma Hes presen .H.l ¢ caneel ceis. By b0 Vascular and neurologic toxicity. [24]
therapy ing these abnormalities, targeted drug treatments
can cause cancer cells to die.
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greater the internalization [42]. Furthermore, size plays an essential
role in greater extravasation in the direction of tumor tissues and the
shape of the nanoformulations that may also affect cellular uptake,
transport, half-life biodistribution, and degradation [40, 43]. The
best form of nanoformulation is spherical; in other words, most
synthesized and analysed nanoformulations are spherical. However,
oblate particles adhere better to a biological substrate, transport more
drugs, and show better adhesion properties in blood vessels.
Nonspherical silver nanoformulations present worse biocompatibility,
whereas it was found that gold triangle-nanoformulations improved
internalization in the mouse macrophage cell line RAW264 [44].
Furthermore, star, rod, and triangle-shaped NPs are internalized in the
cells in different proportions of endocytic pathways [45]. Nano
vehicles have a surface charge which determines cellular
internalization, biodistribution, and cellular interaction. These NPs
are positively charged and internalized better than negative or neutral
charged particles [46]. The biological properties of NPs can be
improved with the help of altering their characteristics and adding
definite molecules, which is known as functionalization, improving
their cellular internalization, biodistribution, and ability to cross the
biological barriers [47].

The diagrammatic depiction of various fundamental properties
of nanomaterials is provided in Fig. (1).

Applications of Nano formulation

-
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A
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-
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A
=
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duration of delivery
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Fig. (1). Overview of various fundamental properties of nanomate-
rials of brain drug delivery.

1.5. GBM: Active Targeting with NPs

It is challenging for nanomedicine to release sufficient
quantities of drugs into the target site, and in GBM conditions, it is
very complicated. NPs have to cross the BBB in such types of
tumors. Due to the compact brain matrix, the enhanced permeability
and retention inhibit the diffusion, resulting in high interstitial fluid
pressure. For this reason, passive targeting is insufficient [48]. In
the case of GBM, it is essential to find out the target molecules that
can cross the BBB and the blood-brain tumor barrier (BBTB) [49].
Therefore, the entrance of antitumor drugs to the brain for GBM
treatment is very restricted; however, tiny molecules (<400 Da and
<8 hydrogen bonds) cross the BBB via lipid-mediated free
diffusion [50]. Within the brain tumor tissues, the structure and
function of the BBB are altered and transformed into the blood-
brain tumor barrier (BBTB) through angiogenesis. The new
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vasculature of the BBTB is heterogeneous and has differences in its
permeability [51]. Notwithstanding, this heterogeneity does not
enhance the efficiency of antitumor drugs [52]. With the help of
existing therapeutic approaches based on drugs, enzymes, DNA or
RNA molecules, antioxidant or inorganic molecules encapsulated
within polymeric or lipid nanoformulations can be used to cross the
BBB or BBTB in GBM [52]. Without the addition of specific
ligands or coatings, lipid-based nanoformulations are very efficient
and capable of crossing the BBB [53]. Still, their applicability is
restricted due to their low loading capability and gelation tendency.
On the other side, polymeric NPs show great resourcefulness and
the possibility of binding ligands to functionalize nanoformulations
[54]. Among the overexpressed targets in GBM, and commonly
used target molecules in nanomedicine, are the LRP1, TfR, GLUT,
avP3 integrin, GFAP Cx43, EGFR, EGFRVIIIL, IL-13Ra2, and Fn14
receptors [55].

1.6. Nanoformulations, their Structure and Activity for GBM
Treatment

The instances of some of the extensively employed nanoformu-
lations for GBM treatment have been described in the below sec-
tions and pictorially illustrated in Fig. (2). Also, Table 2 enlists
various instances of nanocarriers used for the clinical treatment of
GBM.

1.6.1. Liposomes

Liposomes are nanocarriers, which are composed of one or
more aqueous cores surrounded by a lipid bilayer into which thera-
peutic agents are transported in the form of hydrophilic agents [56].
The external membrane, which is made up of lipid, hydrophobic
molecules, may also be incorporated. Also, negatively charged
DNA or RNA molecules can be incorporated into cationic
liposomes. They possess high biocompatibility and low toxicity to
cross the BBB in the treatment of cancer [57].

1.6.2. Solid Lipid Nanoparticles (SLNs)

SLNs consist of nanoparticles of solid lipids prepared from a
lipid matrix at room temperature and stabilized by surfactants.
Various lipids are used for designing the SLNs, like Compritol®
888 ATO, Precirol® ATOS, cetyl alcohol, tripalmitin, trimyris-
tin/Dynasan® 114, tristearin/Dynasan® 118, stearic acid, glyceryl
monostearate, and cetyl palmitate. SLNs have many advantages,
like the physical stability that protects the encapsulated drugs, en-
hanced targeting with the help of surface modification, controlled
release characteristics, and excellent biocompatibility, helping them
escape more easily from the reticuloendothelial system [58]. It has
been observed that SLNs can cross the BBB. According to Huang
et al. [59], TMZ- loaded SLNs increased the brain targeting effi-
ciency and reduced the toxicity in mice compared to free TMZ.
Another study also showed that SLNs composed of cetyl palmitate,
coated with surfactants (polysorbate 60 and 80), and loaded with
camptothecin (CPT), showed excellent ability to cross the BBB.
These SLNs enhanced the cytotoxicity of the drug in U373 cancer
cell lines. Compared to free drugs, they enhanced the drug's
bioavailability (24 vs. 8 hrs), which was analyzed by HPLC. There
are some limitations of SLNs, such as low drug loading capacity, a
polymorphic transformation of drugs to the crystalline structure,
aggregation, and unpredictable gelation tendency [58]. The angio-
pep-2 peptide was grafted on some surface-modified SLNs, recog-
nized via LRP1, showed greater ability to cross the BBB, and inter-
nalized into the GBM tumor cells [60]. In a study, these SLNs
loaded with docetaxel showed an increased docetaxel efficacy due
to better accumulation in the glioma tumor-bearing mice (four-fold
increase) compared to the free docetaxel [61].

1.6.3. Nanostructured Lipid Carriers

Nanostructured lipid carriers (NLCs) have developed as a new
generation of SLNs to improve the limitations of existing SLN.
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Table 2.

Various nanocarriers used for delivering drugs for the treatment of GBM.

Saad et al.

S. No.

Nanotechnology

Drug Delivery

References

Liposomes

Doxorubicin-loaded liposomes functionalized with the ligands pHA and cyclic peptide
c¢(RGDyK) facilitate the crossing through the blood-brain barrier and the blood-tumor brain
barrier. These liposomes designed for the treatment of glioblastoma multiforme are composed
of hydrogenated soy phosphatidylcholine, cholesterol, and mPEG2000-DSPE and are synthe-
sized by thin-film hydration and extrusion method.

[57]

Solid lipid nanoparticles

Camptothecin-loaded solid lipid nanoparticles have demonstrated the ability to cross the blood-
brain barrier in vitro and in vivo. These nanoparticles, composed of cetyl palmitate and polysor-
bate 60 surfactants, are synthesized by high shear homogenization and ultrasonication tech-
niques.

Polymeric NPs

PTX with PEG form NPs, which are associated with a ligand for neurokinin-1, the substance P
peptide. In vitro, these are overexpressed in tumors such as GBM, resulting in a decreased ICs,
for PTX and improved uptake in BCECs and U87 cells. In vivo, at the tumor site, these
NPs display greater accumulation, associated with a higher antitumor effect and low systemic
toxicity.

[67]

Polymeric micelles

cRGD peptide-conjugated poly(B-ethylene glycol)-copoly(lactic acid) PM was functionalized

with a peptide antagonist for p53 negative regulators MDM2 and MDMX (sPMI), improving

the ability of pS3 activators to cross the BBB and displaying a better tumor growth inhibitory
effect in combination with TMZ in intracranial U§7MG nude models.

[71]

Polymersomes

Figueiredo et al., in 2016,synthesized a poly(dimethylsiloxane)-poly(2-methyloxazoline;
PDMS-PMOXA-based Ps) functionalized with Angiopep2 and loaded with DOX. This PDMS-
b-PMOXA-Angio-pep2 Ps showed an enhanced cellular uptake in U87MG cells compared to
PDMS-b-PMOXA due to the overexpression of the LDLP-1 that occurs in glioma cells.

[76]

Dendrimers

A nonviral vector system was developed to successfully improve the delivery of two siRNAs
(VEGF and B-cell lymphoma/leukemia-2 [Bcl-2] siRNAs) to GBM cells.

(81]

Nanogels

Shatsberg et al., in 2016, designed a polyglycerol-scaffold based nanogel to direct miR-34a in

the treatment of GBM, leading to high expression levels of miR-34a in U-87 MG cells, and in

this way achieving remarkable downregulation of miR-34a target genes (involved in apoptosis
and cell cycle arrest).

(84]

Silica NPs

pH-responsive CS-coated MSNs were loaded with curcumin to treat U§7MG glioblastoma
cells, showing a significant reduction in the drug ICs (up to 2.9-times).

[90]

Carbon nanotubes

According to the study, functionalized MWCNTs with angiopep-2showed an increase in the
passage of the drugs targeting through the BBB. These formulations were used to control drug
kinetics release in GBM treatment with the encapsulation of PTX and dasatinib.

[94]

10.

Nano-graphene

According to the study, with the help of a pegylated nanoformulation with arginine-glycine-
aspartic acid peptide Balb/c, mice bearing subcutaneous U§7MG tumors were treated with
reduced graphene oxide nanomesh (rGONM).

[100]

11.

Nanorods and nanowires

For early tumor detection in GBM, some studies have used gold nanorods. To detect angiogenic
endothelium and malignant glioma cell surfaces, GNRs connected to cyclic Arg-Gly-Asp
(cRGD) peptides were used. The efficacy of GNRs from human GBM was demonstrated, which
was associated with PEG methyl ether thiol and peptide fluorescently for Nestin to mark CSCs
(spheroids).

[110,111]

12.

Quantum dots

With the help of intravenous QDs, C6 glioma cells were intracranially implanted in rats. This
study showed that the use of QDs in the surgical resection of brain tumors, like GBM, serves as
an optical aid for demarcating the tumor area.

[116]

13.

Magnetic NPs

Magnetic H;O0;P-Fe;04 NPs were synthesized with gH625 peptide (derived from the glycopro-
tein H of the HSV-1) or PEG-folic acid molecules to favor the passage of MNPs through the
BBB, demonstrating that both systems can be taken up by immortalized human brain microvas-
cular endothelial cells and brain tumor cell lines (i.e., glioblastoma A-172).

[120]
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Fig. (2). Instances of various nanocarriers studied in the literature for GBM treatment.

At room temperature, NLCs are a mixture of both lipids (liquid and
solid) with a crystalline structure, which enhances the loading
capacity of drugs and reduces drug expulsion during storage [58].
Polymeric NPs (PNPs), SLNs, and NLCs with the TMZ loaded
nanoformulations were compared in U87 malignant glioma cells
[62]. It has been observed that the ICsy value of TMZ-loaded SLNs
and TMZ-loaded PNPs was four and seven times greater than
TMZ-loaded NLCs, respectively. Moreover, in nude mouse models,
TMZ-loaded NLCs induced a more significant volume reduction
(85%) in U87 tumors than SLNs and PNPs(59% and 45%,
respectively). These studies have recommended that this new
formulation could be a potential strategy for glioblastoma treatment
[61].

1.6.4. Polymeric NPs

Polymeric NPs incorporate therapeutic agents into their
polymeric matrix or on their surface where conjugate is present, and
with the help of biocompatible polymers, polymeric NPs are
synthesized. These NPs can entrap drug molecules and help in
resolving drug delivery challenges, such as drug insolubility in
water and short in vivo lifetimes [63, 64]. The FDA has approved
the PLGA, and it is the most commonly used polymer because of its
biocompatibility. However, nowadays, for the synthesis of NPs,
PEG is being used in combination with PLGA, leading to the
development of a PLGA-b-PEG copolymer. According to a
previous study [64], a multifunctional nanoformulation of silver
(PLGA-b-PEG) NPs conjugated with a chlorotoxin (binds to MMP-
2) and the drug alisertib achieved a synergistic effect between both
agents, and a tumor reduction was observed in in vivo models [65].
For the treatment of GBM, the most significant natural polymers
used to create NPs are based on polysaccharides. For example,
chitosan, hyaluronic acid, corn starch, and alginate, and proteins
include albumin, gelatin, collagen, transferrin, lactoferrin, and silk
fibroin [65, 66, 67]. They develop albumin-based NPs via
covalently bonding human serum albumin (BSA) molecules,
improving stability and drug absorption. NPs involving PTX with
PEG are associated with a ligand for neurokinin-1, the substance-P
peptide. Under in vitro studies, their overexpression in tumors such
as GBM resulted in a decreased ICsy for PTX and improved uptake
in BCECs and U87 cells. Under in vivo studies, these NPs display
more significant accumulation at the tumor site, exerting a higher
antitumor effect and low systemic toxicity [68]. Chitosan-based
NPs loaded with PTX and coated with 1,3 B-Glucan were

synthesized to decrease the hemolysis caused during the
intravenous administration of PTX and reduce systemic toxicity
while increasing cytotoxicity in LN18 and C6 glioma cells [68].

1.6.5. Polymeric Micelles

Polymeric micelles (PMs) comprise two or three segments of
amphiphilic block copolymers (hydrophilic-hydrophobic and
hydrophilic-hydrophobic-hydrophilic, respectively). PMs are
minute particles that load and deliver therapeutic agents (drugs,
proteins, or nucleic acids) to malignant cells [64]. They have design
flexibility, lower CMC (critical micelle concentration), better
stability, a hydrophobic core, and an aqueous environment (with the
therapeutic agent). However, these nanoformulations can only
encapsulate hydrophobic agents, which is their major limitation
[69]. There are some examples in which various PM formulations
incorporate the cRGD peptide on their surface, enhancing the
transport of PM and therapeutic agents through the BBB. One such
example is cRGD-linked PMs loaded with (1,2-diaminocyclo-
hexane)platinum(Il) (DACHPt), the parent complex of oxaliplatin
[70]. Other systems worth mentioning are cRGD peptide-
conjugated  poly(B-ethylene glycol)-copoly(lactic acid) PM
functionalized with a peptide antagonist for pS3 negative regulators
MDM?2 and MDMX (sPMI), which improves the ability of p53
activators to cross the BBB and displays a better tumor growth
inhibitory effect in combination with TMZ in intracranial U§7MG
nude mice models [71]. Besides, cRGD-PMs conjugating epirubicin
(cRGD-Epi/m), an anthracycline with poor penetration ability, and
P-glycoprotein substrate effectively suppress growth in an
orthotopic GBM model in vivo [72].

Other studies have indicated that functionalized PMs with
choline derivatives or GLUT1 variable single-chain fragment
(scFv) can enhance both cellular uptake and the accumulation of
PMs at the tumor site, permitting drugs such as DOX to pass the
BBB, in addition to slowing down its elimination [73, 74]. In the
latter, it is important to highlight the synergistic effect of GLUT1-
scFv-PEGPE-based PMs co-loaded with DOX and curcumin
against the US7MG cells, which derived from glioblastoma [74].
Currently, some studies have been carried out to synthesize PMs.
According to a study [75], it was found that in intracranial GBM
models in vivo, deoxycholic acid-conjugated polyethyleneimine
PMs loaded with curcumin and an antisense-oligonucleotide against
miR-21  (miR21ASO) shown promising therapeutic effects.
Curcumin was able to decrease tumor volume in addition to
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restoring the expression of the PTEN and PDCD4 genes silenced by
microRNA-21.

1.6.6. Polymersomes

Polymersomes (Ps) are also self-assembled polymeric vesicles
composed of synthetic amphiphilic or ionic block copolymers. In
terms of structure, the polymersome is similar to a liposome. In the
Ps, a large hydrophilic cavity is present and can encapsulate both
types of molecules and hydrophobic layers present. However, these
synthetic bilayer polymers are more stable to shear stresses than
lipid membranes. Moreover, their chemical configuration can
provide various properties, like high mechanical stability, elastic
behavior, higher membrane viscosity, biodegradability, and
biocompatibility [64, 69, 76]. PEG-conjugated (PEGylated) polyion
complex vesicles (PICsomes), a novel class of polymersomes,
originate the self-assembly of PEG-based block aniomers and
homo-catiomers through the electrostatic interaction forces [77].
These PICsomes were conjugated with cRGD peptides on the distal
end of PEG strands allowing active neovascular targeting. The
results revealed that 40%-cRGD-PICsomes (PICsome with 40%
PEG distal end substituted by cRGD moieties) accumulated mainly
in the tumor neovasculature in vivo, making them a promising tool
in tumor imaging for an accurate diagnosis. The targeted Ps using a
methacryloylated cholesterol derivative as the hydrophobic block
and 2-hydroxyethyl methacrylate as the hydrophilic block were
functionalized with a BBB-specific peptide (ligand of LRP-1),
allowing the system to cross a BBB model [76]. Figueiredo et al.
developed a  poly(dimethylsiloxane)-poly(2-methyloxazoline)
PDMS-PMOXA-based Ps functionalized with Angiopep2 and
loaded with DOX. These PDMS-b-PMOXA-Angio-pep2 Ps
showed an enhanced cellular uptake in US7MG cells compared to
PDMS-b-PMOXA due to the overexpression of the LDLP-1 that
occurred in glioma cells. DOX was encapsulated using the co-
solvent method, showing a slow release rate from the Ps that could
protect the drug from hydrolyzation. Recently, it has been observed
that ANG polymersomes (angiopep-2-directed/redox-responsive
virus-mimicking PEG-b-poly(trimethylene carbonate-co-dithio-
lanetrimethylene carbonate)-b-polyethyleneimine) can selectively
guide saporin, a natural cytotoxic protein that only exerts an effect
within cells, against GBMs developed in mice [78]. ANG-PS-SAP
displayed a remarkable antitumor activity towards U-87 MG human
GBM cells in vitro and high GBM accumulation in vivo [78].

1.6.7. Dendrimers

Dendrimers have a core surrounded by various branches
comprised of many functional groups, which are artificial
macromolecules. Several dendrons (branching units) arising from
the core are arranged in a symmetric manner [64, 79]. For effective
drug delivery, the size and shape of dendrimers can be modified.
The most widely used dendrimers in biomedicine are PAMAM
dendrimers because they are hyperbranched, exist in 3D structure,
and have well-defined molecular weight and entrapment properties.
They have various functional end groups because of their high
solubility and reactivity due to a high amino group density [80].

In recent times, various therapeutic strategies have been
conceded out with PAMAM dendrimers with favorable results. A
nonviral vector system has been designed to improve the delivery
of two siRNAs (VEGF and B-cell lymphoma/leukemia-2 (Bcl-2)
siRNAs) to GBM cells successfully [81]. Additionally, a system of
PAMAM dendrimers with conjugated three peptides (cytotoxic
peptide (KLAK), cell-penetrating peptide (TAT), and MMP2-
sensitive peptide] has also been developed, which are observed to
improve the penetration into tumor cells and enhance the targeting
specificity [82].

1.6.8. Nanogels

The new class of nanosystems is nanogels. Nanogels have
macromolecular structures resulting from 3D cross-linking and are
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characterized by their softness. For the encapsulation, this structure
of nanogels allows several bioactive components, like drugs,
proteins, peptides, and DNA/RNA, and in cell lines and organs
stimulates the drug release. A system of nanogels loaded with
cisplatin and conjugated using PEG and polymethacrylic acid block
copolymer (PEG-b-PMAA) with monoclonal antibodies to Cx43
(MADCx43) through flexible PEG bridges was designed [83].
Increased accumulation in C6 glioma cells was observed compared
to nanogels withoutMABCx43. Furthermore, an improved survival
and tumor cell growth inhibition with an induced C6 intracranial
glioma in rats were observed. Shatsberg er al. designed a
polyglycerol-scaffold-based nanogel to direct miR-34a in the
treatment of GBM, leading to high expression levels of miR-34a in
U-87 MG cells and remarkable downregulation of miR-34a target
genes (involved in apoptosis and cell cycle arrest). A dual-loading
drug delivery system of folate-CS (FA-CS) nanogels with anionic
gold NPs (AuCOOH@FACSnanogel system) for the intracellular
co-delivery of TMZ and miR-218 mimics in glioma cells was
developed [84]. The results have shown a synergistic effect against
U87MG GBM cells.

1.6.9. Silica NPs

In the field of nanomaterials studied, silica NPs exhibit unique
properties. Silica NPs have good biocompatibility, a large surface
area, and flexible pore size. They are used to increase the
biocompatibility of other nanoformulations in the nervous tissue,
such as iron oxide NPs [85]. For the transport and release of drugs,
Mesoporous silica NPs (MSNs) are also used in GBM treatment
[86]. According to the recent experiment [87], MSNs have shown
the maximum permeability through BBB with a size of about 40
nm. Moreover, the acid pH may be efficient stimuli to enhance the
drug release, like in pH-responsive MSNs loaded with CPT and
conjugated with DOX and the folic acid-coated MSNs loaded with
valproic acid [88, 89]. Recently, pH-responsive CS-coated MSNs
have been loaded with curcumin to treat U87MG glioblastoma
cells, showing a significant reduction in the drug ICs, (up to 2.9-
times) [90].

Silica NPs have played an essential role in altering the signaling
pathways, such as VEGF receptor (VEGFR) associated with
angiogenesis and tumor metastasis. An anti-VEGFR ligand
(VEGF121) loaded to pegylated MSNs was designed to treat
U87MG glioblastoma-bearing mice [91]. Moreover, silica NPs
were used to improve toxic radiotherapy effects, such as folic acid-
coated MSNss loaded with valproic acid, enhancing the glioma cell
lines C6 and U87MG radiosensitivity. Due to this, an increase in
cell death was observed, which allowed a significant reduction in
the radiation dose and, therefore, lowering the toxicity in the nearby
tissues [89]. Finally, when neural stem cells were used to transport
NPs against glioma tissue, silica NPs (MSN loaded with DOX)
were found to be useful in retarding the toxicity of the drug in these
stem cells [92]. Most DOXs (96%) were observed in the orthotropic
human glioma xenograft after 4 hours of inoculation, increasing the
antitumor effect and mice's survival [92]. According to some
studies, silica NPs signify a specific cell type toxicity because some
studies have observed that silica gel is toxic for GBM LBC3, LN-
18, and LN229 cell lines but not for human skin fibroblasts, whose
mechanisms have not yet been clarified. Therefore, more research is
needed in the area of the tumor and nontumor CNS cells [61].

1.6.10. Carbon Nanotubes

Carbon nanotubes (CNTSs) are cylindrical nano-sized structures
made of carbon atoms systematized into aromatic rings. They can
be classified into two parts based on their layers, one is single-
walled CNTs (SWCNTs), or another one is multi-walled CNTs
(MWCNTs) [93]. Due to their tunable physical and chemical
properties, CNTs have an excellent capacity for carrying drugs to
treat GBM tumors as they have the ability to cross the BBB [94].
Antitumor drugs may be transported in the external sidewalls or in
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the inner cavities, where they are more protected and leave the
outer part of the nanotube free to be functionalized [93]. According
to a study, functionalized MWCNTSs with angiopep-2 showed an
increase in the passage of drugs targeting through the BBB [94].
These formulations are used to control drug kinetics release in
GBM treatment with PTX and dasatinib [95]. CNT formulations
may show toxicity in the brain. Due to impurities, size, and surface
characteristics, the cell model was used [96]. In a research study,
four different CNT formulations were found to be toxic in both
RG2 glioma cells and normal astrocytes [97]. . Another study
showed that CNTs were able to modify the neurotoxicity of
intraperitoneally administered SWCNTs and MWCNTs in mice.
They altered the expression of the BDNF and induced behavioral
toxicity in mice. However, the toxicity produced by MWCNTs was
higher than that of SWCNTs [98].

1.6.11. Nano-graphenes

Graphenes comprise carbon atoms in the layer structure and are
considered a 2D material, having regular hexagonal patterns [99].
Graphenes have a large surface area and many functional groups for
transporting molecules, making them an applicant for nano-
medicine, including GBM treatment. Graphenes and nanoformula-
tion have given promising results. According to the study, with the
help of a PEGylated nanoformulation with arginine-glycine-aspartic
acid peptide, Balb/c mice bearing subcutaneous U87MG tumors
were treated with reduced graphene oxide nanomesh (rGONM)
[100]. Instead, in the GBM cell line of U87, poly(amidoamine)-
dendrimer and gadolinium-functionalized nanographene oxide
associated with epirubicin and nucleic acids (Let-7g miRNA, an
inhibitor of Ras oncogene family expression) showed significant
antitumor effect [101]. Furthermore, the oxidized graphene
nanoribbons associated with Lucanthone exhibited specific toxicity
in the GBM cell line U251 compared to the other tumor cell lines
(MCF-7) and nontumor glial cell lines (CG-4) [102]. One use of
graphene oxide is to attack tumor cell organelles, like mitochondria
[103]. Claudin 4-targeted graphene oxide linked to the photody-
namic agent chlorin e6 generates ROS when excited, increasing the
temperature and causing death in the claudin-4 overexpressing U87
GBM cell line [104]. Chlorotoxin-loaded DOX with graphene oxide
sheet increases DOX cytotoxicity in C6 GBM cells [105]. A study
on graphene oxide functionalized with PLGA to transport 5-iodo-2-
deoxyuridine (IUdR) under NIR (near-infrared laser) and radiation
(x-ray) showed significantly higher cytotoxicity in the U87 GBM
cell line than the other methods alone [106]. Adding proline or
arginine into graphene solution may increase the graphene
nanoformulations cytotoxic activity in the U887 GBM cell line
[107]. Lastly, the combination of graphene oxide and DOX reduced
photothermal activity, thereby increasing the survival (40 days) of
U87MG tumor-bearing mice compared to those treated without
irradiation (14-20 days) [108].

1.6.12. Nanorods and Nanowires

For tumor treatment, nanorods are a new type of NPs which
have a size between 1 and 100 nm and are produced from semicon-
ducting materials or metals. There are various types, but gold nano-
rods (GNRs) exhibit low toxicity. They are used as contrast agents
(photoacoustic and near-infrared imaging of tumors) and are util-
ized in photothermal therapy [109].

For early tumor detection in GBM, some studies have used gold
nanorods. To detect angiogenic endothelium and malignant glioma
cell surfaces, GNRs connected to cyclic Arg-Gly-Asp (cRGD) pep-
tides were utilized [110]. Recently, the efficacy of GNRs from hu-
man GBM associated with PEG methyl ether thiol and peptide fluo-
rescently for Nestin to mark CSCs (spheroids) has been success-
fully demonstrated [111]. Polymeric NPs containing GNRs used in
nude CD1 mice with glioblastoma tumors showed a significant
reduction in the tumor size [112].
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On the other hand, within the category of nano neuromodula-
tors, nanowires are structures with diameters of only a few nanome-
ters and extended lengths, which are principally used for diagnos-
tics purposes. Without the use of a probe, nanowires can monitor
brain electrical activity. Nanowires may be developed from silicon,
germanium, carbon, gold, and copper [113]. Only a few studies
demonstrate the role of the nanowire in GBM tumors. For example,
zinc oxide nanowires were conjugated by green fluorescent pep-
tides to image U87MG human glioblastoma cells in vivo, suggest-
ing an innovative nano platform for cancer imaging and therapy
[114]. To elucidate the importance of nanorods and nanowires,
further studies are needed in GBM treatment.

1.6.13. Quantum Dots

Quantum dots (QDs), due to their size (2-10 nm), have unique
optical and electrical properties. These QDs, which are optical
semiconductor nanocrystals, are easily detectable because they only
emit light at a characteristic wavelength. They can absorb photons
over a wide range of wavelengths [115]. It has been observed that
with the help of intravenous QDs, C6 glioma cells were intracrani-
ally implanted in rats [116]. This study has shown that using QDs in
the surgical resection of brain tumors, like GBM, serves as an opti-
cal aid for demarcating the tumor area [116].

To generate quantum dot-containing immunoliposome hybrid
NPs, QDs can also be conjugated with molecules, like antibodies
(anti-EGFRVIII single domain) or other NPs [117]. NPs help in en-
hancing the in vitro internalization, resulting in therapeutic benefits
for GBM treatment, as observed during in vivo and in vitro studies.
For the future application of gene therapy, various studies have
shown how QDs can be used as a tool against brain cancer [118].

1.6.14. Magnetic NPs

Magnetic iron NPs (MNPs) have gained much interest in diag-
nostic and therapeutic (theranostics) applications. These and have
versatile surface functionalization and biocompatibility due to their
magnetic characteristics. For MNP synthesis, maghemite (y-Fe,O3)
and magnetite (Fe;0,4) are the two FDA-approved magnetic materi-
als; the first offers the best intrinsic magnetic response for biomedi-
cal applications. Surface functionalization with carboxylic acid
(-COOH) or amine (-NH,) functional groups is required to incorpo-
rate targeting ligands to further surface conjugations to prevent
surface oxidation and agglomeration and improve biocompatibility.
There are various applications of MNPs such as cell labeling, sort-
ing, and manipulation, magnetic guidance for drug delivery, hyper-
thermia, and magnetic resonance imaging (MRI) [119, 120]. The
magnetic field is an important factor for the remote control to cross
the BBB. It makes them promising nanostructures for brain cancer
therapy. However, the magnetic force produced may not be enough
to disrupt key cell components due to their small size. New ap-
proaches have been established to improve MNP response to mag-
netic fields by incorporating Zn, Ni, and Co metal elements into the
NPs to improve the magnetization [121]. Magnetic H;O3P-Fe;04
NPs with gH625 peptide (derived from the glycoprotein H of the
HSV-1) or PEG-folic acid molecules were synthesized to favor the
passage of MNPs through the BBB, demonstrating that both sys-
tems can be taken up by immortalized human brain microvascular
endothelial cells and brain tumor cell lines (i.e., glioblastoma A-
172) [120]. Zinc-doped iron oxide NPs functionalized with EGF
peptide were developed and directed to the target/tumor site under a
low-frequency rotating magnetic field [121]. After rotating mag-
netic field exposure, NPs form elongated aggregates, severely dam-
aging the cell membranes due to the torque generated. However,
they are more frequently associated with chemotherapeutic agents
generating multifunctional nanoplatforms. For example, MNP-
PEG-coated with dialdehyde O6-benzylguanosine, an MGMT ana-
log inhibitor, achieved a pH-dependent drug release suppressed by
MGMT in vitro and promoted apoptosis when combined with TMZ
[122]. Also, remotely FA-grafted CS-coated MNPs loaded with
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DOX significantly decreased the tumor growth in mice with subcu-
taneous tumors developed using GBM U87 cells under magnetic
guidance [122]. Another widely studied field involves the use of
MNPs in MRI. Numerous authors have associated these systems
with molecules such as caffeic acid or monoclonal antibodies
against VEGF (mAbVEGF) to improve their biodistribution and in
vivo targeting [123]. During cancer therapy, it is desired that target
therapeutic agents preferentially kill tumor cells without killing the
normal cells. In this context, the anti-cancer and anti-angiogenic
actions of gamma-linolenic acid (GLA) and its derivatives look
promising [123].

1.7. In vitro Studies on Polyunsaturated Fatty Acids (PUFAs)
with Tumoricidal Action

All PUFAs cannot be synthesized by mammalian cells; there-
fore, it is widely distributed in human food, like essential fatty ac-
ids, linoleic acid, and alpha-linolenic acid. Both linoleic acid and
alpha-linolenic acid are desaturated and elongated in structure.
Thus, linoleic acid forms gamma-linoleic acid (18:3 0-6), dihomo
gamma-linoleic acid (DGLA, 20:3 0-6), and arachidonic acid (AA,
20:4 0-6), whereas alpha-linolenic acid forms eicosapentaenoic acid
(EPA, 20:5 omega-3 fatty acid) and docosahexaenoic acid (DHA, a
22:6 omega-3 fatty acid). The omega-6 EFA metabolism is found to
be irregular. The omega-3 PUFAs (made from ALA) concentrations
in tumor tissues are not modified (such as EPA and DHA) [124].
Moreover, EPA and DHA can be found in marine foods. According
to Das and co-workers, cis-unsaturated fatty acids, such as GLA
and arachidonic acid, kill tumor cells without harming the normal
cells [125-128]. In mixed culture (both normal and tumor cell) ex-
periments, GLA showed a more selective tumoricidal action than
others [14]. Some in vivo studies have also demonstrated that GLA,
EPA, and DHA are capable of killing the tumor cells [129, 130].
Due to the difference in PUFA metabolizing enzymes expression,
in vivo GLA metabolism in humans is extremely complex because
all cellular compartments do not metabolize it uniformly. Besides
apoptosis in glioma tissue infused with GLA for 3-7 days, the pres-
ervation of normal brain tissue and vasculature in the adjacent brain
with little inflammation as evidence in regressing tumors was no-
ticed in the glioma infusion model. This study indicated that GLA
intraparenchymal infusion is effective in stimulating glioma regres-
sion [131].

1.8. PUFAs: Mechanism of Tumoricidal Action

PUFAs have shown increased tumor cells due to improved free
radical generation and lipid peroxidation [12, 132]. Due to the en-
hancement of free radical generation and lipid peroxidation, uptake
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of PUFAs was at least two to three times greater in normal cells
than tumor cells [133]. Some PUFAs, like GLA, at appropriate
concentrations showed tumoricidal actions during the in vitro stud-
ies without affecting the normal cells [12-14, 126, 127]. This action
of PUFAs is effective in killing the tumor cell and cannot be
blocked by inhibitors of cyclooxygenase (COX) and lipoxygenase
(LO) [12, 14]. However, the tumoricidal action of PUFAs is
blocked by other antioxidants, like vitamin E, butylated hy-
droxyanisole (BHA), and butylated hydroxytoluene (BHT), indicat-
ing that free radicals and lipid peroxides are involved in their tu-
moricidal activity [14, 134]. PUFAs induce tumor cells apoptosis,
causing DNA strand breaks and reducing the antioxidant content of
tumor cells significantly [135, 136]. It has been observed that GLA
and other PUFAs enhance the expression of P53 and suppress the
oncogene ras, Bcl-2, an anti-apoptotic gene [137]. GLA was found
to be the most effective of all the PUFAs tested. GLA and other
PUFAs produced modifications in the lipid composition of tumor
cell membranes [138] and mitochondrial ultrastructure and im-
proved responsive oxygen species (especially superoxide anion,
02-.) and lipid peroxides production. GLA-treated tumor cells
showed a reduction in the mitochondrial respiratory chain com-
plexes I + III and IV activity and the potential of the mitochondrial
membrane. Mitochondria released the cytochrome C and activated
the caspases and DNA fragmentation [139], leading to the apoptosis
of tumor cells. Tumor cells produced huge volumes of 2 sequences
of prostaglandins (PGs), which may promote their growth [140].
EPA and DHA suppressed the production of 2 series of PGs and,
therefore, inhibited tumor growth. Inhibition of tumor growth with
the help of EPA/DHA was not affected by COX-1 or COX-2 over-
expression, showing that omega-3 fatty acids were not dependent
on the COX enzyme [141]. These results are similar to GLA, in
which it was noted that COX or lipoxygenase inhibitors did not
block the tumoricidal actions of GLA [142]. Table 3 summarizes
the various mechanisms of action of the PUFAs used for the treat-
ment of GBM.

1.9. Role of GLA in the Free Radicals and Lipid Peroxides

According to the observation of GLA cytotoxic action on HeLa
cells, enhanced superoxide and generation of H,O, and higher lipid
peroxides development in both HeLa and ZR-75-1 cells were ob-
served [12, 126, 143a-c]. However, various studies suggesting that
EPA and DHA also enhanced superoxide and H,O, generation and
the formation of lipid peroxides in HeLa cells and human breast
cancer (ZR75-1) cells discovered that GLA has the property to
protect the normal cell and affect only the cancerous cells (human
skin fibroblasts, CCD-41-SK) [12, 126].

Table3. Summary of the mechanism of actions of PUFAs.
S. No. Mechanism of Actions References
1 PUFAs might influence the concentration of hormones, thereby influencing the cell and tissue actions. [133]
) PUFAs might influence other factors, like low-density lipoprotein oxidation, oxidative stress, etc., that in turn impact cell and [138]
tissue behavior.
Polyunsaturated Fatty Acids (PUFAs) and their metabolites are natural ligands for PPAR (peroxisome proliferator-activated
3 receptor) gamma, which regulate inflammatory gene expression and activation of NFKB. [141]
Activation of PPAR alpha is also related to COX-2 expression induction. They may also decrease triglyceride synthesis be-
cause they are poor substrates for the enzymes responsible for TG synthesis and prevent other fatty acid esterification.
4 PUFAs also reduce the adhesion expression of the molecules on leukocytes and endothelial cells and reduce intercellular adhe- [142]
sive interactions.
5 PUFAs are also reported to directly activate syntaxin-3, a plasma protein membrane that controls the transport of vesicle and [142]
neurites growth.
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Fig. (3). Mechanistic insight into the role of PUFA-based nanocarriers in brain targeting across the BBB for treatment of GBM (The polyunsaturated fatty acid
crosses the BBB mechanism, showing that PUFAs have the advantage to cross the BBB with the help of a non-fenestrated layer of cerebral microvascular
endothelial cells (BMEC). There are four ways: (1) Membrane-localized fatty acid transports proteins (FATP1, FATP4, fatty acid translocase (FAT)/CD36,
and Mfsd2a). (2) Cytosolic-localized fatty acid-binding proteins (FABP3, FABP4, and FABPS); this ligand-receptor union facilitates the brain fatty acid up-
take and trafficking. FATP1 and FABP5 regulate the brain uptake of NE-DHA. Mfsd2a is the major contributor of LPC-DHA; the FATP-4, CD36, and
FABPS receptors promote the permeability of the LA. (3) With the help of passive diffusion, PUFAs can cross the BBB through a flip-flop mechanism. (4)
Low-density lipoproteins (LDL) bind to the low-density lipoprotein receptor (LDL-R), and then lipoprotein lipases (LPL) liberate PUFAs by hydrolysis of
ester bonds (LPC-PUFAs Lysophosphatidylcholine-Polyunsaturated fatty acids, NE-PUFAs Non-Esterified-Polyunsaturated fatty acids) (adapted from Ref.
[157]). (A higher resolution / colour version of this figure is available in the electronic copy of the article).

1.10. GLA Action on the Drug-resistance Cell of the Tumor

In the treatment of cancer, drug resistance is a significant hin-
drance. KB-ChR-8-5 cells remain unaffected by the cytotoxic ac-
tion of vincristine compared to KB-3-1 cells, which are sensitive to
this action. However, GLA could kill both vincristine-resistant and
sensitive human cervical carcinoma cells [128, 144]. According to
other studies, indomethacin, which is a CO inhibitor, and NDGA,
an inhibitor of the synthesis of leukotriene were ineffective in
blocking the cytotoxic action of GLA. GLA and other PUFAs en-
hanced free radical generation and lipid peroxide formulation to
KB-3-1 and KB-ChR-8-5 cells. Moreover, antioxidants superoxide
dismutase and vitamin E not only blocked their cytotoxic action but
also inhibited the generation of superoxide anion and lipid perox-
ides [128, 144]. Therefore, studies have recommended that GLA
can kill even drug-resistant tumor cells with the help of a free radi-
cal-dependent process.

1.11. GLA for Glioma

According to the various studies on glioma, GLA and other
PUFAs established the anti-tumor effects [133, 136, 145]. In both in
vivo and in vitro studies, GLA exerted cytotoxic action on glioma
cells. According to the studies, GLA has the property to exert anti-
cancer activity on glioma cells without harming the healthy neu-
ronal cells and exhibit low or no neurotoxicity in both human and
animal models [16, 136]. It has been observed that by increasing the
generation of free radicals, GLA induces apoptosis of glioma cells
[133]. According to the studies, the most effective concentration of
GLA is 2 mM/l. However, when GLA at 1 ml/h concentration was
infused in the animal glioma model, it exhibited preservation of
neurons and the absence of inflammatory changes in surrounding
brain tissue. This concentration of GLA, which produced signifi-
cant tumor regression in the C6 implantation glioma model (0.05

mmole/day, 0.34 mmole over 7 days), was comparable to the GLA
dose infused into human glioma (human gliomas at detection are 2-
40 times the size of the rodent glioma tumors) using a similar infu-
sion protocol (4 mmole/day, 28-40 mmole over 7-10 days) [16,
146]. Studies have shown that the intratumoral injection was more
effective than oral and parenteral administration [147]. Findings of
such types of studies have shown that various GLA methods, espe-
cially tumor cells, are needed to enhance the tumoricidal actions of
GLA. In this regard, Fig. (3) illustrates various mechanistic insights
into the role of PUFA-based nanocarriers in brain targeting across
the BBB for the treatment of GBM.

1.12. Synergistic Effect of GLA

GLA has the ability not only to act as an anticancer agent, but
for the other anticancer drugs, GLA enhances tumoricidal actions.
Subsequently, in tumor cells, PUFAs improve the formation of free
radicals and lipid peroxidation; it is predictable that both GLA and
other drugs used for cancer treatment show synergistic tumoricidal
action. GLA, EPA, doxorubicin, cis-platinum, and vincristine im-
proved the cytotoxicity of the anticancer drugs to HeLa cells in
vitro [148]. According to the drug uptake study, to alter their fluid-
ity and permeability into the cancerous cell, they get joined and, as
a result, increase drug acceptance by HeLa cells. With the help of
this, intracellular concentration is enhanced. In the same way, as
radiation-induced cell kill, GLA has been reported to increase the
astrocytoma cells' sensitivity in rats [149]. It has been found that
GLA may decrease tumor cells in glioma patients. Moreover, GLA
given to breast cancer patients for six weeks in an amount of 20
mg/day, orally with tamoxifen, showed a faster response than ta-
moxifen [150]. These results of the phase II study showed that
orally given GLA is beneficial in the treatment of ER+ breast can-
cer.
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1.13. GLA Shows Cytoprotection to Healthy Cells

According to the experiment done on the animals (rats and
dogs), GLA’s infusion and injection into the brain parenchyma do
not show any after effect, and for the healthy cell, GLA exhibits
cytoprotective activity [17, 136]. In a study on GLA involving 15
normal rats, GLA infused at concentrations of 20 and 40 mM/1 was
injected into the brain of the rats for 7 days [136]. The histological
studies have shown tissue injury in a minimal area of brain tissue.
These results recommended that due to the surgical treatment and
infusion of GLA, the reactive damage was lesser compared to tu-
mor infiltration. In a study involving three healthy dogs, GLA in-
jection into the brain parenchyma was reported to be harmless [17].

GLA was injected into the dog’s brain tissue through a cannula
with 0.25mg saline under aseptic conditions for six days. Their
brains were removed by sacrificing the animals on the seventh day.
Computerized axial tomography (CT) was performed to visualize
the changes in the attenuation values in the surrounding cerebral
cortex where GLA was injected and compared to the left cerebral
hemisphere. The histopathological studies have reported no side
effects. No other abnormality was disclosed in the CT scans. Addi-
tionally, the results showed no sign of injury nor any adverse ef-
fects on the CNS function of the treated animals. Many studies have
shown that GLA may essentially shield healthy tissues from cyto-
toxic actions [17].

Studies have shown that Benzo[a]pyrene (BP) given by oral
route (75 mg/kg of body weight) and complete body gamma-
radiation (250 rads, 1 Gy/min) significantly increase the polychro-
matic amount of RBC[151, 152]. When GLA is given one h after
this drug or radiation intraperitoneally, the genetic injury is com-
pletely prevented [151-153]. To evaluate the fetus on the post-
meiotic, meiotic, and pre-meiotic stages of spermatogenesis, the
Dominant lethal test (DLT) is used. GLA produces Prostaglandin
E1 for the rate reduction of dead implants. This study showed that
GLA is not injurious to the fetus and, indeed, protects the fetus
from damagingfactors [152].

1.14. GLA: Clinical Studies on Glioma

Encouraged by the GLA’s study, in vitro and in vivo clinical
studies on glioma/ anaplastic astrocytoma have been conducted.
Intratumoral injection of GLA at a dose of 1 mg/day for 7-10 days
showed tumor size reduction devoid of any acute side effects[16].
GLA was implanted (1mg) in the reservoir cavity of a cerebral
catheter present under the galea’s bone flap in the tumor bed suture,
which was removed on the 7th postoperative day for pre-GLA ther-
apy; a brain CT was taken with or without contrast. Under strict
aseptic conditions, GLA (I1mg) and sterile saline (2-3mg) were
implanted in the cerebral reservoir every day.

For post-GLA therapy, a repeat CT scan was performed (with
and without contrast) following ten days of GLA therapy. After
completion of GLA therapy, radiotherapy was given to all the pa-
tients. All 15 patients tolerated the treatment well, and considering
GLA therapy, no side effects or difficulties were observed. In the
CT scan, a remarkable variation in tumor bed morphology was
observed. Gliomas with high-density regions turned into less-
density ones [17].

A cyst size enhancement, which is a symptom of tumor necro-
sis, and a midline shift reduction, were noted in all the patients.
After the studies, three patients out of 15 died during 5 to 8 months.
Total 12 patients did not indicate reappearance during the follow-up
period, recommending that GLA is beneficial in human gliomas
treatment. According to this study, the intratumoral injection of
GLA did not show any significant side effects or toxicity [17].

In an open-label clinical study, patients with gliomas (grade 4)
were treated with GLA intratumoral injection. In this study, nine
patients were enrolled, and 1 mg of GLA per day for 7 consecutive
days was given to them. Further radiotherapy or chemotherapy was
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not suitable for them because they had advanced gliomas. These
patients died. Before starting GLA therapy, seven out of nine went
through surgical procedures and radiotherapy. Over 11 months, one
patient who underwent three cytoreductive surgeries was given
GLA treatment as a one last salvage method. This patient’s neuro-
surgical status did not improve significantly, but the radiologic
images showed a significant reduction in the tumor after GLA ther-
apy. CT and MRI (magnetic resonance image) scan analysis of all
the patients [9] showed a response to GLA administration, reducing
tumor tissues, peritumoral edema, and cystic areas. Moreover, no
significant complication was observed in any patient [154].

CONCLUSION

According to the various studies discussed above, it is evident
that tumor cell apoptosis is induced by GLA with little or no action
on healthy cells. According to the multiple reviews on tumor cells,
the GLA could block cytotoxic action with the help of antioxidants.
A 2-3fold increase was observed in the number of lipid peroxides
and free radicals in GLA-treated tumors without affecting the nor-
mal cell. It has been found that GLA-induced tumor cell apoptosis
is a free radical-dependent process [12, 132]. Besides, due to aug-
mented free radical generation, GLA reduced the antioxidant con-
tent, inhibited oncogenes RAS expression and Bcl-2, enriched P53
activity, and formation of lipid peroxides in tumor cells [135-137].

GLA could be beneficial in the management of drug-resistant
tumors. GLA has the capability to protect against radiation and
DNA damage, which is chemical-induced, increase the cytotoxic
effect of drugs that are used in cancer treatment, and induce inverse
drug resistance for a tumor cell. According to animal studies, GLA
plays an active role in skin papilloma and does not permit chemical-
induced hepatocarcinogenesis and ascitic tumors [129, 155]. Intra-
venous administration of lithium GLA to cancer patients was found
to be relatively non-toxic [156]. GLA preserved the normal and
healthy cells of the brain as well as the regression of tumors in the
animal glioma model of animals. The three open-label clinical stud-
ies revealed that GLA intra-tumoral injection is useful in reducing
the size of glioma and does not cause any significant side effects.
However, more studies are required to evaluate the anti-cancer po-
tential of GLA [16, 17].

According to specific requirements, the characteristic features
of these nanoformulations can be manipulated. Utilizing the
nanomedicine approaches, GLA is used in new formulations for
various disease treatments with maximum benefit and less toxicity
or side effect. So far, only limited studies have been performed to
evaluate the in vitro or in vivo effects of nano encapsulated ®-3-
PUFAs. A practical mechanistic approach should be implemented
to compare how ®-3-PUFA nanoformulations enhance the thera-
peutic activity and control the disease's progression, recurrence, and
disorder. All these preliminary investigations categorize suitable ®-
3-PUFA nanoformulations that have anticipated optimum loading,
targeting, and releasing capacity. The possible influence of nanoen-
capsulation of ®-3-PUFAs in therapeutic delivery is greatly promis-
ing, though some issues that prevent their widespread clinical use
still need to be addressed. Therefore, developing such NDDS would
improve patient compliance by increasing the potential risk-benefit
ratio.
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