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Abstract: Glioblastoma multiforme (GBM) is the most common primary malignant Central Ner-
vous System cancer, responsible for about 4% of all deaths associated with neoplasia, character-
ized as one of the fatal human cancers. Tumor resection does not possess curative character, there-
by radio and/or chemotherapy are often necessary for the treatment of GBM. However, drugs used
in GBM chemotherapy present some limitations, such as side effects associated with non-specific
drug biodistribution as well as limited bioavailability, which limits their clinical use. To attenuate
the systemic toxicity and overcome the poor bioavailability, a very attractive approach is drug en-
capsulation in drug delivery nanosystems. The main focus of this review is to explore the actual
cancer global problem, enunciate barriers to overcome in the pharmacological treatment of GBM,
as well as the most updated drug delivery nanosystems for GBM treatment and how they influence
biopharmaceutical properties of anti-GBM drugs. The discussion will approach lipid-based and po-
lymeric nanosystems, as well as inorganic nanoparticles, regarding their technical aspects as well
as biological effects in GBM treatment. Furthermore, the current state of the art, challenges to over-
come and future perspectives in GBM treatment will be discussed.

Keywords: Brain cancer, pharmaceutical nanotechnology, cancer therapy, lipid-based systems, polymeric systems, inorganic

nanoparticles.

1. INTRODUCTION

According to the American Cancer Society, cancer is the
common name given to a group of more than 100 diseases
triggered by uncontrolled growth and spread of abnormal
cells. Although the exact and precise cause of cancer re-
mains unknown, several risk factors related to unhealthy
lifestyles, mainly, are well-known and preventable, like high
alcohol consumption, tobacco use, obesity, physical inactivi-
ty, and poor nutrition. Some other cancer risk factors aren’t
preventable, such as aging, inherited genetic predisposition,
as well as immune and hormonal conditions. Less common-
ly, cancer can also be caused by exposure to ionizing radia-
tion (i.e., X-rays, gamma rays, alpha particles, beta particles,
and neutrons), cancer-causing substances (i.e., aflatoxins,
benzene, formaldehyde, vinyl chloride) and infectious
agents such as human papillomavirus (HPV), hepatitis B
virus (HBV), hepatitis C virus (HCV) and Helicobacter py-
lori (H. pylori) 1, 2].

Nowadays, cancer is a global problem and do not pre-
sent uniform neither statistical pattern, varying worldwide
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according to the prevalence of the previously mentioned risk
factors. With better life quality and longer life expectancy,
cancer incidence could rise fast. In 2018, the International
Agency for Research on Cancer (I4RC) expected an annual
incidence of 18.1 million cancer cases, while 29.4 million
new cases are expected for 2040 [3]. The association of
health (i.e., higher demands on health systems), social (i.e.,
better and top-technology medicines are expansive, limiting
the access by some social classes despite others) and eco-
nomic factors (i.e., cancer can considerably weaken patients,
so they’re unable to work and generate incomes for their
countries, depending, many times, on social assistance pro-
grams) make cancer a global burden, that caught the atten-
tion of the scientific community, concentrating efforts to ob-
tain better and effective medicines and diffuse as maximum
as possible correct preventive actions, to make the cancer im-
pact around the world less significant.

In this review, we will mainly focus on summarizing up-
dated works and the main results related to the use of
nanosystems as deliver platforms in GBM treatment. Biblio-
graphical research was done in the following databases:
Web of Science, Science Direct, PubMed and Google Scho-
lar, using combinations of “nano*particle”, “glioblastoma
multiforme” as keywords (Access May 2020 June 2020), se-
lecting the most relevant articles for each abovementioned
nanosystem, published in the last 10 years.

© 2021 Bentham Science Publishers
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1.1. Glioblastoma Multiforme

Glioblastoma multiforme (GBM) is a stage IV astrocyto-
ma [4] - a type of cancer originated from astrocytes, one
type of glial cells found in the brain, varying from stages |
(less aggressive and small tumor) to IV (more aggressive,
like GBM) - and also the most common and invasive central
neoplasia, responsible for about 60% of all primary brain tu-
mors in adults [5]. Around 4% of deaths by neoplasias are at-
tributed to GBM. Although GBM occurs mainly in the brain
(60% cases), it can also affect other Central Nervous System
(CNS) structures, like brainstem, cerebellum, and spinal
cord [6]. GBM occurs mostly from 60 to 64 years of age,
more in men than women (1.6:1), as well as Caucasian peo-
ple despite other ethnicities [7]. The most frequent GBM
clinical manifestations are higher intracranial pressure, hea-
daches, and focal or progressive neurological deficits; 25%
of patients present seizures, a characteristic symptom of a lat-
er stage GBM [8]. Initial diagnoses are made through digital
imaging techniques, such as computed tomography and mag-
netic resonance imaging.

GBM's current therapeutic guidelines recommend a mul-
tidisciplinary approach, mainly with surgical removal, asso-
ciated with radio and chemotherapy, when convenient. How-
ever, these treatments are quite invasive and end up weaken-
ing patients’ health considerably. Moreover, due to its high
invasiveness, the surgical removal of GBM is not curative:
invariably, some persistent cells will remain in the brain,
which can lead to disease progression or recurrence, and it is
necessary to associate with this technique, very often, radio
and/or chemotherapy [9]. Although new technologies are be-
ing developed for the treatment of GBM, this neoplasm is
still characterized as quite lethal and with poor prognosis,
since the currently available treatments do not have a cura-
tive character, only the role of prolonging patients’ survival
time [10]. Despite all advances in the medical field and un-
derstanding of GBM, after diagnosis, only 8% of patients
can survive up to 2.5 years, and less than 5% of patients sur-
vive 5 years [11]. As GBM exhibits high resistance to con-
ventional therapies, mortality rates are usually high for this
type of cancer [12].

1.2. Pharmaceutical Nanotechnology

Nanotechnology is a multidisciplinary science born at
the early ’20s, and can be defined as new technologies or de-
vices employing components with at least one dimension in
nanoscale, usually from 1 to 100 nm; for health destinated
products like medicines and diagnostic assays, this size can
range up to 1000 nm [13]. Nowadays, nanotechnology repre-
sents a promising field and, in the last few years, has revolu-
tionized the health quality with many remarkable applica-
tions in the pharmaceutical field, thereby originating a hy-
brid science known as pharmaceutical nanotechnology. Cur-
rently, tools from pharmaceutical nanotechnology are high-
lighted by improving the pharmacological treatment and re-
purposing the use of medicines [14].

Recent studies have shown that drug delivery nanosys-
tems (DDN) have been gaining attention in cancer treat-
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ment, especially in GBM, because they demonstrated to be
efficient alternatives to conventional formulations currently
available in the market, besides being capable to optimize
the drug delivery to cancer cells, improving the toxicity pro-
file and adverse effects, reducing the systemic toxicity of for-
mulations containing anti-cancer agents [15, 16]. As can be
seen in (Fig. 1), a large variety of DDN can be found in liter-
ature as a possible therapeutic approach for GBM treatment,
reiterating the importance of further studies on this topic.
Thus, this review will focus on the analysis and critical dis-
cussion of the actual trends in DDN designed to treat GBM
and their main advantages, as well as future perspectives
and general conclusions.

2. LIPID-BASED DRUG DELIVERY NANOSYSTEMS

Lipidic systems have been widely investigated as DDN
to deliver therapeutic molecules across the blood-brain barri-
er (BBB) on GBM treatment. Their application in the
nanomedicine field is own to several advantageous features,
such as their biocompatibility and biodegradability (promot-
ed by the materials used in its’ composition), capacity to en-
hance the solubility and bioavailability of water-insoluble
chemotherapeutics, as well as great physicochemical stabili-
ty [17]. Also, these nanosystems have shown high penetrabil-
ity in tumor cells, which can be even greater due to their
easy surface modification using ligands with high affinity
and specificity to some receptors, capable of triggering medi-
ated endocytosis in BBB and receptors overexpressed on tu-
mor cell membranes [18, 19]. Thus, the main lipidic systems
designed for this purpose will be focused in this review,
such as liposomes, solid lipid nanoparticles (SLN), nanos-
tructured lipid carriers (NLC), nanoemulsions, and microe-
mulsions. Figure 2 summarizes the main lipid-based DDN
approached in this article.

2.1. Liposomes

Liposomes are phospholipid-bilayer vesicles used to de-
liver drugs into the brain due to their capacity to entrap both
hydrophilic and hydrophobic molecules, as well as biocom-
patibility, biodegradability and mainly by their potential to
permeate biological membranes [17, 20, 21].To improve
blood circulation time and active targeting they have, they
can have their surface modified with polyethylene glycol
(PEG) and other targeting ligands, respectively. There are
many ways to produce theses nanoparticles, among then the
solvent injection and the thin-film hydration followed by ei-
ther sonication or extrusion methods, which are the most
common techniques used to obtain liposomes with small
size and polydispersity index [22-24].

Lakkadawala et al. [25] proposed the development of
two liposomes containing cell-penetrating peptide (TAT or
QLPVM peptides) and transferrin (Tf) for codelivery of dox-
orubicin and erlotinib (Tf-TAT-LIP and Tf-QLPVM-LIP, re-
spectively) to treat GBM. Transferrin (Tf) is a serum glyco-
protein that has been widely used to functionalize nanosys-
tems to improve their transport across BBB and promote in-
creased drug uptake by GBM cells through specific recep-
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Fig. (1). Number of publications based on the bibliographical results found in this review, according to the type of nanosystem: A (Lipid-
based systems); B (polymeric nanosystems) and C (inorganic nanosystems); ME = microemulsions; NE = nanoemulsions; SLN = solid lipid
nanoparticles; NLC = nanostructured lipid carriers; PN = polymeric nanoparticles; PM = polymeric micelles; HN = hybrid nanoparticles,
MN = metallic nanoparticles and; MSNP = mesoporous silica nanoparticles. (4 higher resolution / colour version of this figure is available

in the electronic copy of the article).

tors overexpressed in cellular membranes [26]. Both lipo-
somes were produced by thin-film hydration method and pre-
sented a mean size of 174.90 + 4.45 nm and 175.57 =, poly-
dispersity index (PDI) of 0.254 + 0.03 and 0.246 = 0.02 and
zeta potential of 15.03 = 3.94 mV and 14.87 = 0.53 mV for
T{-TAT-LIP and Tf-QLPVM-LIP, respectively. The authors
investigated the antitumoral efficacy of these liposomes us-
ing an in vivo brain tumor model and biodistribution assay.
After intravenous administration was observed, a higher
brain distribution of both dual-functionalized liposomes,
with no significant difference between the use of TAT and
QLPVM as a penetrating agent. Moreover, these liposomes
showed about a 10- to 2.7-fold increase in doxorubicin and
erlotinib accumulation. Thus, dual-functionalized liposomes
can improve the delivery of chemotherapeutics across the
BBB into tumor cells viaa receptor and adsorptive mediated
transcytosis pathways.

Guo and co-workers [27] also developed functionalized
liposomes to improve doxorubicin transport across the BBB

and its accumulation into the tumor microenvironment. The
authors used an integrin a-2 (ITGA-2) as a target to overex-
pressed receptors in GBM cell lines. The liposomes were
produced by a thin-film hydration method followed by the
extrusion technique, which promoted particle sizes about
110 nm and narrow PDI. Aiming to investigate the an-
ti-GBM potential of this formulation, in vitro cellular up-
take, and transportation across the blood-brain tumor barrier
(BBTB), which is a disrupted blood-tumor barrier that diffi-
cult the drug delivery and accumulation in cancer cells, were
performed. ITGA-2 modified liposomes showed higher cellu-
lar uptake, approximately 75% to 150%, in GBM cell lines
(A172, U87, and U118) than non-specific liposomes.
Whereas, functionalized liposomes showed a reduced uptake
by normal cells (SVG-P12), indicating their high affinity by
receptor overexpressed in GBM cells. Finally, the in vitro
BBTB model indicates the capacity of this formulation to by-
pass BBTB due to the angiogenesis effects induced by
GBM.
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Fig. (2). Main lipid-based DDN approached in this article. A = lipo-
some; B = NE; C = NLC and; D = SLN. (4 higher resolution /
colour version of this figure is available in the electronic copy of
the article).

Jhaveri et al. [28] proposed a way to enhance the deliv-
ery of resveratrol using liposomes. For this purpose, the lipo-
somes were produced by a thin-film hydration technique fol-
lowed by extrusion in 200 nm membranes. The extrusion
technique was important to produce liposomes with low
sizes (211.2 +£ 0.8 nm) and PDI (0.09), besides a high resver-
atrol entrapment efficiency. In vitro assays using GBM tu-
mor (U87) and normal (HA) cells indicated the higher cyto-
toxicity capacity of transferrin-targeted resveratrol-loaded li-
posomes when compared with the unmodified formulation.
Besides, they showed a greater selectivity effect on cancer
cells. Their selectivity to U87 cells was also observed during
cellular uptake by confocal microscopy. The tumor-inhibi-
tion study corroborates with the in vitro assay through the
significant control of tumor growth when compared with all
control groups, suggesting the great potential of this formula-
tion to treat GBM.

A complex formulation was developed by Anilkumar et
al. [29] to combine photothermal (PTT) and photodynamic
therapies (PDT) in functionalized liposomes with hyaluronic
acid for specific bind to CD44 overexpressed receptors in
GBM cells. For this purpose, magnetic nanoparticles (pho-
tothermal therapy agent) and the photosensitizer indocya-
nine green (ICG) were incorporated in liposomes during the
re-hydration step of the thin-film hydration technique. After
the sonication and extrusion process, magnetic liposomes
with a particle size of 221.9 + 16.9 nm and low PDI (0.29 +
0.03) were obtained. The in vitro and in vivo antitumoral effi-
cacy of this formulation was evaluated with and without irra-
diation using 808 nm NIR laser at 2W/cm” at 4 and 5 min, re-
spectively. The laser irradiation process is important to gen-
erate cytotoxic reactive oxygen species (ROS) by ICG and
the local heating by magnetic nanoparticles, which are the
mechanism of action of PDT and PTT, respectively. The in
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vitro assay showed an enhanced reduction in tumor cell via-
bility after the laser light incidence. Besides, in vivo studies
with xenograft mice, the tumor model indicated the high ac-
cumulation in tumor tissue and tumor growth inhibition after
laser light exposure.

Belhadj and colleagues [30] developed multifunctional
doxorubicin-loaded liposomes composed of p-hydroxyben-
zoic acid and cyclic RGD (c(RGDyK)) peptide to promote
specific target to the brain by recognition of dopamine and
integrin a3, receptors expressed on the BBB, respectively.
The liposomes were developed using the thin-film hydration
technique followed by the extrusion method and presented
narrow size distribution. /n vitro assays indicated the capaci-
ty of this multifunctional liposome to increase the doxoru-
bicin cytotoxicity and besides being highly internalized into
brain capillary endothelial cells (bEnd.3), GBM cell line
(U-87MG) and umbilical vein endothelial cells (HUVECS).
Furthermore, in vivo study also indicated the potential of
this system to improve the active targeting to GBM and en-
hance the median survival time, 2.31 folds more than unmod-
ified liposomes.

In another study, Papachristodoulou and colleagues pro-
duced liposomes to carry a small molecule, an O°-methylgua-
nine-DNA methyltransferase (MGMT) gene inactivator, to
sensitize GBM cells to temozolomide [31]. To improve the
brain targeting, the BBB was opened using magnetic reso-
nance image-guided low-intensity pulsed focused ultrasound
(LIFU). The liposomes were produced by thin-film hydra-
tion technique and extruded to obtain vesicles with 75 nm
with narrow size distribution. In vivo study indicated the po-
tential of these liposomes to promote depletion of MGMT
gene, reduce the tumor growth and prolonged survival time
when temozolomide was used in combination

2.2. Micro and Nanoemulsions

Micro (ME) and nanoemulsions (NE) are colloidal dis-
persions composed of an aqueous phase mixed with an or-
ganic phase and stabilized by surfactants to decrease interfa-
cial tensions between both phases. Although “micro-" termi-
nology is used to designate the micrometric dimension, in
the nanomedicine field both micro and nanoemulsions are
defined with particle sizes below 500 nm, being ME smaller
than NE. The main differences between them are related to
their free energy. NE isis produced under energy supply be-
cause they are kinetically stable while ME is thermodynam-
ic stable and formed spontaneously [32-36]. They are consid-
ered to be used as DDN to target molecules across the BBB
to tumor cells owing to their stability, sustained release, and
permeability through biological barriers [37-39].

Gadhave and co-workers [40] developed an intranasal
teriflunomide mucoadhesive ME for the treatment of GBM.
Aiming to understand and optimize the main formulation
variables (oil, water, and surfactant mixture volumes) in-
volved in the quality of ME produced by progressive aque-
ous phase titration method, the authors used a Quality by De-
sign approach, known as Box-Behnken design. This tool
made it possible to determine the optimal production condi-
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tion for desirable features. The optimized formulation
showed a particle size of 22.81 + 0.48 nm, PDI of 0.049 +
0.01, transmittance percentage of 99.70 + 0.2% and drug
content of 98.88 + 0.39%. Chitosan was added in ME to pro-
mote mucoadhesive properties, and its feature was con-
firmed by ex vivo. In addition, in vivo studies comparing in-
tranasal and intravenous routes indicated that intranasal drug
delivery of ME is also safer and more effective to GBM
treatment with reduced risks of kidney and liver toxicity.

The potential of ME to deliver drugs into the brain tu-
mor has also been studied by Shinde ef al. [41]. The author
developed curcumin-loaded ME functionalized with docosa-
hexaenoic acid (DHA)-rich oil that presents receptor-mediat-
ed endocytosis in BBB. ME was prepared through emulsifi-
cation and showed sizes lower than 20 nm with high stabili-
ty. In vivo studies were conducted using intranasal or intrave-
nous administration. As noted by Gadhave and co-workers
[40], the authors also observed higher drug accumulation of
functionalized curcumin-loaded microemulsions into the
brain using the intranasal route, about 2.09-fold more than in-
travenous. This result can be explained by drug delivery
through the olfactory pathway and trigeminal nerves. Be-
sides, the formulation improved curcumin accumulation into
the brain both by intravenous and intranasal administration
when compared with curcumin solution, which indicates
great promise for GBM treatment.

As reported, the intranasal route has been studied as a
strategic route to deliver nanomedicines into the CNS since
the olfactory pathway and transport through trigeminal
nerves provide rapid and direct transport to the brain
[39-41]. Colombo and co-workers [42] evaluated the poten-
tial of this route to delivery kaempferol-loaded NE as an al-
ternative GBM therapy. Thus, to decrease the mucociliary
clearance and increase the residence time in the nasal cavity,
chitosan was added to form mucoadhesive NE. Thus, the
kaempferol-NE was produced by a high-pressure homoge-
nization technique with subsequent chitosan incubation.
This system showed a low globule size (180.48 + 8.37 nm)
and PDI (0.211 £ 0.023). In vitro cytotoxicity assay showed
a higher reduction of C6 glioma cell viability when com-
pared with non-mucoadhesive NE. Ex vivo study indicated a
significant increase in permeation capacity with the addition
of chitosan. Furthermore, this high permeation of modified
NE was confirmed by in vivo study with high brain levels of
kaempferol, about 5- and 4.5-fold higher than free kaempfer-
ol and unmodified NE.

Paula and co-workers [43] developed nanoemulsions to
combine hyperthermia therapy and PDT to treat GBM. For
this purpose, citrate-coated maghemite nanoparticles and
chloroaluminum-phthalocyanine were added into NE during
their production through the spontaneous emulsification pro-
cess. Particle size analysis showed low narrow size values
(220 £ 20) and PDI of 0.25. The in vitro cytotoxicity assay
using U-87MG, BM-MSC, and T98G cell lines showed a re-
duction of about 15% in cell viability when only hyperther-
mia therapy was stimulated. When only PDT light treatment
was applied, a cell death average of 52% was detected. How-
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ever, stimulating both PDT and hyperthermia therapy, a to-
tal reduction of about 70% was reached. So, the developed
lipid system using both therapies represents an interesting
strategy for improving GBM therapy.

Azambuja and co-workers [44] developed a cationic NE
to deliver CD73-siRNA (NE-siRNA CD73) for GBM treat-
ment viathe intranasal route. CD73 is an enzyme overex-
pressed in cancer cells that induces tumor immune escape.
Thus, the inhibition of this enzyme production by small inter-
fering RNA (siRNA) can inhibit tumor progression. Cation-
ic NE was prepared by microfluidization followed by siR-
NA complexation by adsorption. The developed lipid sys-
tem showed a particle size of 262.7-601.9 nm and an evi-
denced siRNA complexation. /n vitro assays detected that
NE-siRNA CD73 was uptaken by the C6 cell line and re-
duced cell viability about 30-50%. Moreover, in vivo assays
confirmed CD73 silence by siRNA and tumor growth reduc-
tion about 60%. Thus, the delivery of siRNA by a lipidic
nanosystem through the nasal route demonstrated a great po-
tential to treat GBM.

2.3. Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLN) were developed to over-
come some limitations of other lipid-based systems. These
nanostructures are composed of a variety of lipids in a solid-
state at room and body temperature (e.g., stearyl alcohol,
monostearin, Compritol” 888 ATO, and glycerol monos-
tearate) and surfactants (e.g., Tween" 80 and poloxamer 188
[45-48].This composition allows them higher physical stabil-
ity, sustained release profile, and the capacity to escape from
the reticuloendothelial system [49]. Due to their advantages,
SLN with and without functionalization have been studied
for GBM treatment [18, 50, 51].

Kiiciiktirkmen and Bozkir [52] developed a cationic
SLN to deliver pemetrexed and anti-miRNA for drug and ge-
netic-based GBM treatment. The anti-miRNA used was an-
ti-miR-21 to silence the miRNA that regulates genes respon-
sible for tumor cell proliferation. Also, pemetrexed was used
to inhibit tumor proliferation by disrupting folate-dependent
metabolic processes. Cationic SLN was prepared using a
high-pressure homogenization method in which anti-miR-21
and pemetrexed were added in the lipid phase. Characteriza-
tion studies confirmed the low particle size 124.9 + 1.6 nm,
PDI of 0.302 + 0.002, zeta potential of 27.3 = 1.6 mV, and
prolonged-release profile. In vitro studies using the
U-87MG cell line demonstrated higher cellular uptake of
this system when compared with free pemetrexed, which in-
dicates the ability of these nanoparticles to permeate biologi-
cal membranes for GBM treatment. However, the author
suggested further in vivo studies with higher miRNA com-
plexation to better comprehend its action.

Another SLN for brain tumor treatment was developed
by Grillone and co-workers [53]. The author produced a nut-
lin-loaded magnetic SLN to use an external magnetic field
to magnetically deliver the nutlin-loaded SLN across the
BBB. So, SLN was produced through solvent evaporation
technique, and nutlin-3a and superparamagnetic iron oxide
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nanoparticles (SPIONs) were incorporated into the organic
phase. Characterization studies indicated colloidal stability,
the particle size of 180 = 40 nm, and negative zeta potential
(-40.0 = 1.4 mV). The subsequent analysis using BBB in
vitro models demonstrated the capacity of the SLN to trans-
pose the barrier when an external magnetic field was ap-
plied, which allowed the greater nutlin-3a cytotoxicity to-
wards U-87MG cells than the free drug. Thus, nutlin- loaded
magnetic SLN represented a potential lipid-based system to
treat GBM.

2.4. Nanostructured Lipid Carriers

Although SLNs show advantageous features, their main
limitations are the low entrapment efficiency and the tenden-
cy to expel molecules from their structure during crystalliza-
tion. This crystallization process does not allow empty
spaces for drug storage that makes it difficult to keep drugs
inside the SLNs. To overcome this limitation, the second
generation of SLNs was developed and named as nanostruc-
tured lipid carriers (NLC). NLCs are composed of solid and
liquid lipids at room and body temperature as well as lipids
with different chain lengths that promote the formation of an
imperfect crystal structure [54-60]. Thus, this structure
avoids crystallization and allows free spaces for drug stor-
age and improves drug loading, which makes them suitable
for drug delivery into brain tumor cells.

To improve the oral bioavailability of CAT-3, an an-
ti-GBM pro-drug, Wang and co-workers [61] investigated
its delivery through an NLC system. To enhance CAT3 lipid
solubility and increase its entrapment efficiency in NLC,
CAT3 was conjugated with oleic acid, a liquid lipid also
used to formulate NLC with a less-ordered crystalline struc-
ture. The system was developed using hot homogenization,
followed by the hot ultra-sonication method. NLC had low
particle size (151.3 £ 17.51 nm) with narrow distribution
and high values of drug loading and entrapment efficiency,
suitable to transpose the BBB. In vitro analysis demonstrat-
ed the higher cytotoxicity of this formulation when com-
pared with all controls, with a reduction of C6 cell viability
10 29.77% and 10.75% after 24 and 48 hours of treatment, re-
spectively. Furthermore, in vivo pharmacokinetic studies in-
dicated a greater concentration of CAT-3 active metabolites
in plasm, being a promising system to deliver antitumoral
agents through a non-invasive route.

Optimized paclitaxel loaded NLC functionalized with
transferrin was produced by Emami and coworkers [62] us-
ing Box-Behnken design, a Quality by Design approach ca-
pable of providing information about variables involved
with the final NLC quality. The author prepared NLC
through the emulsification-solvent evaporation method and
investigated the influence of the amount of cholesterol, tri-
olein, and poloxamer 188 in particle size, zeta potential, en-
trapment efficiency, drug loading and mean release rate. The
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optimized nanocarriers showed a size of 205.4 nm, zeta po-
tential of 25.7 mV, good entrapment efficiency and mean re-
lease rate of 29.3 hours. This formulation allowed a high
transferrin coupling efficiency, which is important for its
recognition by the transferrin receptor in BBB and tumor
cells. In vitro cytotoxicity assay indicated the higher cytotox-
ic effect of functionalized NLC when compared to unmodi-
fied NLC and free paclitaxel, suggesting its potential to
GBM therapy.

Another study that used NLC to improve GBM treat-
ment was performed by Zhang and co-workers [63]. The au-
thors produced a dual functionalized NLC to deliver temo-
zolomide and vincristine by modifying the NLC surface
with lactoferrin and RGD peptide, to provide specific recog-
nition by receptors overexpressed in BBB and GBM cells.
For this purpose, nanocarriers were developed using the sol-
vent diffusion method. The developed formulation showed a
size of 139.3 nm, PDI of 0.187, and demonstrated a high
ability to load both temozolomide and vincristine. In vitro as-
says indicated sustained-release behavior, high cytotoxicity,
synergy effects, and greater cellular uptake than unmodified
NLC. Furthermore, in vivo tissue biodistribution and antitu-
mor effect studies corroborated with cell cultures assays, de-
monstrating higher accumulation and tumor reduction when
dual functionalized NLC was administered intravenously.
Moreover, low systemic toxicity was observed during the
treatment with this nanocarrier, suggesting its potential to im-
prove brain cancer treatment with low side effects for pa-
tients.

Table (1) summarizes the studies found in the literature
about lipid-based nanosystems for GBM treatment and their
main characteristics.

3. POLYMERIC NANOSYSTEMS

Polymer-based DDNs can be obtained using polymers or
monomers of synthetic as well as the natural origin, preferab-
ly with biodegradable characteristics, thus, they originate
biocompatible by-products, a feature that led them to be ex-
tensively explored as pharmaceutical DDNs. The most fre-
quent biodegradable polymers used in development of poly-
meric nanoparticles for GBM treatment are chitosan [64,
65], poly lactic-co-glycolic acid (PLGA) [66] and poly(e-
caprolactone) (PLC) [67]. There are different methods for
obtaining polymeric nanocarriers such as nanoprecipitation,
salting-out, emulsification (solvent evaporation and solvent
diffusion), supercritical fluid technology, and ionic gelation.
The choice of method depends on the properties of the en-
capsulated drug and the desired application [17, 68, 69]. Ad-
ditionally, polymer-based nanocarriers can have their bio-
pharmaceutical properties modulated through surface modifi-
cation by adding ligands such as antibodies, proteins, which
collaborate in specific tissue targeting and drug deposition
[70, 71]. (Fig. 3) summarizes the main polymeric DDN as
an approach to GBM treatment, discussed in this article.
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Table 1. Studies designing lipid-based drug delivery nanosystems for glioblastoma multiforme treatment and their main characteris-

tics.
L. Surface . . In vitro . Route of
Nanosystem Composition Modification Size (nm)| Therapeutic Molecule/Drug Model In vivo Model Administration Refs.
1) TAT and trans-| 1) 174.90 U-87MG, . .
Liposomes DSPE-PEGu-NHS and (ferrin =445 Doxorubicin and Erlotinib bEnd.3 (t);‘tr:g;orl:llocd:ailr? Intravenous | [25]
P cholesterol 2) QLPVM and|2) 175.57 and glial .
) nude mice
transferrin +4.57 cells
Al72,
U-87MG,
. DOPC and DSPE- . U118,
Liposomes PEG 0-COOH ITGA-2 110 Doxorubicin SVG-P12 - - [27]
and HB-
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. DSPE-PEG ), DOPE . 2112+ U-87MG | xenograft model
Liposomes and CHEMS Transferrin 08 Resveratrol and HA | in Athymic NCr- Intravenous | [28]
nu/nu nude mice
Subcutaneous
. DSPE, Cholesterol, . ..] 2219+ |Magnetic nanoparticles and pho- xenograft model
Liposomes DDAB, and PEG 5, Hyaluronic acid 16.9 tosensitizer indocyanine green U-87TMG BALB/c nude Intravenous | [29]
mice
HSIEIS égﬁgg;};ﬂﬂ’ Orthotopic brain
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. DOPC, cholesterol, O°-methylguanine-DNA methyl- .
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— +
ME Maisine 35-1, Labrasol - 2281 Teriflunomide U-87MG (studies in Swiss al- Intranasal [40]
and Transcutol HP 0.48 . .
bino mice
Pharmacokinetic
docosahexaenoic and brain uptake Intranasal and in-
ME Tween 80, Capmul MCM . <20 nm Curcumin U-87MG studies in [41]
acid travenous
Sprague-Dawley
rats
Egg-lecithin, polysorbate s
+
NE 80, medium-chain triglyc- - 180.53 Kaempferol C6 Brain 'dlstrlbutlon Intranasal [42]
. . 4.90 Wistar rats
erides and chitosan
Medium-chain triglyc- 220 £ 20 citrate-coated maghemite nano- | BM-MSC,
NE erides, soy phospholipids - nm particles and chloroaluminumph- | U-87MG, - - [43]
and poloxamer 188 thalocyanine and T98G
392.7+ C6 and rat
Lecithin, medium-chain 19.1 and . astrocyte | OrthotopicWistar
NE triglycerides, DOTAP ) 273.9+ CD73-siRNA primary rats Intranasal | [44]
13.6 cultures
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. Surface . . In vitro . Route of
Nanosystem Composition Modification Size (nm)| Therapeutic Molecule/Drug Model In vivo Model Administration Refs.
sLN [ Trimyristin, DDAB and ; 12492 1 pemetrexed and anti-miR-21 | U-87MG ; ; [52]
Tween 80 1.6
SLN Cetyl palmitate and ) 180 < 40 Superparamagnetic iron oxide U_EZS/IG ) _ (53]
DSPE-PEG s, nanoparticles and Nutlin-3a
bEnd.3
Oleic acid, Compritol . R
L Bioavailability

888 ATO, Lipoid S75, 1513+ L.

NLC Tween 80 and Poloxamer - 1751 CAT3 C6 studies in Sprague Oral [61]
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soya lecithin, DEPE- RGD T98G .
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Abbreviations: ME — microemulsion; NE — nanoemulsion; SLN — solid lipid nanoparticle; NLC — nanostructured lipid carrier; DSPE-PEG ;- polyethyleneglycol-carbamyl dis-
tearoylphosphatidyl-ethanolamine; DOPC - 1,2-dioleoyl-sn-glycero-3-phosphocholine; TAT — cell penetrating peptide ; ITGA-2 - integrin alpha-2; DOPE - 1,2-dioleoyl-sn-g-
lycero-3-phosphoethanolamine; CHEMS - cholesteryl hemisuccinate; DDAB - dimethyldioctadecyl ammonium bromide; DOTAP -, 2-dioleoyloxy-3-(trimethylammonium)propane;
DDAB - dimethyldioctadecylammonium bromide; SPC - soybean phosphatidylcholine. RGD - Arg-Gly-Asp, CAT-3 - 13a-(S)-3-pivaloyloxyl-6,7-dimethoxyphenanthro[9, 10-b]-in-
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Fig. (3). Main polymer-based DDN approached in this article. A =
polymeric nanoparticles; B = polymeric micelles and; C = HN.(4
higher resolution / colour version of this figure is available in the
electronic copy of the article).

3.1. Polymeric Nanoparticles

Polymeric nanoparticles are colloidal systems, character-
ized by its small particles size ranging from 1 to 1000 nm
[72, 73]. According to their composition, they are presented
as nanospheres or nanocapsules [68], where the drug is dis-
persed in the polymeric matrix or encapsulated in polymeric
capsules of lipid core, respectively [69]. These systems have
been used mainly due to the controlled release of drugs, the
ability of specific targeting tissues, besides improving physi-
cal-chemical properties inherent to the drug such as stability,
solubility, bioavailability, and reduction of systemic toxicity
[69, 72-76]. In the treatment of GBM, polymeric nanoparti-
cles show advantages in terms of size and safety, having a

small size, and can be made of biodegradable polymers that
facilitate the drug release from these particles, that promote
higher bioaccumulation in the tumor through the enhanced
permeation and retention effect (EPR) as well as safe use.
Another remarkable property that made polymer-based
nanosystems be extensively explored in anti-GBM therapy
is the ease of modifying its surface by adding ligands that
can improve interaction with specific cells through struc-
tures like receptors and other molecules expressed on the
GBM cell membranes. However, the main disadvantage of
polymer-based DDN against other DDN — for example,
lipid-based ones - is the difficulty of crossing BBB by pas-
sive diffusion, since the brain matrix is quite dense, prevent-
ing the diffusion of the drug that leads to insufficient drug
concentrations for a correct treatment [18, 77, 78].

Etoposide acts by inhibition of topoisomerase II and has
been explored in nanosystems to improve its anticancer ac-
tivity, as well as facilitate its permeation across BBB for the
treatment of GBM [79-81]. PLGA nanoparticles prepared by
emulsification and solvent diffusion method crosslinked
with lactoferrin (Lf) and folic acid (FA) were used for trans-
porting etoposide [79]. The Lf/FA/PLGA nanoparticles (NP-
s) demonstrated in vitro that etoposide release was more sus-
tained than that of FA/PLGA NPs and PLGA NPs, possibly
due to the surface modification. All nanoparticles tested pre-
sented considerable toxicity for human brain-microvascular
endothelial cells (HBMEC) human astrocyte (HA), reducing
cell viability by 83.5 + 3.6% and 88.7 +2.7%, respectively;
what can be explained by etoposide high toxicity and the sur-
face modification improved cellular internalization. For
U87MG cells, the Lf/FA/PLGA NPs showed great internal-
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ization, reducing cell viability compared to free etoposide,
18.94 + 5.4%, and 37.3 + 3.2%, respectively; this antiprolif-
erative activity of nanoparticles may be due to the binding in
folate receptors overexpressed by US87MG cells. Thus, the
crosslinking of PLGA NPs with lactoferrin and folic acid im-
proved the anti-cancer activity of etoposide, providing target-
ed delivery to GBM cells and sustained drug release.

MPEG-PCL nanoparticles were used to encapsulate dif-
ferent anticancer drugs as etoposide, carmustine, and doxoru-
bicin, and crosslinked with wheat germ agglutinin (WGA)
and folic acid (FA) to anti-GBM activity against U§7MG
cell in vitro [80]. These nanoparticles were obtained by the
solvent emulsification-evaporation method. Two polymer
chain lengths (PCL), denominated PEPC1 NP (shorter
chain) and PEPC2 NP (longer chain), were evaluated, show-
ing particle size 157.5 + 3.1 and 166 + 9.4 nm, respectively.
The drugs had better encapsulation efficiency and cumula-
tive release (pH 5.0) in PEPCI1. The process of crosslinking
with WGA and FA was performed with PEPC1 (WFNPs):
this process increased particle size to 223.7 + 14.1 nm and
zeta potential suffered no significant changes. After the de-
velopment of WFNPs, the etoposide, carmustine, and dox-
orubicin were encapsulated and the best-controlled release
profile was found at pH 5.0 with release up to 30 days. In hu-
man endothelial cell lines, free drugs showed a decrease in
viability, while drugs loaded WFNPs showed increased via-
bility, demonstrating that WFNPs reduce drug toxicity. Addi-
tionally, WFNPs showed increased permeability in these
cells. In US7MG cells, the drugs-loaded WFNPs lead to an
increased antiproliferative activity, accentuated by WGA
and FA. Thus, dual targeting on the surface of NPs can be
promising in targeting therapy of GBM.

Malinovskaya et al. [82] and Maksimenko et al. [83]
evaluated doxorubicin (Dox)-loaded PLGA nanoparticles
coated with poloxamer 188 (Dox-PLGA + P188) for the
treatment of GBM in vitro/in vivo, and Pereverzeva [84]
evaluated acute/chronic toxicity of these nanoparticles. The
Dox-PLGA nanoparticles were prepared by double emulsifi-
cation (w/o/w) and solvent evaporation methods and marked
with Cyanine 5.5 amine (Cy5.5) fluorescent dye, which is
not caused physical-chemical changes to these nanoparti-
cles. Dox-PLGA-Cy5.5 showed better release in pH 4.5 than
pH 7.4. These NPs lead to concentration-dependent cyto-
toxicity: the higher the Dox concentration, the lower the
US87MG cell viability. The Dox-PLGA-Cy5.5 showed better
cell internalization when compared to NPs without Dox,
which is possibly attributed to the presence of P188 surfac-
tant on these nanoparticles’ surface [82]. These Dox-PLGA
produced by Maksimenko [83] in the pilot-scale were not
considered haemotoxic in assays of blood coagulation time,
platelet activation, and hemolysis. In anti-tumor activity
tests using the 101.8 GBM model, Dox-PLGA pilot-scale +
P188 presented a better performance when compared to the
free drug. In the acute toxicity test, no statistical difference
was observed between free Dox and Dox-PLGA nanoparti-
cles. In chronic toxicity assay, these Dox-PLGA nanoparti-
cles could decrease the toxic effects of free Dox, and the
crosslinking with P188 leads to a reduction in cardiotoxicity
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when compared to free Dox. In this way, the safety profile
of Dox could be improved by the nanoencapsulation process

[84].

Temozolomide (TMZ) is the first-line chemotherapeutic
drug used for GBM treatment and presents high toxicity, sys-
temic side effects, and low permeability through BBB. The
use of TMZ-loaded poly (lactic-co-glycolic acid) (PLGA)
nanoparticles, functionalized with a monoclonal antibody
(0X26) for transferrin receptor (TfR) has been described
[12]. These TMZ-PLGA NPs were prepared by the solvent
emulsion-evaporation technique and had its surface modi-
fied by maleimide-PEG to allow the covalent bonding of
0X26 mAb. These nanoparticles presented particle size be-
low 200 nm, with homogeneous size distribution and nega-
tive surface charge, characteristics that can contribute to the
passage through BBB associated with functionalization for
binding specific to TfR (active transportation). The mAb-PL-
GA NPs encapsulated 48% of TMZ, while 44% for non-
functionalized NPs. In in vitro release by dialysis bag
method, TMZ release rates were higher for non-functional-
ized NPs (98 = 2% after 9 days) when compared to mAb-PL-
GA NPs (78 + 2% at 20 days). The mAb-PLGA NPs were in-
ternalized in cells (U251, U87MG, and NHA), probably by
endocytosis mechanism, preventing TMZ efflux from cells.
The use of a mAb improved cellular uptake due to the TfR
target, suggesting that nanoparticles with mAb can permeate
more easily without causing damage to the BBB, as well as
a reduction in cytotoxicity compared to non-functionalized
NPs, which can be justified by the more controlled release
of TMZ from mAb-PLGA NPs.

Sayiner et al. [85] also evaluated TMZ-loaded PLGA
nanoparticles incorporated in a thermoreversible hydrogel.
The preparation was done by the solvent emulsification-eva-
poration method. The smallest particle size obtained was
164.40 = 4.24 nm and the largest 235.50 + 24.96 nm; all for-
mulations showed negative zeta potential values, in agree-
ment with previous reports [12]. The free TMZ incorporated
in the hydrogel was released 93% in 8h, while the TMZ-PL-
GA nanoparticles released only 10% in 12h, followed by sus-
tained release up to 60 days, with 50% of TMZ released at
the end of experiments. Among the three nanoparticles test-
ed (A2, A2-5, A2-10), A2-10 demonstrated greater cyto-
toxicity to RG2 cells — the formulation with higher encapsu-
lation efficiency and smallest particle size. When the cyto-
toxicity of the nanoparticles incorporated in the Pluronic
127 hydrogel was evaluated, formulation A2 reduced cell vi-
ability to 32 + 3%, showing to be more cytotoxic. Thus, the
thermoreversible hydrogel was useful in modulating the re-
lease of TMZ and its cytotoxicity and can be an adjuvant al-
ternative in treatment for GBM.

Polymeric nanoparticles functionalized with folic acid
(FA) encapsulating TMZ were coated using magnetite
(Fe,O, - SPION). The copolymer used was poly (ethylene
glycol)-poly (butylene adipate)-poly (ethylene glycol)
(PEG-PBA-PEG) to better protect the drug and promote sta-
bility in biological fluids. These TMZ-SPION-PEG-P-
BA-PEG nanoparticles were prepared by the nanoprecipita-
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tion method. TMZ showed sustained release above 70% af-
ter 48h for both nanoparticles functionalized or not with FA.
Cellular uptake was evaluated through intracellular ferric
iron concentration; control nanoparticles showed around 60
pg/cell on both cell lines and TMZ-SPION-PEG-PBA-PEG-
FA showed 157.39 £ 3.4 (C6) and 67.7 + 1.57 (OLN-93) pg/-
cell and exhibited higher cytotoxicity when compared to the
than without FA. The TMZ encapsulated in polymeric FA-
functionalized nanoparticles, as evidenced by different as-
says with the C6 cell line, shown increased cytotoxicity, de-
creased anti-proliferative activity of tumor cells, increased
levels of apoptosis and necrosis compared to free TMZ. The
nanoparticles without TMZ showed no damage to the tested
strains [86].

Another monoclonal antibody tested on GBM was beva-
cizumab (BEV), which exhibits anti-angiogenic activity by
binding to the extracellular portion of vascular endothelial
growth factor (VEGF) receptor, expressed in tumor cells and
frequently overexpressed in aggressive and metastatic GBM
[87, 88]. BEV-loaded PLGA nanoparticles were obtained as
a possible nose-to-brain administration. The nanoparticles
presented particle size below 200 nm, monodispersed size
distribution as well as negative surface charge, in addition to
functionalization efficiency of 82.47 + 0.56% and BEV re-
lease around 14% [89]. This administration aims to improve
the brain bioavailability of the drug and decrease systemic
toxicity. After 7 days of IN treatment, BEV was quantified,
showing greater accumulation in the brain (5400 + 2313
ng/g tissue) from PLGA NP and 1346 + 391 ng/g tissue for
free BEV. Only free BEV was found in the blood, lung, and
liver at significant levels. BEV-loaded PLGA nanoparticles
exhibited greater area under the curve to the last concentra-
tion (AUClast), maximum concentration (Cmax) and the last
concentration (Clast) compared to free BEV brain tissue. Th-
ese results suggest that the nanoparticles presented a greater
capacity for penetration and improved BEV bioavailability
in the brain. Both BEV-PLGA nanoparticles and free BEV
showed a similar reduction in tumor growth during the treat-
ment after two IN administrations. However, the quantifica-
tion of human VEGF was reduced after BEV-PLGA nano-
particle treatment and only these were found in brain tissue
after the 14-day treatment, whereas free BEV was found in
the lung and liver in high concentrations. The absence of
toxicity in non-target organs (lung and liver) was confirmed
by histological analysis. The results suggested that the use
of BEV as an anti-angiogenic agent was effective in reduc-
ing GBM through a non-invasive route [87].

Polymeric nanocapsules (PNC) were used to deliver
methotrexate (MTX) against two GBM cell lines, C6 rat glio-
ma [90], and GL261 murine glioma [91]. MTX is a drug that
acts as an enzyme inhibitor of purine precursors and is used
as a chemotherapeutic drug for brain tumors. In both mod-
els, MTX-loaded PNC was prepared by the solvent emulsifi-
cation-evaporation method and showed similar physical-
chemical characteristics, with particle size below 200 nm,
negative zeta potential, and PDI < 0.1. After 24h, MTX-P-
NC showed a reduction in C6 cells viability of 43%, against
30% for MTX in solution at the same concentration. Both
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samples were able to interfere in the C6 cell cycle, reducing
the formation of G2/M, . The antiproliferative effect was al-
so evaluated against the GL261 cell line, with an IC50 of
0.21 £ 0.004 umol/L. MTX-PNC demonstrated an increase
in cell death due to early apoptosis through caspase-3 enzy-
matic activation and by inhibition of the anti-apoptotic pro-
tein BCL2. In in vivo assays, the formulations were applied
intraperitoneally for C6 induced model; MTX-PNC proved
to be more efficient in reducing the tumor volume (98 + 32
mm’) compared to MTX in solution (200 £ 37 mm’). When
administered orally in GL261 in vivo model, MTX-PNC
showed a greater reduction in tumor volume compared to
MTX in solution. This improvement seen on MTX-PNC
may be correlated with its ability to cross the blood-brain
barrier more easily [90, 91].

3.2. Polymeric Micelles

Polymeric micelles are formed by the spontaneous asso-
ciation of amphiphilic block copolymers, forming a hy-
drophilic core-shell with hydrophobic nucleus structure [92,
93]. They can be obtained by the methods of direct dissolu-
tion, solvent evaporation, film-hydration, and dialysis, most-
ly [94, 95]. They have a small particle size from 10 to 1000
nm, can improve the water solubility of drugs [94, 96], mod-
ulate the release kinetic, and decrease the toxicity of che-
motherapeutic drugs often used in GBM treatment [93, 96].
Micelles can have very small particle sizes, even smaller
than other lipid-based colloidal carriers like liposomes and
polymeric nanoparticles. Due to this, micelles are the DDN
that can better exhibit the EPR effect in solid tumor tissues,
such as GBM, and deliver the drug to the tumor more effec-
tively. Furthermore, lipids or surfactants used to obtain mi-
celles can be conjugated with ligands to perform brain-target-
ing and active transport across BBB, which contributes to ob-
taining an innovative and effective alternative to currently
available treatments of GBM. However, micelles have tech-
nical limitations such as encapsulation of hydrophobic drugs
only; when they do not have a modified surface, they have a
higher chance of being opsonized in the bloodstream and
trapped in the spleen or liver, which would make it difficult
to release the drug in the brain and even cause some side ef-
fects decurrent to lipid deposition in this organs [18, 94, 97].

Micelles encapsulating two tyrosine kinase inhibitors
(TIKs), Dasatinib and Crizotinib, were proposed for GBM
treatment, due to the difficulty of these drugs in permeating
the BBB [98]. These micelles were obtained by direct disso-
lution of poly (styrene-co-maleic acid) (SMA) in an aqueous
phase containing the TIKs; the drugs were encapsulated iso-
lated (SMA-D or SMA-Cr) and associated (SMA-Co). The
SMA-D presented smaller particle size than SMA-Cr (below
100 nm), both had negative surface charge and sustained re-
lease at pH 7.4, SMA-D showing less release compared to
SMA-Cr (39.7 and 53.6%, respectively). The micellar formu-
lations did not demonstrate better cytotoxic performance
against the 6 cell lines (U887, LN-18, U373, Al72,
NZG0906, and NZG1003) tested; when using SMA-Co, the
cytotoxicity was accentuated. However, the combination of
the two mentioned free TIKs was more cytotoxic. Against
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U87 cells, Cr free, SMA-Cr, and SMA-Co reduced cell pro-
liferation by 50%, causing cell death by apoptosis. The com-
bined free TIKs and SMA-Co showed antiangiogenic action
in all tested cells and were more efficient in preventing the
migration and invasion of the cells, especially the highly in-
vasive LN-18 cell line. Although SMA-D has not shown the
best in vitro results, it was the one that most reduced tumor
growth (GL261) in vivo, around 80%, followed by SMA-Co
and free combined TIKs. Micellar formulations containing
TIKs proved to be more efficient than their free forms (com-
bined or isolated) for the treatment of GBM, justifying that
the encapsulation process can improve the anti-tumor effi-
ciency of these drugs.

Honokiol (HNK) is a polyphenol found in Magnolia Of-
ficinalis, with apoptosis-inducing properties. HNK has been
associated with Gem-C,, in surface-modified hyaluronic
acid (HA-M) micelles for synergistic effect as anti-GBM
[99]; HA was used as a ligand to GB44 glycoprotein, overex-
pressed in GBM. It was found that cellular uptake by
U87MGQG cells was more intense for HA-M than free drugs or
HA alone. In all evaluated concentrations (0.1 to 50 uM),
HA-M containing GemC,, and HNK and conventional mi-
celles showed greater cytotoxicity compared to free drugs,
with IC,, values 5.31, 8.32 and 17.15 uM respectively. HA-
M also demonstrated greater tumor growth inhibition in
vivo, followed by conventional micelles and free drugs; Ad-
ditionally, greater accumulation in the tumor region was
found for HA-M, suggesting that the modification with HA
attributed effectiveness in crossing to BBB and in penetrat-
ing the GBM tumor cells. Also, HA-M improved the pharma-
cokinetic parameters of GemC,, and HNK.

Verteporfin (VP) is a derivative of benzoporphyrin, a
very hydrophobic molecule, and Yes-associated protein
(Y AP) inhibitor, expressed in tumors like GBM. VP was en-
capsulated in micelles of poly(ethylene glycol)-poly(p-ami-
no ester)- poly(ethylene glycol) (PEG-PBAE-PEG) triblock
copolymer [100] and tested against GBM cell lines. Two
types of micelles were prepared to encapsulate the PV, spher-
ical (sVPM) and filamentous (fVPM) micelles, using the
nanoprecipitation method. For tumor cells, both micellar for-
mulations showed high uptake efficiency, with uptake con-
centration-dependent. In cytotoxicity assays, sVPM showed
greater cytotoxicity at concentrations 62.5 and 125 nM for
both tumor cell lines; fVPM was not considered cytotoxic
for GBM1A at 62.5 nM, only at the concentration of 125. Al-
though it did not demonstrate greater cytotoxicity in vitro,
fVPM showed a longer half-life and higher accumulation in
GBM tumor in vivo.

Epirubicin (Epi) is an anthracycline, a potent anti-GBM
drug, however, it has high efflux mediated by P-glycopro-
tein and low penetration through BBB. Thus, Epi was encap-
sulated in polymeric micelles (Epi/m) by dialysis method,
which was functionalized with cyclic Arg-Gly-Asp (¢cRGD)
peptide for integrin targeting [101]. cRGD-Epi/m showed
less cytotoxicity compared to free Epi after 48h of contact
with US7MG cells monolayer; although cRGD-Epi/m de-
monstratED high internalization by endocytosis, slow drug
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release may occur. In US7MG spheroids, it was observed
that cRGD-Epi/m showed greater fluorescence intensity due
to higher penetration into cells than Epi/m, in all 3 evaluated
times. Functionalized Epi-micelles was able to reach the nu-
cleus of the cells, differently from the free form of Epi that
was accumulated in the cytoplasm. cRGD-Epi/m further re-
duced tumor growth in vivo, as verified by bioluminescence
and fluorescence. This result can be correlated to the cRGD
peptide, that promoted transcellular penetration mediated by
o,fB5/a,Bs integrin. Thus, cRGD conjugation in the micelles
contributed to enhanced penetration and accumulation of
Epi, increasing its anti-tumor efficiency.

cRGD was also conjugated in PM encapsulating (1,2-di-
aminocyclohexane) platinum (II) (DACHPt), a plat-
inum-based drug used against GBM, that have high systemic
toxicity. These micelles were obtained by the dialysis
method [102]. Functionalized micelles containing the drug
were denominated cRGD/m and demonstrated rapid cellular
uptake in US7MG cells, and concentration-dependent cyto-
toxicity, possibly due to the o ,/a B, integrins target, com-
pared to micelles not labeled with peptide. cRGD/m demons-
trated a greater reduction of tumor volume in vivo and lower
bioluminescence in the cranial region compared to oxali-
platin, the antitumor drug used as a standard. The better per-
formance of cRGD/m may be due to the overexpression of
integrins in US§7MG cells. Thus, the modification of the sur-
face of the PM with cRGD promoted better antitumor action
in vitro and in vivo in doses lower than oxaliplatin, being a
potent candidate for anti-GBM DDN.

The peptide ¢(RGDyK) (cyclic Arg—Gly—Asp-D- Tyr-
Lys) was associated with PM encapsulating another peptide
sPMI (Ac-'Thr-"Ser-"Phe-cyclo(‘R8-"Glu-‘Tyr-"Trp-*
Ala-’Leu-""Leu-'"'S5)-NH, [103], an antagonist of MDM?2
and MDMX, deregulated proteins that inhibit p53, triggering
oncogenesis [104]. The PM (RGD-M/sPMI micelle) was pre-
pared by the film-hydration method. RGD-M/sPMI micelles
showed better release in acidic medium and were stable in
the in vivo simulated extracellular medium, with no sPMI
leakage. RGD-M/sPMI micelles showed antiproliferative ac-
tion against US7MG cells similar to the MDM?2 inhibitor,
Nutlin-3, used as a standard, possibly due to the interruption
of the cell cycle and increased induction of apoptosis. These
effects were lower in isolated sPMI and Nutlin-3. In vivo as-
says using RGD-M/sPMI + TMZ (10 mg/kg + 50 mg/kg)
showed more reduction in tumor volume and longer survival
time (70 days) compared with the other groups, that were
less than 59 days. Besides, 10 mg/kg RGD-M/sPMI micelles
showed greater expression of p53. The combined therapy of
RGD-M / sPMI peptides as p53 activators, together with
TMZ, was able to promote a remarkable anti-GBM effect by
reducing the effective dose of TMZ, which would possibly
reduce its systemic toxic effects.

The cyclic peptide c(RGDyK) was conjugated to mi-
celles containing PTX (c(RGDyK)-PEG-PLA) for GBM
treatment, prepared by the film-hydration method. This sys-
tem showed a small particle size (35 nm) along with PTX
sustained release of 80% in 72h [95]. c(RGDyK)-PEG-PLA
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micelles were able to increase the cytotoxicity of PTX by
2.5 times and through the enhanced permeability and reten-
tion (EPR) effect, they accumulate in the tumor tissue,
which contributes to better anti-tumor effect of PTX and in-
creases in vivo survival rates, compared to non-targeted mi-
celles and non-encapsulated PTX. As in other studies,
¢(RGDyK) showed higher binding affinity to U87MG cells
due to the high expression of integrins by these cells, which
contributes to the targeting and controlled release of the
drug [102, 103].

Xu et al. [105] evaluated the synergy of two anti-cancer
drugs, PTX and TMZ, encapsulated in mPEG-PLGA NPs (P-
TX/TMZ-NPs) against GBM cell lines. The NPs were pre-
pared by double emulsification/solvent evaporation and had
a particle size of 206.3 nm and sustained release. In the in
vitro cytotoxicity assay, PTX/TMZ-NPs showed greater inhi-
bition for U87 and C6 cells in 48 h after administration, ex-
tended until 72 h, as well as a higher apoptosis index com-
pared to NPs with isolated drugs or with the mixture of free
drugs. According to the authors, the inhibition time is proba-
bly correlated with the sustained drug release from the NPs.
The xenographic model in BALB/c nude mice was used to
assess the antitumor effect in vivo and PTX/TMZ-NPs de-
monstrated inhibition growth and volume of the tumor. In
this way, the PTX and TMZ drugs act synergistically in the
treatment of GBM and this synergy can be improved
through encapsulation in NPs.

Chu ef al. [106] developed TMZ butyl ester (TBE)-load-
ed NPs, functionalized with ephrin type-A receptor 3 tyro-
sine kinase antibody (anti-EPHA3) as a non-invasive — intra-
nasal - administration and GBM-targeting treatment. This
formulation was prepared by the solvent emulsion/evapora-
tion method originating particles with a size of 145.9 nm,
negative zeta potential, and sustained release profile for up
to 48 h. To assess the in vitro targeting of NPs, C6 cells ex-
pressing the EPHA3 receptor were used and data shows an
increase in EPHA3-TBE-NP cellular uptake, demonstrating
a reduction in cell viability (25.76%) while conventional
TBE-NP showed cell viability greater than 40%. In the in
vivo assays, functionalized NPs accumulated mostly in the
brain region after intranasal administration and showed in-
creased survival rates of animals with GBM for 26 days.
Thus, the functionalized formulation is a promising alterna-
tive for the treatment of GBM by the nose-to-brain route
that reduces the systemic distribution of the drug, fact that
can reduce its side effects due to systemic toxicity.

In different types of tumors, microRNAs (miRNA) ex-
pression dysregulation occurs, and in GBM, miR-21 and
miR-10b are correlated with tumor progression, prolifera-
tion, and resistance to conventional marketed treatments. It
is known that using antisense miRNA (antagomiRs) can as-
sist in tumor suppression. In this way, antagomiR-21 and an-
togomiR-10b were encapsulated in NPs - to prevent their
degradation in plasma -, that were functionalized using the
cRGD peptide to improve their internalization in tumor cells
via the integrin receptors [107]. These NPs were obtained by
double emulsion/solvent evaporation technique and showed
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a smaller size than 200 nm, with a negative surface charge.
In the in vitro assay using US87MG and Ln229 cells, there
was an increase in cellular internalization of functionalized
NP. Also, it was verified in xenograft tumor in mice model
that pretreatment with functionalized NPs + TMZ consider-
ably reduced the tumor volume, demonstrating that NPs con-
taining antagomiRs can chemosensitize cells to reduce doses
of TMZ in GBM.

3.3. Hybrid Nanoparticles

The association of delivery systems such as polymeric
nanoparticles and lipid-based systems allowed the formation
of hybrid nanoparticles (HN) [108, 109]. They usually have
a polymeric hydrophobic nucleus coated with a lipid layer,
which can add to the surface different ligands that aim at spe-
cific targeting. In this way, they take advantage of both sys-
tems to provide improvements in the delivery system for the
treatment of GBM [110-112].

HN — as obvious as it can sound - have advantages of
both systems that originated them — polymeric nanoparticles
and liposomes — aiming to reduce the limitations of these iso-
lated systems in the treatment of cancers. This system can en-
capsulate both hydrophilic and hydrophobic drugs, more
than one drug. HN can also improve the release profile and
bioavailability of some drugs that haven’t possess good in
vitro properties in isolated polymeric nanoparticles or lipo-
somes. As happens for lipid and polymer-based systems iso-
lated, HN can be combined with one or more ligands to pro-
mote active targeting and assist in the BBB penetration
[110, 113, 114]. For example, among the works about func-
tionalized polymeric systems loaded with PTX, in vivo tests
showed that micelles presented the highest survival rate (48
days), followed by hybrid nanoparticles (42 days) and poly-
meric nanoparticles (nanocapsules: 34 days and nano-
spheres: 28 days) [47, 64, 72, 83] demonstrating that sys-
tems that exhibited particle size less than 100 nm and those
that have a lipid phase in their composition showed better bi-
ological performance in reaching the tumor for PTX deliv-
ery, increasing the survival rates of animal models with GB-
M.Dox was encapsulated in cRGD-targeted hybrid nanoparti-
cles (c(RGD-HN-Dox). The developed HN were composed
of gold nanorods (AuNR) with PEG-b-PCL-LA copolymers,
for specific targeting of integrins in GBM tumor cells [115].
cRGD-HN-Dox showed a small particle size, below 100 nm,
it was observed that NIR irradiation modified the release pro-
file and decreased the cell viability of U87 cells. For cellular
internalization, HN containing cRGD showed greater uptake
than those non-targeted. It was observed that cRGD-HN-
Dox with NIR irradiation showed a marked distribution in
the tumor and inhibited its growth considerably compared to
free dox and HN-dox without NIR. Also, there was an in-
crease in survival at 48 days, while controls varied from 15
to 40 days. Thus, it was found that the use of cRGD pro-
motes specific targeting and NIR irradiation contributed to
intensifying Dox anti-GBM activity.

Another model containing Dox incorporated in RGD-
lipid-polymer (RGD-LP) HN was described by Shi et al.
[112]. This HN was prepared by nanoprecipitation method
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with self-assembly and presented a great particle size (110
nm), and controlled Dox release around 65% in 6 days, due
to the difficulty of water penetrating in the hydrophobic nu-
cleus containing the drug. After 2h in contact with C6 and
bEnd.3 cells, the RGD-LP and LP formulations showed high-
er fluorescence intensity due to internalization, however,
RGD-LP was more efficient in the antiproliferative effect of
C6, with a reduction of approximately 40% in viability at
the lowest concentration evaluated 0.3 pg/mL, due to the
high expression of integrins as a target for RGD in C6 and
in normal bEnd.3 cells, due to the similarity of the mem-
brane structure with LP. As expected, RGD-LP showed
greater penetration into tumor spheroids as well as higher
growth inhibition in vitro. The affinity of RGD-LP for tu-
mor cells was confirmed by observing the fluorescence inten-
sity in the tumor region and by increasing the animals' survi-
val to 57 days, suggesting a potential use for GBM treat-
ment.

Paclitaxel has been linked to cyclo-[Arg-Gly-Asp-D-
Phe-Lys] (cRGDfK) and encapsulated in HN surface-modi-
fied with folic acid [110]. This formulation was prepared by
the association of nanoprecipitation and self-assembly meth-
ods, denominated PtxR-FPLNs. It was observed that the
modification with FA improved the cytotoxic performance
of the formulations and the PtxR-FPLNs showed a lower
IC,, of 0.054 pg/mL after 72h of contact with T98G cells.
Besides, they exhibited the best cellular uptake results with
97.7% after 2 hours of treatment and better performance in
antitumor activity in vivo with a smaller tumor volume of
76.5 £ 1.3 mm’ compared to PtxR and PtxR-PLNs (both
above 100 mm”), as well as improving survival at 42 days.
Thus, it is suggested that the association of FA and cRGDfK
mediate for folate and integrin receptor targets, contributing
to the best antitumor efficiency.

Farnesylthiosalicylic acid (FTA) is a new antitumor
drug, which has difficulty crossing BBB, already associated
with nanosystems, to overcome this problem in GBM treat-
ment [116]. HN was used as DDN, composed of PLGA, 1,2-
-distearoyl-glycerol-3-phosphoethanolamine-N [meth- oxy
(polyethylene glycol)-2000] (ammonium salt) (DSPE) and
PEG associated with 1,2-Dioleoyl-3-trimethylammoni-
um-propane (DOTAP) (HN+D), which can improve the in-
ternalization of HN. HN+D was prepared by the emulsion
method and showed a particle size of 127 nm and zeta poten-
tial of -11 mV. HNP+D demonstrated greater cytotoxicity
for RG2 cells than HNP without DOTAP and less signifi-
cant toxicity for non-cancerous cells. These results show
that DOTAP provides HN targeting for RG2 cells. For the in
vivo anti-GBM study, HN without DOTAP were evaluated
by comparing two routes of administration, which demons-
trated that the FTA encapsulated in HN was effective in re-
ducing the volume of the tumor, from ~ 22mm” to 5.93 and
3.15 mm’ for intravenous and intratumoral routes, respective-
ly. Noting that HN contributes to potentiate the anti-tumor
effect of FTA.

Similarly to the previously mentioned HN, FTA was
evaluated for its action by intravenous and a non-invasive
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(intranasal - IN) administrations [111]. These FTA-HN ob-
tained 97.7% encapsulation with 45.8% release in 12h, with
cytotoxic potential, reducing cell viability (~ 40%) for RG2
and absence of cytotoxicity for L929 cells. After treatment
with a single dose, there was a reduction of the tumor area
by 57.3 and 31.0% for FTA-HN IV and IN, respectively.
However, treatment with repeated doses was able to equally
reduce 55% of the tumor area for both routes of administra-
tion of FTA-HN. There was an accumulation in the brain of
FTA-HN by the two routes and in the liver/spleen only those
administered by IV, demonstrating that the IN can be an al-
ternative route for anti-GBM treatment by delivering the
drug directly to the brain through the olfactory bulb, which
would decrease systemic side effects.

Table (2) summarizes the studies found in the literature
about polymeric nanosystems for GBM treatment and their
main characteristics.

4. INORGANIC NANOPARTICLES

Inorganic nanoparticles (NP) are small structures that
possess unique properties due to their nanometric size, as
magnetic, electrical, and optical properties, usually in a
range of 10-1000 nm [117, 118]. These NP can be manufac-
tured by two approaches, top-down and bottom-up. The first
one usually requires an input of energy into the system (me-
chanical/ball milling, thermal, laser ablation) for the genera-
tion of the NPs from bulk material. In the second one, the
NPs are generated by atom-by-atom or molecule-by-
molecule, often by self-assembly or self-organization [119,
120]. Because of these unique properties, inorganic nanopar-
ticles can be employed for the diagnosis and treatment of
several diseases and as drug delivery systems [121]. NPs for
the treatment of cancer provide unique advantages for phar-
macotherapy, as the possibility of surface functionalization
leading to delivery of drugs on specifics sites, an increase of
drug stability, controlled release among others [122-124].
(Fig. 4) summarizes the main founding regarding inorganic
nanoparticles for GBM treatment.

4.1. Metallic Nanoparticles

Several studies have shown the use of metallic nanoparti-
cles as a potential tool for GBM treatment. Nanoparticles of
TiO,-Pt, without a defined shape, lead to a tumor reduction
on rats with peritoneal tumors induced by C6 cells when
compared to rats that do not receive the nanoparticles [125].
Kim et al. evaluated the In vitro cytotoxicity of silicon
dioxide and zinc oxide NPs on U373MG cells. It was shown
that NPs leads to a reduction in cell viability, with NPs with
smaller size presenting more toxicity. These NPs induce cas-
pase-3 activation, leading to apoptosis, with the induction of
chromosomal DNA fragmentation [126]. In another study, it
was observed that zinc oxide nanostructures inhibited the
T98G cell proliferation in a dose-dependent manner, reduc-
ing the colony capability formation of these cells. The expo-
sure of cells to the nanostructures leads to the formation of
reactive oxygen species (ROS) and activation of the caspase
pathway. Also, these ZnO nanostructures suppress the inva-
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Table 2. Studies designing polymeric drug delivery nanosystems for glioblastoma multiforme treatment and their main characteris-

tics.
;. . . . Therapeutic In vitro , Route of
Nanosystem Composition Surface Modification | Size (nm) Molecule/Drug Model In vivo Model Administration Refs.
NP Sodium cholate,, PLC MPEG 72.5+2.2 Paclitaxel C6 Balb/c nude mice intravenous | [47]
DSPE-PEG (2000)- Lactoferrin, .
NP 1 cOOH, DMAB, PLGA folic acid - Etoposide USTMG - - (791
DSPE-PEG (2000)-
COOH, Pluronic F127, | Wheat germ agglutinin, Etoposide, carmus-
NP N-hydroxy succinimide| folic acid, MPEG ) tine, and doxorubicin UBTMG ) . [80]
sodium salt, and PCL
NP PVA, mannitol, PLGA poloxamer 188 114+ 10 Doxorubicin U8TMG - - [82]
NP PVA, mannitol, PLGA poloxamer 188 108 £ 60 Doxorubicin - Or'thotqplc model intravenous [83]
in Wistar rats
PLGA, PVA and Maleimide-PEG-0X26 .
NP PLGA mAb 194+ 10 Temozolomide U251/U87 - - [12]
NP PVA andPLGA Hydrogel 162'32 * Temozolomide RG2 - - [85]
NP SPION-PEG-PBA Folic acid 48.6 Temozolomide C6 - - [86]
NP PVA, PLGA - 185430 |  Bevacizumab - [Xenogmaftmodelin) o acal | 187]
nude mice
. Subcutaneous xeno-
NP PLGA, Pluronic F-68 mPEG 206.3£14.7 Paclitaxel apd temo- |U87MG and graft model in BAL-| intravenous [[105]
zolomide C6 .
B/c nude mice
PLGA, N-trimethylated Temozolomide butvl Orthotopic model
NP chitosan, maleimide, po-|  Antibody-EPHA3 145.9+£8.7 ester ¥ C6 in Sprague-Dawley | intravenous [[106]
lyvinyl alcohol rats
. . Subcutaneous xeno-
np | PLGA-PEG, polyvinyl ¢RGD 184,241 99 [ontagomiR-21 and an-| USTMG and | 6\ el in nude | intravenous  |[107]
alcohol tagomiR10b Ln299 .
mice (nu/nu)
Orthotopic xeno-
PNC Span 6(;’0(:5 g LTween - 187+8 Methotrexato C6 graft model in Wis-| intraperitoneal | [90]
’ tar rats
Orthotopic xeno-
pNc | SPan 6gbC§gLTwee“ - 19246 Methotrexate GL261 | graft model in oral [91]
’ C57BL/6 mice
Al72,
121 £59.9 Crizotinib and Dasati- SII:I%%, Subcutaneous xeno-
PM SMA, EDAC - and 89.14 + . : graft model in intravenous [98]
55.3 nib U373, UST. | C57p1 /6 mice
’ NZG1003,
NZG0906
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. . . . Therapeutic In vitro , Route of
Nanosystem Composition Surface Modification | Size (nm) Molecule/Drug Model In vivo Model Administration Refs.
Deoxycholic acid, sodi- Gem-C.. and Orthotopic xeno-
PM um deoxycholate, Hyaluronic acid 53.36 2 U8TMG | graft model ni Bal- | intravenous | [99]
L Honokiol .
Lipoid E8 b/c nude mice
Pharmacokinetics
156 £2 and GBMI1A, | and biodistribution .
PM PEG-PBAE-PEG - 350 + 20 Verteporfin JHGBMS612 | studies in Athymic intravenous  [[100]
nude mice
Orthotopic tumor
PEG-PBLA-Ac, MeO- S . .
PM PEG-PBLA.Ac cRGD 30 Epirubicin USTMG model in Balb/c intravenous  [[101]
nude mice
Subcutaneous tu-
PM MeO-PEG-5-P(Glu), cRGD 29 DACHPt U87MG | mor model in Bal- intravenous  |[102]
Mal-PEG-b-P(Glu) .
b/c nude mice
PEG.. -PLA Subcutaneous and
PM o 2000 ¢(RGDyK) 224+03 sPMI US7MG |orthotopic model in| intravenous |[103]
MPEG;07PLA 0 ;
Balb/c nude mice
Orthotopic tumor
PM mPEG-PI;IA‘,Amal-PEG- ¢(RGDyK) 35 Paclitaxel U8TMG model in Balb/c intravenous [95]
nude mice
AuNR, DMF, PEG-b-P- .. Orthotopic model .
HN CL-LA, PB. cRGD 90 +2 Doxorubicin USTMG in nude mice intravenous  [[115]
Orthotopic model
PLGA, soybean .. . .
HN lecithin, DSPE-PEG RGD 110+ 13.5 Doxorubicin Co6 in Sprag::ttS-Dawley intravenous  [[112]
PLGA, soybean, L . Orthotopic model .
HN DSPE-PEG Folic acid - Paclitaxel T98G in Balb/c mice intravenous  [[110]
HN PLGA-DSPE-PEG, DOTAP 127220 F amesylth%osahcyhc RG2 Or'thotqplc model 1ntfavenous and [116]
lecithin acid in Wistar rats intratumor
PLGA, lecithin, DSPE- 164.3 £ [ Farnesylthiosalicylic Orthotopic model | intravenous and
HN PEG DOTAP 10.3 acid RG2 Wistar rats intranasal (1]

Abbreviations: NP — nanoparticle; PNC — polymeric nanocapsule; PM — polymeric micelle; HN — Hybrid nanoparticle; DSPE-PEG (2000)-COOH - 1,2-distearoyl-sn-g-
lycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000]; DMAB - didodecyldimethylammonium bromide; PLGA - poly(lactide-co-glycolide); PCL - poly(e-caprolac-
tone); PLGA - poly(lactic-co-glycolic acid); PVA - Polyvinyl alcohol; SPION-PEG-PBA - poly (ethylene Glycol)-Poly (Butylene Adipate)-Poly (ethylene Glycol); CCT - Caprylic/-
capric triglyceride; SMA - poly(styrene-co-maleic acid); EDAC - carbodiimide hydrochloride; PEG-PBAE-PEG - poly(ethylene glycol)-poly(B-amino ester)-poly(ethylene glycol);
cRGD - cyclic-Arg-Gly-Asp; ¢(RGDyK) - cyclic Arginine—Glycine—Aspartic acid-d-Tyrosine-Lysine; DOTAP - 1,2 Dioleoyl 3 trimethylammonium propane.

siveness of GBM by the attenuation of N-cadherin and Ze-
b-1, factors associated with epithelial-to-mesenchymal transi-
tion (EMT) [127].

Surface modification of ZnO NPs with albumin, fibrino-
gen, and apo-transferrin covalently linked and nonspecifical-
ly adsorbed was evaluated against U373 cells. The cells sub-
mitted to a 300 pM of Zn®" presented no viability after 24
hours exposure both in covalently linked and nonspecifically
adsorbed proteins. The ZnO bounded with apo-transferrin at
a concentration of 200 uM caused a significant decrease o
cell viability, probably due to the overexpression of transfer-
rin receptors on U373 cells. Also, the ZnO NPs leads to a

modification of the cell cycle as well as altering the cell
death mechanism, leading to a reduction in apoptosis and ne-
crosis of the cells [128].

Mishra et al. obtained gold nanoparticles (AuNP) bio-
synthetized by using Hibiscus sabdarifa extracts. U87 cells
were exposed to AuNPs and it was shown that these NP in-
duced cell death on 85%, also when exposing these AuNPs
to a normal cell line (293), it was observed low toxicity
(80% of cell viability). It was observed that the NP caused al-
teration on the nuclear morphology of U87 cells, with the
degradation of DNA and uracil DNA glycosylase (GAD-
PH), an enzyme responsible for DNA repair, indicating a
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possible mechanism of action of this ANPs. In another
study, GBMO2 cells were exposed to silver/silver chloride
NPs. These NPs caused dose and time-dependent inhibition
of cells as well as temozolomide (TMZ), a chemotherapy
drug. Also, less toxicity was observed on astrocytes, indicat-
ing a possible safety effect on normal cells. The combina-
tion of NPs with TMZ leads to a similar reduction in cell pro-
liferation both on normal astrocytes and GBM cells. A simi-
lar result was observed on the population doubling time ex-
periments. Showing that the NPs presented less toxic effects
to the cells when compared to the TMZ and the combination
of NPs with TMZ [129].

Urbanska et al. implanted U-87MG cells on the chicken
chorioallantoic membrane and exposed the tumors formed to
silver nanoparticles (AgNPs). The treatment leads to a signif-
icant shrinking of GBM cells when compared to the control
groups. The AgNPs leads to the activation of apoptosis by
caspases activation [130]. Also, these NPs could lead to the
formation of reactive oxygen species (ROS), a well-known
mechanism of cell death [131-133].

Fig. (4). Main inorganic DDN approached in this article. A = MS-
NP and; B = metallic nanoparticles. (4 higher resolution / colour
version of this figure is available in the electronic copy of the arti-
cle).

Gold NPs capped with carboxymethyl xanthan gum
(CMXGAuNPs) were used as drug delivery of doxorubicin
(DOX). CMXGAuNPs presented a drug release on acidic
conditions (pH 5.3 and 6.6) of 98 + 4.2% and 89 + 1.8%, re-
spectively, and an insignificant release on pH 7.4. This is ex-
tremely important, considering the intended delivery of
DOX in the tumor environment. These CMXGAuNPs signif-
icantly decreased the cell viability of LN229 cells when com-
pared to control groups, with higher cell internalization of
the NPs when compared to free DOX. These NPs lead to
high levels of ROS, being following literature about the pos-
sible mechanism of action of metallic nanoparticles [134].

Radiotherapy is one of the main therapeutic strategies
for GBM treatment. Silver (AgNPs) and gold NP (AuNP)
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were used to improve the radiotherapy efficacy in GBM
treatment. Using Transmission electron microscopy, it was
observed that the NPs were internalized by the cell, accumu-
lating in endosomes. The AgNPs caused a significant reduc-
tion in U251 cell viability when compared to the AuNPs, as
well as lead to an improvement in the radiation effect by the
reduction of cell viability. The mean survival time of rats
with induced GBM was longer than the control groups,
showing an improvement of the GMB treatment, which
could be related to the production of secondary electrons by
the NPs induced by x-ray beams. The treatment of U251
cells with AgNPs enhanced apoptotic cell response when
compared to control. Besides, the NPs increase the forma-
tion of acidic vesicular organelles, leading to autophagy up-
regulation, demonstrating the potential of these NPs as adju-
vant treatment of GBM [135].

A similar study used iron-oxide NPs (IONPs) for poten-
tializing the radiotherapy in a GBM model using the cell
line U87MG overexpressing the EGFRVIII receptor. The
IONPs were conjugated to cetuximab, a monoclonal anti-
body that binds the EGFRVIIIL. It was shown that the IONPs
lead to a decrease in the viability of the U§7MG cells when
compared to the control and no toxicity was observed on hu-
man astrocytes, indicating a selective effect on GBM. Also,
it was shown that the IONPs caused DNA damaged, ex-
pressed by the increase in the cH2AX foci, a DNA double-s-
trand break marker, and increased the production of reactive
oxygen species. The in vivo experiments showed that ani-
mals treated with IONPs retained the NPs on the brain and
delayed xerograph growth. Also, it presented a statistically
significant improvement in survival rate when compared to
the control, demonstrating that the association of radiothera-
py with NPs could be a good strategy on the GBM treatment
[136]. Groysbeck et al, using gold nanoparticles (AuNPs)
conjugated with cetuximab (Au-Cmab) against US7MG
cells found similar results, showing that Au-Cmab attached
and was successfully internalized by the cells, showing that
the functionalization of NPs could be a promising strategy
on GMB treatment.

4.2. Mesoporous Silica Nanoparticles

Mesoporous silica nanoparticles (MSNP) are an inorgan-
ic NP that has emerged as a drug delivery system, presenting
desirable characteristics for this purpose as drug loading ca-
pacity, low toxicity, excellent biodistribution, good surface
for functionalization leading to tumor-targeting among
others [137]. Several studies have shown that MSNP possess-
es GBM therapeutic potential.

The use of RGD (Arg-Gly-Asp) has been explored as a
nanoparticle for tumor-targeted delivery in GBM treatment
[138, 139]. MSNPs with different sizes (20, 40, and 80 nm)
functionalized with PEI-cR carrying Dox presenting loading
efficiency of 10.57%, 9.53%, and 7.65%, respectively, were
described by Mo et al. This MSNP presented higher cyto-
toxicity effects on glioma cells (U87, U251, and C6) and
lower toxicity on normal cells (HBMEC) when compared to
the free drug. The uptake of the MSNP was more pro-
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nounced on U87 cells than that in the other cell lineages,
which can be related to the higher expression of the avfp3 in-
tegrin receptor, that binds the RGD peptide, with the MSNP
being localized in the cytoplasm of the cells. Also, the MS-
NP with 40 nm presented higher uptake than the other sizes.
The exposure of the cells to the MSNPs leads to apoptosis in
the GBM cell lineages, being more evident on U87 cells,
with the MSNPs-40nm with the highest anti-glioma activity.
This MSNPs-40nm presented great permeability across a
blood-brain barrier (BBB) model when compared to the
other MSNP and the free drug. Also, in a U87 tumor
spheroid cell culture model, the MSNPs reduced the tumor
volume, with higher permeability of Dox in the cells when
compared to free Dox, showing a promise nanosystem for
the treatment of GBM [140].

In a study using MSNPs-RGD as a carrier for BSeC, a se-
lenium compound, it was shown that theses MSNPs-RGD-B-
SeC presented a permeability capacity of the BBB better
than the free BSeC, with great cellular uptake and higher
cell toxicity to U87 when compared to the free drug. This up-
take was higher on cells overexpressing integrins (U87)
when compared to cells that rarely express integrins (C6),
showing the selective of the MSNPs-RGD-BSeC. These
NPs entered the cells viaendocytosis through lysosomes.
The release of the drug from the NPs was lower in pH 7.4
when compared to an acidic condition, with a release of
85.6% (pH 5.3) after 60 h, this is similar to the results found
by the previous report and is important considering the tu-
mor acidic environment. The MSNPs-RGD-BSeC high inhi-
bition against U87 cells and low toxicity on normal cells
(CHEM-5), inducing apoptosis in a dose-dependent way,
with caspase viaactivation and mitochondrial dysfunction.
Also, the MSNPs-RGD-BSeC triggered to ROS rise levels
when compared to the BSeC. The U87 tumor spheroids
showed that the treatment with the NPs caused a significant
decrease in the tumor volume, similar to the results find by
Mo et al. [141].

Li et al. studied the co-delivery of doxorubicin and camp-
tothecin by MSNP using U87MG as in vitro model. The MS-
NP presented the drug loading capacity of 4.72% and 5.30%
for Dox and Cpt, respectively. In a pH simulating the tumor
acidic environment (pH 5.0), the NPs released 60% in 10h
and 90% in 100 h of incubation of Dox. The exposure of
US87MG cells to the NPs leads to a decrease in cell viability
when compared to the control groups. In lower pH values
(6.5), it was shown greater toxicity of the NPs, probably due
to the faster release of Dox. Also, it was observed that the
MSNP was internalized and found in acidic organelles,
which can contribute positively to the Dox release [142].
This pH-responsive behavior was similar to MSNPs capped
with chitosan (CMSNP) for the delivery of curcumin. After
96 h, the CMSNP released 42.72% of Cur in pH 5.5, higher
than on pH 7.4 (19.54%), presenting a cytotoxicity effect on
US7TMG cells [143]. Oxidative stress and apoptosis are a wel-
I-known mechanism of action of Silica nanoparticles.
Kusaczuk et al observed that LN229 cells exposed to these
NPs presented loss on ell viability, with elevated levels early
apoptotic cells, activation of caspase pathway, proinflamma-
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tory potential, with an increase on IL1B and COX2 [144,
145].

The effect of temozolomide loaded on mesoporous silica
nanoparticles functionalized with NGR was assessed on C6
cells. It was shown that the NGR increase the uptake of the
NPs by the cells and significantly reduced the cell viability
when compared to the control group. The NPs induced au-
tophagy and apoptosis on the cell, indicated by the detection
of autophagosomes, autolysosomes, and the activation of cas-
pases [146].

Table (3) summarizes the studies found in the literature
about inorganic nanoparticles for GBM treatment and their
main characteristics.

CONCLUSION AND FUTURE PERSPECTIVES

Nowadays, cancer represents a global burden. GBM is
one of the most aggressive human cancers that occur in
CNS. Marketed medicines for GBM treatment today present
some clinical limitations regarded as non-specific biodistri-
bution, systemic toxicity, and often poor bioavailability.
Many efforts has been made to achieve more efficient and
less toxic anti-cancer medicines. An interesting approach is
the use of DDN as platforms to deliver anti-cancer drugs,
since they proved to have good biocompatibility, besides, to
increase the bioavailability of poor-soluble drugs, with con-
siderable safety. In this review, we showed that DDN is a
promising tool to improve biopharmaceutical properties of
drugs used in glioblastoma multiforme therapy, reducing ad-
verse effects due to lower required doses, as well as improv-
ing the bioavailability of these drugs, making them more
suitable for clinical use.

It is comprehensible that the major part of the works
found in the literature is regarding polymeric and lipid-
based systems (Fig. 1). Although many successful applica-
tions can be found, unfortunately, polymer-based DDN has
some limitations regarding its low entrapment efficiency for
hydrophobic drugs, particle-particle aggregation, as well as
toxicity for some synthetic polymers used [107].

This being said, we can expect that there is a clear de-
mand by the end of the 80s’ to develop new DDN that are ca-
pable to attend the needs of that time: successfully deliver
poor-soluble molecules in enough amounts with safety,
which couldn’t be achieved through conventional medicines.
In a general way, lipid-based DDN represents an interesting
alternative as delivery systems to treat GBM due to their ex-
cellent biodegradability, biocompatibility and ability to by-
pass the BBB even without any surface modification with
specific ligands that mediate active transport across this bar-
rier [18, 40, 42, 52, 61], besides having good entrapment effi-
ciency for both hydrophilic and hydrophobic drugs. Later, it
was found that, when appropriate, further modifications of
these nanocarriers can be easily done and can increase the
ability to transpose the BBB or BTBB [23, 29, 62]. Howev-
er, the development of lipid-based nanosystems should be
further established and optimized to overcome some limita-
tions presented by the first generation of lipid carriers — like
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liposomes and microemulsion -, such as their low loading ca-
pacity when compared with other nanosystems — like SLN
and NLC - and their tendency for gelation [18]. As can be
seen in (Fig. 1), lipid-based systems are abundant in the liter-
ature. Liposomes and microemulsions represent the first gen-
eration of lipid carriers, thereby being more exploited, as
shown by the higher number of works regarding these sys-
tems. In the last decade, although an increase in works bring-
ing SLN and NLC as DDN can be seen as an alternative to
correct some physical-chemical limitations of conventional
colloidal carriers such as liposomes and microemulsions.
Last but not the least, NLC has gained attention due to its
promising biopharmaceutical features compared to SLN,
that present some limitations that compromise its biological
applications such as insufficient drug loading and drug leak-
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age during storage, which does not occur for NLC, that pre-
sents high entrapment efficiency as well as good physical-
chemical stability during storage. Nowadays, NLC is consid-
ered the most modern and superior lipid-based DDN over
other lipid-based DDN [151].

Another DDS that can be used for drug delivery is inor-
ganic nanoparticles. As can be seen in (Fig. 5C), metallic
nanoparticles are the most used approach founded as an-
ti-GBM among inorganic nanoparticles. When compared to
the organic ones, these nanoparticles are more stable sys-
tems and, due to its higher density, could be more internal-
ized by cells [117, 118]. In addition to drug delivery, these
NP can be used as radiotherapy enhancers [123] and applied
for brain imaging [152], presenting a good strategy as a ther-
anostic.

Table 3. Studies designing inorganic nanoparticles for GBM treatment and their main characteristics.

. Surface . Therapeutic . . Route of
Nanosystem |Composition Modification Size (nm) Molecule/Drug In vitro Model In vivo model Administration Refs.
. . . 2 1
SiO, NP SiO, Citrate, L-serine 0 arr:ril 00 - U373MG cells - - [126]
2 1
ZnO NP ZnO L-arginine 0 a;‘; 00 ; U373MG cells . . [126]
ZnO NP ZnO . ~200 nm ; T98G . - [127]
long
Albumin, fibrino-
ZnO NP ZnO gen, and apo-trans- | 220-1494 nm - U373MGQG cells - - [128]
ferrin
Au NP Au - 10-60 nm - U87 cells - - [147]
Ag/AgCINP Ag - 2-22 nm - GBMO02 - - [129]
Ag NP Ag - 70 nm - U8TMG - - [130]
carboxymethyl xan-
CMXGAuNPs Au 8-10 nm DOX LN-229 - - [134]
tham gum
. Orthotopic mouse
AuNP Au Citrate 15 nm - U251 cells . Intratumorally [135]
brain tumor model
. Orthotopic mouse
Ag NP Ag Citrate 25 nm - U251 cells . Intratumorally [135]
brain tumor model
orthotopic xeno-
IONO | Iron oxide Cetuximab 10 nm ; UST-EGFRyiry | &rafis modelin - Convection-enhanced |, )
Athymic nude delivery
mice
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. Surface . Therapeutic . . Route of
Nanosystem |[Composition Modification Size (nm) Molecule/Drug In vitro Model In vivo model Administration Refs.
Intraperitoneal
Pt/TiO, NP TiO, Pt - 10 nm - - xenograft model in Intraperitoneal [125]
Wistar rats
AuNPs Au Cetuximab 2.4 nm - U87 MG - - [148]
MSNP PEG, GO PEG, IL-13 DOX U251 - - [149]
MSNP Si - 140 nm DOX, CPT U8TMG - - [142]
MSNP Si PEI-cRGD 20-80 nm DOX U87, U251, and C6 - - [140]
MSNP Si RGD 136 nm BSeC U87, Cé - - [141]
MSNP Si NGR 70 nm T™Z C6 - - [146]
MSNP Si - 180 nm CUR U8TMG - - [143]
MSNP MPEG, Si RGD 148 nm DOX U87TMG - - [150]
- - - 5-15 nm - LN229 - -

Abbreviations: SiO,NP — Silicon dioxide nanoparticles; ZnONP — Zinc oxide nanoparticles; AuNP — gold nanoparticles; PEG — polyethyleneglycol; IL-13 — interleukin 13; PEI-
c¢RGD - poly(ether imide)-cricoids Arg-Gly-Asp- Phe-Lys; DOX — doxorubicin; CPT — camptothecin; TMZ — temozolomide; CUR — curcumin.
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the article).
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Another remarkable finding was the high number of
publications regarding DDN surface modifications, indicat-
ing a new trend in scientific research (Fig. 5). Surface func-
tionalization came as a possibility to actively target tumor
cells and deliver anti-cancer drugs selectively, which seems
to improve even more these nanosystems’ target and bioac-
cumulation in the tumor tissue. Also, surface functionaliza-
tion stands as an important strategy to overcome the BBB
and BTBB, improving these DDN crossing through BBB
and BTBB by active transportation. Together, these biophar-
maceutical features can be related to an increase in the over-
all treatment efficiency, as well as decreased side effects due
to non-selective systemic drug distribution. Although many
in vitro studies had shown exciting results, further studies, in-
cluding in vivo models as well as clinical trials, are needed
to widely define these nanosystems’ properties as well as to
determine their safety for human use.

Overall, this article has shown that nanomedicines for
the GBM treatment are extensively studied, and many differ-
ent promising DDN can be found. However, some chal-
lenges must be overcome to complement and obtain further
data using translational research with human subjects. Con-
sidering only in vitro and in vivo models is not possible to as-
sume that the results found on pre-clinical assays like in vivo
and in vitro models will be reproducible on human subjects,
mainly due to the heterogeneity of the disease [153, 154],
what in GBM is a key factor. Another aspect is the difficulty
of scale-up the production from small batches on research
laboratories to industrial batches [155, 156]. Also, the lack
of specific regulatory guidance for nanomedicines remains
an obstacle to assure the safety and quality of innovative
medicines, so it can be released in the market [153, 155,
157, 158].
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