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ABSTRACT

Glioblastoma multiforme (GBM) is a very aggressive and heterogeneous glioma. Currently,
GBM is treated with a combination of surgery, radiotherapy, chemotherapy (e.g. temozola-
mide) and Tumour Treating Fields. Unfortunately, the mean survival is still around 15 months.
This poor prognosis is associated with therapy resistance, tumor recurrence, and limited deliv-
ery of drugs due to the blood-brain barrier nature. Nanomedicine, the application of nanotech-
nology to medicine, has revolutionized many health fields, specifically cancer diagnosis and
treatment. This review explores the particularities of different nanosystems (i.e., superparamag-
netic, polymeric and gold nanoparticles, and liposomes) as well as how they can be applied to
the treatment and diagnosis of GBM. As described, the most of the cited examples are on the
preclinical phase; however, positive results were obtained and thus, the distance to achieve an
effective treatment is shorter every day.

Keywords: Glioblastoma multiforme, nanosystems, superparamagnetic nanoparticles, poly-
meric nanoparticles, liposomes, gold nanoparticles

INTRODUCTION emerge from neuroglial progenitor cells and
neural stem cells (Canoll and Goldman,

Glioblastoma 2008), being the most common and aggres-

Glioblastoma multiforme (GBM) is a
malignant brain tumor which is thought to
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sive type of brain tumor, with a median sur-
vival time of 15 months (Stupp et al., 2009).
The 2016 WHO classification of central nerv-
ous system (CNS) tumors describes it as a
grade IV glioma (Louis et al., 2016), with an
average incidence of 3.2 per 100.000 persons.
These numbers make up 54 % of all gliomas
and 16 % of all brain tumors (Tamimi and
Juweid, 2017). GBM is a very heterogenic
disease, with several different biomolecular
markers that predict treatment response:
methylation status of the gene promoter for
O6-methylguanine-DNA  methyltransferase
(MGMT) and isocitrate dehydrogenase en-
zyme 1/2 (IDH1/2) mutation are common in
de novo GBM, and indicate a form of GBM
more responsive to treatment (Thakkar et al.,
2014).

Symptoms include increased intracranial
pressure, headaches, neurological deficits,
seizures and others, depending on the location
of the tumor (Alexander and Cloughesy,
2017). Current standard of care is surgery for
maximal tumor extraction, with concomitant
radiotherapy (RT) and temozolamide (TMZ),
and recently Tumour Treating Fields (TTF)
(Fernandes et al., 2017; Geraldo et al., 2019).
Unfortunately, all of these treatments present
a poor or limited outcome, mainly due: to the
difficulty of achieving a complete resection of
the tumors, the limited delivery of therapeu-
tics across the blood-brain barrier (BBB) and
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the ability of glioma stem cells to both create
and expand GBM populations, and, ulti-
mately, to develop therapy resistance, result-
ing in tumor recurrence (Marekova et al.,
2020). To help overcome the difficulties in
treatment of such a lethal disease, fields such
as nanomedicine have been explored.

Nanomedicine

Nanomedicine has become one of the 21°
century key sciences, and originated from the
development of ultramicroscopic systems
(drug carriers, medical devices, etc.), and
which allowed for the study of cellular, mo-
lecular and atom sized structures in biology,
chemistry, and physics (Krukemeyer et al.,
2015).

This nanotechnological approach was the
driving force that allowed nanomedicine to
establish itself as a fundamental section in sci-
ence and medicine. Nanotechnology devel-
oped rapidly since the beginning, driven by
the tremendous progress in the development
of new techniques. Nanobiotechnology is
concerned with molecular intra- and intercel-
lular processes and, consequentially, is of
great importance for nanotechnology applica-
tions in medicine. This is definitely apparent
in the relation between relevant medical nan-
otechnologies and possible uses of nanobi-
otechnology in medicine, as we can see in
Figure 1.
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Figure 1: The different relations between Nanobiotechnology and Nanomedicine, and how they are

intimately connected.
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The main uses of nanotechnology in
medicine are based on three core concepts
(Krukemeyer et al., 2015):

1. Knowledge of molecular medicine in
the fields of genetics and synthetically pro-
duced or modified microorganisms.

2. Nanomaterials and nanodevices that
can be used as biosensors, as transporters of
active substances and aides in treatment.

3. Nanotechnologies that can speed up
the process of diagnostics and therapy, for tis-
sue repair, as well as the improvement of nor-
mal physiological functions.

SUPERPARAMAGNETIC
NANOPARTICLES

Superparamagnetic nanoparticles (NPs)
can be defined as NPs that present magnetic
properties while affected by an external field,
thus it renders an opportunity to target spe-
cific sites for therapeutic deliver. Nowadays,
the approved use of superparamagnetic parti-
cles is mostly related to diagnosis.

In this field, superparamagnetic Iron Ox-
ide NPs (SPIONSs) are not only relatively
cheap but the most widely used particles in di-
agnosis and have been researched as a drug
delivery system. The core of these particles is
usually formed by iron oxide compounds such
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as a-Fe203 (hematite), c-Fe203 (maghemite)
or FesOs4 (magnetite) (Avval et al., 2020).
These particles can be further modified to
achieve specific characteristics and properties
for drug delivery, hyperthermia and gene de-
livery (Marekova et al., 2020).

Production

There are many techniques that can be
used as strategies for production of SPIONs —
the most used methods are co-precipitation,
thermal decomposition, hydrothermal synthe-
sis, microemulsion and sol-gel (Figure 2). The
choosing of a production method depends on
the desired characteristics.

Characterization

The development of medicinal products
based on NPs requires standardization of
methods to characterize the properties of for-
mulations for such innovative products.
American (USP) and European pharmacope-
ias (Ph. Eur) describe some of the methods
which are not directly intended for nanoprod-
ucts but can be used for the characterization
of NPs. Other methods are also standardized
by 1SO and ASTM International (Halamoda-
Kenzaoui et al., 2019).
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Figure 2. Schematic representation of co-precipitation, thermal decomposition, hydrothermal synthesis

and microemulsion methods.
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Dynamic light scattering (DLS) is a tech-
nique widely used for size characterization of
NPs in general and is one of the preferred
methods for magnetic NPs. Other methods
such as transmission electron microscopy
(TEM) can provide more detailed information
about structure and size (Lim et al., 2013). To
characterize the stability of colloidal disper-
sions of NPs, zeta potential can be accessed
by electrophoretic mobility. Usually, zeta po-
tential of £ 20-30 mV is considered as an in-
dicator of stability of colloids (Mourdikoudis
et al., 2018). For the detailed information
about magnetic properties superconducting
quantum interference device (SQUID) can be
also used (Dulinska-Litewka et al., 2019).

Magnetic nanoparticles in GBM treatment

As for the current state of art there are
many promising approaches that could be
taken for the treatment of GBM using super-
paramagnetic NPs. Due to the location of
GBM tumors, the NPs must have the ability
to cross the blood-brain barrier (BBB) to act
on the tumor site, which can be accomplished
by coating with specific ligands for vascular
targets (Gonzalez-Carter et al., 2020). The
targeting for the tumor can be more precise
taking advantage of the paramagnetic proper-
ties of SPIONs by using an external magnetic
field (Dulinska-Litewka et al., 2019). The
mechanism of action on the cells can be
through delivery of existing drugs or it can
rely on other properties such as SPION-medi-
ated hyperthermia (Marekova et al., 2020).
Different studies involving magnetic NPs for
GBM treatment can be seen in Table 1.

Use in diagnostics

Magnetic resonance imaging (MRI)
plays an essential role for radio therapy (RT)
based GBM treatment regimens. Usually,
MRI generates an image based on the decay
of protons after magnetic pulses — characteri-
zed by T1 and T2 relaxation rates. Tumors
tend to cause tissue changes that will alter
these T1 and/or T2 rates, although these
changes are usually hard to detect or to fully

characterize without contrast agents that em-
phasize these changes. They are limited by
their toxicity, rapid clearance, and need for a
rapid administration. This makes develop-
ment of non-toxic contrast agents that last
longer in cells an interesting prospect
(Charles-Edwards and De Souza, 2006).

Recent studies have used gold NPs, as
their low toxicity and ability to sensitize tu-
mor cells to radiation therapy due to its high
atomic number gives them potential as an
anti-cancer agent. Gold NPs have shown to be
able to enhance the effective radiation dose
delivered to tumor cells by propagating elec-
trons and free radicals induced by radiation,
free radicals which will directly damage DNA
and indirectly induce cell apoptosis (Sun et
al., 2016).

In an attempt to combine the imaging, di-
agnostic and therapeutic applications of iron
and gold NPs, a formulation of gold and
SPI10O-loaded micelles (GSMs) coated with
PEG-PCL polymer was studied by Sun and
colleagues (Sun et al., 2016). An in vitro
model of GBM was used to investigate the ra-
diosensitizing efficacy of the GSMs, in which
they subjected cell lines to RT in the presence
and absence of GSMs. They probed cells for
gh2ax, a marker of dsDNA breaks, and calcu-
lated the density of foci in different treatment
groups to evaluate whether GSMs would ef-
fectively potentiate radiation induced DNA
damage. In vivo, they intravenously adminis-
tered GSMs to mice implanted with human
GBM tumors in either flank or brain and as-
sessed micelle accumulation within these tu-
mors. They observed that brain tumors exhib-
ited less micelle uptake due to the blood-brain
barrier. Finally, they used both CT and MRI
on the mice with implanted tumors loaded
with GSMs to evaluate the ability of GSMs to
serve as contrast agents for imaging applica-
tions (Sun et al., 2016). They found that
GSMs were non-toxic at the dosages used, alt-
hough they admit that further formalized tox-
icity studies must be performed to confirm
their suitability. Despite this, the authors ver-
ified that GSMs were successful in effectively
doubling the density of dsDNA breaks when
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Table 1: Applications of paramagnetic NPs in treatment of GBM.

System/Approach

Gold and SPI1O-loaded
micelles
Aptamer-tagged su-
perparamagnetic NPs

Hydroxyapatite-SPION
nanocomposites
Magnetoliposomes
(MLs) with SPIONs
and doxorubicin
Doxorubicin and cur-
cumin-loaded SPIO
nanoshells

Lactoferrin tethered
magnetic double emul-
sion nanocapsules
(Lf-MDCs)
Nutlin-loaded magnetic
solid lipid NPs

Paclitaxel and SPIO-
loaded PLGA-based
NPs (PTX/SPIO-NPs)
Paclitaxel and SPIO-
loaded PLGA-based
NPs targeted with
RGD graft (PTX/SPIO-
RGD-NPs)
Doxorubicin loaded
magnetic iron oxide
NPs stabilized with tri-
methoxysilylpropyl-eth-
ylenediamine triacetic
acid (DOX-EDT-
IONPs)

SPION based poly-
meric nanocomposites
tagged with nestin an-
tibody embedded with
TMZ and transferrin
(STAT)

SPION based poly-
meric nanocomposites
tagged with nestin an-
tibody embedded with
TMZ and Polysorbate-
80 (STAP)

Size (nm)

75 nm *

10

16.61 +4.63*

NA

191.9+26

80-170 **

180 £ 40

247 £ 10;
250+ 20

230-255

75.5+3.2

86.01 + 8.24 ***

106.10 + 2.11 ***

Zeta-po-
tential
(mV)
NA

NA

NA

NA

14+04

NA

-40.0+x1.4

-18 £ 5;
177

-19+7

0.0+0.02

-11.17

-22.30 ***

Main Outcomes

Increased contrast in
MRI.

90x lower dose needed
of the tagged NPs to
achieve 50 % cell viabil-
ity.

Better uptake of SPIONs
in brain cells.

When combined with
chemotherapy it reduces
cell viability up to 17 %.
pH-dependent drug re-
lease, iron reutilization,
30x fold and 2x fold cur-
cumin and doxorubicin
drug availability.
Hydrophobic and hydro-
philic drug delivery.

Higher pro-apoptotic ac-
tivity in vitro on U-87 MG
than free drug.

High BBB permeability.

High BBB permeability

and active targeting.

High BBB permeability.

High BBB permeability
and active targeting.

High BBB permeability
and active targeting.

Reference

Sun et al.,
2016

Hradil et al.,
2007

Pernal et al.,
2017
Babincova et
al., 2018

Zhu et al.,
2012

Fang et al.,
2014

Grillone et
al., 2019

Ganipineni et
al., 2018

Ganipineni et
al., 2019

Norouzi et
al., 2020

Prabhu et al.,
2017

Prabhu et al.,
2017

* Transmission electron microscopy diameter, ** SPIONs were approximately 5 nm in diameter, *** Before lyophilization.
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compared to RT alone for both U251 and
U373 cell lines, although it was unclear
whether DNA break formation or inhibition
of subsequent DNA repair were the primary
driving force behind the discrepancy in DSBs
in the two treatment groups, both of which de-
scribed as mechanisms of gold NPs when
used in radiosensitization (Sun et al., 2016).
Their results also showed that the administra-
tion and accumulation of a small amount of
GSM in brain tumors would be sufficient to
serve as a contrast agent for MRI-based visu-
alization, and that CT imaging was not suffi-
ciently sensitive to detect the gold portion of
the GSMs. Furthermore, the persistence of
GSMs in the tumor tissue for as long as 5 days
after injection indicates that GSMs are dura-
ble enough to provide selective MRI contrast
enhancement of tumor cells during treatment,
in applications such as image-guided RT
planning, monitoring of surgical resection,
monitoring of response to other targeted ther-
apies, and long-term imaging of tumor
through the course of treatment progression
(Sun et al., 2016).

Hyperthermia-based approaches

Hyperthermia uses heat generated by
magnetic NPs when they are subjected to al-
ternating magnetic currents, inducing necro-
sis of the targeted cells and making the tumor
more vulnerable to other coadjutant treat-
ments such as chemotherapy and RT
(Marekova et al., 2020).

Hradil and collaborators developed dex-
tran-coated ferric oxide NPs conjugated with
specific anti-human epidermal growth factor
receptor (HER2) aptamer and used them to in-
duce magnetic hyperthermia in cultured cells
(Hradil et al., 2007). They started by synthe-
sizing dextran-coated magnetic NPs and then
conjugating the anti-HER2 aptamer with
these NPs. In vitro tests were performed on
human adenocarcinoma (SK-BR3) cell line,
while as for the control for all experiments hu-
man GBM epithelial cells were used (U-87
MG cell line). Then, they proceeded to inves-
tigate the specificity of the NPs coated with
the anti-HER2 aptamer through fluorescence
activated cell sorting. Testing showed that the

aptamer-tagged NPs were highly specific to-
ward the HER2-expressing cells. In addition,
a ninety-fold lower dose of the tagged NPs
relative to that of the non-tagged NPs was
needed to achieve ~50 % cell death by hyper-
thermia of the SK-BR3 cell line, while for the
U-87 MG cells, the viability level was close
to 100 %. These results showed that targeted
NPs can be applied at substantially lower
doses than non-targeted ones to achieve simi-
lar effects of hyperthermia, which should
greatly limit the side effects of treatment.
Pernal and colleagues explored a way of
improving the effectiveness of magnetic hy-
perthermia (Pernal et al., 2017). The authors
showed that non-malignant cells, including
human mesenchymal stem cells (MSCs) and
primary mouse kidney and lung fibroblasts,
displayed an unfavorably increased uptake of
SPIONs when compared to brain cancer cells
(E297 and U87). This means that when apply-
ing only SPIONSs (with no other associated
compounds) during treatment, the amount
that ends up in the cancer cells is lower than
the amount that goes to non-malignant cells,
resulting in less effective treatment. To solve
this problem, they use hydroxyapatite (HAP).
Interspersion of SPIONs through HAP leads
to stabilization of the maghemite and reten-
tion of strong magnetism even past that point,
indicating an intimate interaction between
HAP and SPIONSs, reinforcing the proposed
use of HAP as a chaperone-like carrier of SPI-
ONs. The toxicity of SPIONs was also re-
duced following their embedment into a HAP
matrix. Three SPION/HAP ratios were syn-
thesized: 3.8 % weight percentage of SPION,
28.6 % weight percentage of SPION and only
HAP. After the physicochemical characteri-
zation, they proceeded to cell viability assays,
then a spheroid migration assay, a cytoskele-
tal anisotropy analysis and, finally, the mag-
netic hyperthermia analysis. They found that
the HAP/SPION nanocomposites retained su-
perparamagnetic properties, that they in-
creased uptake in U-87 MG human GBM
cells and healthy mesenchymal stem cells
compared to SPIONSs, and reduced the viabil-
ity of brain cancer cells, even before magnetic
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hyperthermia. A functional synergy between
the two components of the nanocomposites
was established and as a result, the cancer ver-
sus healthy cell (U-87 MG/MSC) selectivity
in terms of both the uptake and the toxicity
was higher for the composite than for SPIONs
or HAP alone, allowing it to be damaging to
cancer cells and harmless to the healthy ones.

Babincova and collaborators use thermo-
sensitive magnetoliposomes (MLs) co-load-
ing SPIONs and doxorubicin and they tested
against C6 rat glioma both in vitro and in vivo
(Babincovéa et al., 2018). They used a biocom-
patible colloidal suspension of citric acid sta-
bilized magnetic NPs (fluid MAG-CT).
Through heating experiments with an alter-
nating magnetic field, they determined that
formulations containing a higher concentra-
tion of fluid MAG-CT took less time to heat
up and reach a temperature in the interval of
4245 °C, necessary for cancer cell hyper-
thermia. The profile of drug release from the
MLs was evaluated in the presence of an al-
ternating magnetic field (AMF) and at physi-
ological temperature (37 °C). Drug release
from the MLs under AMF was 80 % after 10
min of exposure. Hyperthermia together with
ML-based DOX drug delivery were evaluated
in an assessment of cell viability. An in vitro
hyperthermia experiment was done with MLs
containing fluid MAG-CT NPs with or with-
out doxorubicin, the values of relative cell
number after hyperthermia treatment with
fluid MAG-CT NPs was 79.2 %. For DOX-
ML (with no hyperthermia treatment) the
value was 47.4 %, and when both these mo-
dalities were combined the viability dropped
to a minimum of 17.3 %.

SPIONs-based drug delivery systems

There are multiple approaches for the use
of SPIONSs in drug targeted delivery systems.
Drugs can be ether encapsulated within SPIO
structures directly or inside other types of NPs
with SPIONs attached. Superoxide paramag-
netic iron oxide nanoshells loaded with doxo-
rubicin and curcumin prepared using hydro-
thermal and nano-precipitation method
demonstrated 2-fold higher doxorubicin cas-

pase-3 activity and 30-fold higher intracellu-
lar curcumin delivery (Zhu et al., 2012). Its
preferable accumulation at the acidic intracel-
lular compartments such as endosomes and
lysosomes enable pH-dependent drug release
as well as nanoshells core dissolution for fur-
ther reutilization of iron for in the body.

As for conjugated superparamagnetic
NPs, there is an example of lactoferrin-teth-
ered magnetic double emulsion nanocapsules
(Lf-MDCs) to deliver hydrophobic and hy-
drophilic drugs simultaneously for more ef-
fective therapy and to overcome multidrug re-
sistance (Fang et al., 2014). Nutlins are a fam-
ily of potent MDM2 antagonists that have
shown to activate the p53 pathway (Villa-
longa-Planells et al., 2011). Nutlin-3a and
SPIONSs were encapsulated in solid lipid NPs
and showed high ability to cross BBB and had
a higher pro-apoptotic activity in vitro on U-
87 MG than the free drug (Grillone et al.,
2019).

Paclitaxel (Taxol®) is used as a drug for
treatment of various types of cancer inducing
a mitotic arrest in cells. The concentration of
paclitaxel concentration in brain is not high
enough for its therapeutic properties probably
due to low ability to cross BBB and active ef-
flux by ATP binding cassette transporters
(Fellner et al., 2002). It has been demon-
strated that it is possible to increase paclixatel
concentration in brain by nanoencapsulation.
These NPs can be further loaded with SP1O
(PTX/SPIO-NPs) to increase the accumula-
tion of NPs threefold using magnetic targeting
(Ganipineni et al., 2018). These NPs can be
grafted with RGD motif (PTX/SPIO-RGD-
NPs) for active targeting of avp3 integrin. In
vivo both NPs with magnetic and magnetic
plus active targeting demonstrated a signifi-
cant decrease of tumor volumes and a higher
survival time compared to control groups
(Ganipineni et al., 2019). Doxorubicin is an-
other drug used for treatment of multiple can-
cers and has low BBB permeability. In vitro
studies performed on U251 cells demon-
strated 2.8-fold uptake of doxorubicin when
the drug was encapsulated in magnetic iron
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oxide nanoparticles stabilized with trimethox-
ysilylpropyl-ethylenediamine triacetic acid
(DOX-EDT-IONP). The drug release could
last 4 days and increased in acidic conditions.
MDCK-MDR1-GBM co-culture model de-
monstrated the potential of achieving a higher
BBB permeability of doxorubicin using
DOX-EDT-IONP, and increased permeabil-
ity and therapeutic effect with magnetic tar-
geting and cadherin binding peptide
(ADTCS5) (Norouzi et al., 2020).

Another strategy for targeting can be re-
lated to the use of specific antibodies against
targets that are overexpressed in GBM cells in
combination with superparamagnetic NPs.
This approach was used for TMZ delivery us-
ing loaded polymeric nanocomposites conju-
gated with SPIONSs, nestin antibody and
transferrin or polysorbate-80 (Prabhu et al.,
2017). These nanocomposites were able to
cross the BBB in orthotopic GBM xenograft
model and could be targeted more precisely
using a magnetic field.

LIPOSOMES

Definition

Liposomes are vesicles typically sized
between 50 nm to 100 nm made of minimum
one phospholipid bilayer and an aqueous
core. Liposomes are generally made of bio-
compatible, biodegradable materials, and are
able to carry various types of drugs and bio-
molecules efficiently as water-soluble mole-
cules can be carried within their aqueous core,
whereas the lipid bilayer(s) encapsulate lipo-
philic/hydrophobic and amphiphilic mole-
cules (Chamundeeswari et al., 2019). Lipo-
somes can be used for the treatment of differ-
ent grades of brain tumors since they can
cross the BBB through the inter-endothelial
gaps of the highly vascularized, leaky BBTB
in case of high grade brain tumors and
transport across the intact BBB by means of
receptor mediated transcytosis (RMT) or ad-
sorptive mediated transcytosis (AMT) (Liu
and Lu, 2012).

These nanosystems can be characterized
by their physical and chemical parameters
like their size, number of bilayers, surface

charge and charge density, fluidity and pres-
ence of hydrophilic polymers and targeting
ligands on the surface. In terms of the number
of bilayers, liposomes can be classified as
multilamellar vesicles (MLV) or unilamellar
vesicles, with the second one dividing into
large and small unilamellar vesicles (LUV
and SUV). Bigger sized MLV are more ade-
quate for encapsulating lipophilic or hydro-
phobic drugs than SUV due to the aqueous-
lipid ratio (Dwivedi and Verma, 2013).

A lot of success cases of liposome appli-
cations involve exploiting the enhanced per-
meability and retention (EPR) effect: these
nanocarriers and drugs can be retained in tis-
sues where vessels have defective endothe-
lium and there is insufficient lymph drainage,
and liposomes can fully exploit this effect
(Maeda et al., 2001). Tumors, once they reach
a certain size (2-3 mm) start promoting angi-
ogenesis to keep themselves supplied with ox-
ygen and nutrients; however, the vessels thus
created do not exhibit the same characteristics
of normal blood vessels: their shape is irregu-
lar and their endothelium is leaky, thus creat-
ing this EPR effect (lyer et al., 2006).

Production

All the methods for the preparation of lip-
osomes include four basic stages: drying li-
pids from an organic solvent, redispersing
them in an aqueous media, purifying the lipo-
some that is formed and, finally, analyzing the
product to detect any flaws in the process and
guaranteeing its quality (Akbarzadeh et al.,
2013). Figure 3 summarizes common meth-
ods for liposome preparation and loading.

As shown, liposomes can either be ac-
tively or passively loaded, with passive load-
ing happening during liposome production,
and active loading being performed after the
liposomes are already formed. A common ac-
tive loading strategy involves filling lipo-
somes with buffers or salt solutions inside, to
load drugs that can only diffuse one way. By
doing this, the drug alters its charge and is un-
able to cross the membrane, being trapped in-
side the liposome. Active methods like this
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tend to achieve higher, more stable encapsu-
lation, though their higher stability also
means they occasionally require active re-
lease methods to make the loaded drugs bioa-
vailable (Gubernator, 2011).

Liposome preparation

and loading

Active loading [Passive Loading

Methods

Mechanical

‘ ! Detergent
Dispersion

Removal

Solvent
Dispersion

Figure 3: Common methods of liposome prepa-
ration and loading, adapted from Akbarzadeh et
al. (2013).

Passive methods are varied, the most
common method being the lipid film hydra-
tion method, a mechanical dispersion method
which involves adding lipids to an organic
solvent, mixing them thoroughly and then re-
moving any excess solvent so that only the
film is left. It is possible to do it with a stream
of inert gases, or rotary evaporation for larger
volumes. From here, buffer is added to hy-
drate the liposomes and mix with them, allow-
ing the introduction of the drug to incorporate.
It is typically followed by cycles of freeze-
thaw creating the MLV. To limit the lipo-
some’s size, extrusion can be used, forcing
the liposomes through filters and thus select-
ing the desired size (Xiang and Cao, 2021).

Current applications of liposomes
Liposomes are the oldest platform for na-
nomedicines and a widely researched topic
when it comes to finding a formulation to treat
several types of diseases including multiple
forms of cancer, fungal infections, bacterial

infections, immunosuppressants, pain relief,
vaccines, and photodynamic therapy
(Svenson, 2012). Formulations currently in
the market have improved on ubiquitous
drugs, like doxorubicin, amphotericin B and
even morphine, allowing for more controlled
releases and better half-lives (Hafner et al.,
2014). There are several examples of success.
In the early 90s, doxorubicin was encap-
sulated in liposomes, in the formulation
known as DOXIL, or CAELYX. It was based
on PEGylated liposomes used in a lot of can-
cers such as Kaposi’s sarcoma, ovarian and
breast cancer. This type of formulation led to
an increase in drug half-life and its distribu-
tion through the tumor tissues. It also helps
with the reduction of the cardiotoxicity asso-
ciated with free doxorubicin. It has high sta-
bility when it comes to drug loading, through
a gradient of ammonium sulfate, also allow-
ing for its release in the tumor tissue and
makes use of the EPR effect (Barenholz,
2012). The great toxicity reduction is also a
very important change from classical an-
thracyclines (Rafiyath et al., 2012). It isn’t,
however, bulletproof, and multiple studies
have appointed the major toxicity and adverse
reaction being skin related events, mainly
hand-foot syndrome (Lotem et al., 2000). As
for MYOCET, the non-pegylated version of
doxil, it includes cyclophosphamide-loaded
liposomes with about 150-250 nm. These lip-
osomes also reduce the acute and chronic tox-
icity of the free drug (Bulbake et al., 2017).
Another classic example is amphotericin
B incorporated within liposomes, named Am-
Bisome®. It is generally used for the treatment
of serious and life-threatening fungal infec-
tions such as leishmaniasis, aspergillosis,
blastomycosis and others. It is important to
note that it interacts hydrophobically with the
cholesterol components of the lipid mem-
brane. These unilamellar bilayer liposomes
have around 100 nm (Boswell et al., 1998).
More recently, lipid-based formulations
used in the creation of COVID-19 vaccines
were derived from liposomal technology to
encapsulate nucleic acids in cationic lipid na-
noparticles. Pfizer-BioNTech and Moderna’s
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vaccines are built just like any other liposome
formulation (Epling, 2021). We need to con-
sider what this means for nanotechnology,
seen as when the world fought a crisis for 2
years, the answer was in nanoparticles lipidic
formulations. In other words, if this is possi-
ble, maybe, with the urgency to find other
treatment options for other diseases, nano-
technology can be looked at in another light
(Germain et al., 2020).

Liposomes in GBM treatment

Standard drugs for GBM treatment are
TMZ, bevacizumab, nitrosoureas such as car-
mustine, lomustine or nimustine, and tyrosine
kinase inhibitors such as ibrutinib (Weller et
al., 2013; Wang et al., 2017; Shergalis et al.,
2018).

None of these treatment options have ap-
proved as liposomal formulations yet, how-
ever many have attempted to create stable
TMZ drug carriers. It has been attempted to
encapsulate the drug and use PEG to protect
the liposomes and allow them to reach the tu-
mors. Still being in in vitro and in vivo stud-
ies, it has been shown to be very promising,
since the concentration of TMZ reaching the
tumor was greater and the distribution volume
enhanced. Unfortunately, there were no sig-
nificant changes in overall survival or tumor
volume (Gao et al., 2015; Nordling-David et
al., 2017).

There is another interesting project, with
in vivo studies, that utilizes cisplatin in lipo-
somal formulations to cross the BBB. This
formulation proved to be effective in decreas-
ing the toxicity of cisplatin to the overall or-
ganism and allowed for a better cellular up-
take. However, it had a low encapsulation ef-
ficacy percentage, so if there was a chance to
increase it, then perhaps this drug could find
its way into clinical trials (Ashrafzadeh et al.,
2020).

Yoon et al. (2019) attempted to revisit the
concept of using itraconazole to stop the pro-
liferation of cancer cells, differentiating them
from regular cells. The main issue with this
drug is the fact that itraconazole is a very in-
soluble drug, with a short half-life and low

distribution volume, all of which can be fixed
with the incorporation in liposomes, while
also allowing for better targeting. In that
study, the liposomes were prepared by the
evaporation and film hydration method. It
shows great promise for the future, seen as it
successfully inhibited the in vitro cell prolif-
eration.

Finally, as an additional example was
done by Shi et al. (2018) where they had four
different liposomal formulations, prepared by
reverse-phase evaporation method, changing
between cationic and anionic and pegylation
or no pegylation. Researchers found that car-
boplatin incorporated in any of these lipo-
somes is a big advantage to treat GBM in
comparison to free carboplatin. The cationic
ones allow for a better attachment to target
cells, while anionic and pegylated ones dif-
fuse over a larger area of tumor.

POLYMERIC NANOPARTICLES

Polymeric NPs are colloidal systems
made up of natural or synthetic polymers that
have a great potential for use in medicine, es-
pecially for gene/drug delivery (Martinho et
al., 2011). These NPs are within the size range
from 1 to 1000 nm that can be loaded with ac-
tive compounds, by trapping the compound
inside the particle or adsorbing to the surface
of the polymeric core (Neha et al., 2013). The
first polymeric NPs were made from non-bio-
degradable polymers, like poly(methyl meth-
acrylate) (PMMA), polyacrylamide, polysty-
rene, and polyacrylates, but some toxicity is-
sues occurred. Since then, biodegradable pol-
ymers, including synthetic polymers like
poly(D,L-lactide) (PLA), poly(D,L-glycolide)
(PLG), copolymer poly(lactide-co-glycolide)
(PLGA), polyalkylcyanoacrylates, and poly-
g-caprolactone, but also natural polymers
such as chitosan, alginate, gelatin, and albu-
min, are preferred and more commonly used
(Gagliardi et al., 2021).

It is important to note that the term poly-
meric NPs comprises nanocapsules and nano-
spheres (Figure 4), which differ in their struc-
ture. Nanocapsules are reservoir systems
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which present a core in which the drug is usu-
ally dissolved surrounded by a polymeric
shell, that controls the release profile of the
drug from the core (Reis et al., 2006) whereas
nanospheres display a continuous polymeric
network being classed as a matrix system.
Here, the drug can be retained or adsorbed
onto their surface. Rapamycin-loaded-poly-
sorbate 80-coated PLGA nanospheres are an
example of nanospheres presenting anti-gli-
oma activity (Escalona-Rayo et al., 2019).

Nanoespheres
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Figure 4: Schematic representation of the differ-
ent polymeric NPs: (a, ¢) nanocapsules and nan-
ospheres with entrapped drug, respectively; (b, d)
nanocapsules and nanospheres with the drug ad-
sorbed, respectively.

The potential use for controlled release of
drugs, as well as the ability to protect drugs
against the harsh environments, as well as the
improvement of bioavailability and the thera-
peutic index of drugs, make some of the ad-
vantages of this type of nanosystem (Begines
et al., 2020; Mota et al., 2020).

Methods of polymeric NPs preparation
According to the intended applications
and desired characteristics of polymeric NPs,
or on the type of drug to be delivered, differ-
ent preparation methods can be employed
(Gagliardi et al., 2021). Polymeric NPs are
usually prepared from preformed polymers, in
which toxicological and environmental haz-
ard concerns may arise as organic solvents are
usually required to dissolve the polymer, or
by polymerization of monomers (Reis et al.,
2006; Gagliardi et al., 2021). To minimize the

mentioned concerns, solvent residues should
be removed from the final product (Zielinska
etal., 2020). The most common methods used
to prepare polymeric NPs are solvent evapo-
ration, emulsification/solvent diffusion, salt-
ing-out and nanoprecipitation (Reis et al.,
2006; Nasir et al., 2015; Gagliardi et al.,
2021).

The solvent evaporation method is one of
the most used for the preparation of polymeric
nanospheres preparation (Zielinska et al.,
2020). This method consists of an oil-in-water
(o/w) emulsion, in which the organic phase is
composed of an organic solvent, in which the
intended drug and polymer are dissolved, and
an agueous phase which contains a surfactant
(i.e., poloxamer 188, PVA, polysorbate 80 or
other) (Sur et al., 2019; Zielinska et al., 2020).
After the emulsification is formed by mixing
organic and aqueous phases, the organic sol-
vent is eliminated by evaporation. Different
techniques can be used for solvent evapora-
tion, such as continuous magnetic stirring at
room temperature or in a slow process at re-
duced pressure (Sur et al., 2019; Zielinska et
al., 2020). Then, the polymeric NPs can be
washed and collected by centrifugation and
stored (Zielinska et al., 2020).

The emulsification/solvent  diffusion
method is also based on the formation of an
o/w emulsion, but formed by a partially wa-
ter-miscible solvent, containing the polymer
and drug, in equilibrium with an immiscible
aqueous solution with a surfactant (Pifidn-
Segundo et al., 2018; Zielinska et al., 2020).
In similarity to the previous presented method,
the emulsion is formed by mixing the organic
and aqueous phases, and according to the oil-
to-polymer ratio, the emulsification/solvent
diffusion method can originate nanocages or
nanospheres (Singh et al., 2018). Despite re-
quiring a high volume of the aqueous phase
and the risk of diffusion of the hydrophilic
drug into the aqueous phase, this is the most
used method for the production of nano-
spheres (Zielinska et al., 2020).

Like the emulsification/solvent diffusion
method, the salting-out method also relies on
an emulsification resulting from the mixture
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of an organic and aqueous phase (Masood,
2016). However, in the salting-out method,
the aqueous phase contains the surfactant and
a saturated salting-out agent, such as magne-
sium chloride (Masood, 2016; Wang et al.,
2016). The organic phase, containing the pol-
ymer dissolved in an organic solvent (i.e., ac-
etone), is emulsified in the aqueous phase by
strong shearing forces (Wang et al., 2016). To
eliminate the salting-out agent, a final centrif-
ugation step must be performed (Wang et al.,
2016). This method originates nanospheres
that vary in size according to the polymer ra-
tio used (Zielinska et al., 2020).

Finally, nanoprecipitation, also known as
the solvent displacement method, is mainly
used for the encapsulation of lipophilic drugs
(Martinez Rivas et al., 2017). In this method,
an organic solution, containing the drug and
polymer, is added to an aqueous solution,
containing a solubilizer, leading to the depo-
sition of the polymer in the interface of the
two solutions (Ahlawat et al., 2018). For this,
it is important that the polymer must be insol-
uble in the aqueous solution, in order to pro-
mote polymer deposition (Barreras-Urbina et
al., 2016). The NPs prepared following the
nanoprecipitation method generally have a
well-defined homogenous size (Zielinska et
al., 2020).

Characterization of polymeric NPs
Currently, there are no standards of NPs
characterization approved or described by the
Food and Drug Administration (FDA)
(Crucho and Barros, 2017). However, it is
known that the properties and in vivo behavior
of NPs depend on its physicochemical prop-
erties (Banik et al., 2016; Crucho and Barros,
2017). Regarding polymeric NPs, some phys-
icochemical properties, that can vary, include
concentration and composition, size and sur-
face charge, morphology, crystallinity, and
dispersion state (Zielinska et al., 2020). In or-
der to fully characterize polymeric NPs by
evaluating some of the mentioned properties,
an array of techniques is used, i.e., electron
microscopy, DLS, near-infrared spectroscopy,
electrophoresis, and chromatography

(Zielinska et al., 2020). The importance of
characterizing the physicochemical properties
of NPs relies on the small variations in these
parameters potentially resulting in detri-
mental changes in toxicity and therapeutic ef-
ficacy (Clogston et al., 2016).

Different techniques can be used to meas-
ure the size of polymeric NPs, such as dy-
namic (DLS) and static light scattering (SLS),
scanning and transmission electron micros-
copy (SEM and TEM, respectively), and
atomic force microscopy (AFM), but the de-
termined size varies depending on the method
employed. Polymeric NPs’ size can be af-
fected by several factors such as the quali-
guantitative composition and the amount of
drug loaded, and this may lead to larger parti-
cles with broader size distributions (Zielinska
etal., 2020). Moreover, SEM, TEM and AFM
also analyze the NPs’ morphology, and AFM
provides 3D information with high resolution
at the nanometric scale (Zielinska et al.,
2020). The chemical composition of the
atomic elements that make up an NP can be
determined using an ensemble or single-parti-
cle elemental analysis method, including
atomic absorption spectroscopy and time-of-
flight mass spectrometry (TOFMS) (Sohail et
al., 2020; Zielinska et al., 2020). After prepa-
ration, determining the molar mass distribu-
tion of the polymer provides information
about the influence of the formulation compo-
nents in the polymerization process, the oc-
currence of chemical reactions between the
drug and the polymer. Size-exclusion chro-
matography (SEC) is the most used technique
for this determination, besides that SLS is also
used to analyze the intensity of light spread by
the polymeric NPs (Zielinska et al., 2020).
The surface charge of the particles is reflected
by the zeta potential ({) is very important as it
enlightens how a polymeric NP interacts with
the drug, behaves in biological fluids, and in-
formation regarding the formulations’ colloi-
dal stability. Doppler is one of the techniques
used to determine particle velocity as a func-
tion of voltage, and this way the zeta potential
is obtained from the electrophoretic mobility
of particles in a respective solvent (Zielinska
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et al., 2020). Moreover, drug-loaded poly-
meric NPs must also be evaluated regarding
drug association and pharmaceutical release
kinetics (Sohail et al., 2020; Zielinska et al.,
2020).

Dendrimers

There is a very peculiar class of polymer-
based nanosystems called dendrimers: syn-
thetic polymers composed of branched units
that emerge from a focal point, a central core,
receiving their name by the similarity with a
dendritic structure. Dendrimers may have var-
ious levels of branching, called 1%, 2" or 3
generations. These nanosystems have a siza-
ble number of exposed anionic, neutral or cat-
ionic terminal functionalities on the surface,
leading to hydrophilic or hydrophobic behav-
iour (Sohail et al., 2020). Usually, dendrimers
are composed of radially symmetric, globular,
monodispersed and homogenous molecules,
and present applications as delivery or carrier
nanosystems for drugs and genes, although
some dendrimers have intrinsically medicinal
use, due to their antifungal, antibacterial and
cytotoxic properties (Chis et al., 2020).

Due to their single nanoscale properties
and ability to enhance solubility, stability,
oral bioavailability and drug targeting of var-
ious drugs, dendrimers, schematized in Figure
5 have gained significant attention (Singh et
al., 2019). Poly(amidoamine) (PAMAM)
dendrimers are one of the most commonly
studied due to their availability through a ro-
bust synthesis and due to their features, such
as mimicking peptide/protein (Sohail et al.,
2020).

A

Production and characterization of
dendrimers

These nanosystems are generally produ-
ced by a stepwise synthesis approach, giving
them a controlled structure and narrow poly-
dispersity. They can be synthesized by diver-
gent or convergent approaches, or by a com-
bination of both. In the divergent approach,
by a series of repetitive reactions, dendrimers
are formed from a multifunctional core that is
extended outward. In the convergent strategy,
through a series of inward-oriented reactions,
small molecules start at the dendrimer surface
and end up attached to a central core. A com-
bined divergent/convergent approach com-
bines the advantages of divergent and conver-
gent synthesis (Sohail et al., 2020). Recently,
an advanced dendrimer synthesis emerged, by
self-assembly of small dendritic components
into large non-covalent supramolecular den-
drimer (Sohail et al., 2020).

Assays commonly used to characterize
dendrimers include high-performance liquid
chromatography (HPLC), identifying and
quantifying the separate components of a
mixture or solution; mass spectrometry (MS),
which measures the mass; charge ratio of ions;
capillary electrophoresis (CE), that separate
analytes by ionic mobility and are usually
used to characterize low generation den-
drimers; polyacrylamide gel electrophoresis
(PAGE), that is a much cheaper alternative for
separating nanoparticles based on their size
and charge, having various advantages over
CE; and small-angle neutron scattering
(SANS), that measures small scattering an-
gles to clarify the structure of substances with
1 to 100 nm. Each one of these methods has
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present advantages and limitations (Fana et al.,
2020).

Polymeric-based NPs for the treatment of
GBM

Due to their size and other characteristics,
NPs are being explored for the treatment of
CNS tumors, such as GBM, being capable of
carrying biomolecules, nucleic acids, and
drugs, across the blood-brain barrier (BBB).
This barrier plus the heterogeneity of brain tu-
mors are the main reasons for unsuccessful
treatments of this malignancy (van ’t Root et
al., 2017).

As demonstrated by other studies, it was
observed that doxorubicin was able to reach
the brain by loading doxorubicin in PLGA na-
noparticles and then coating them with polox-
amer 188 (Dox-PLGA). The Dox-PLGA na-
noparticles produced a very notable anti-tu-
mor effect against the intracranial 101.8 GMB
rat model, representing a very good candidate
as chemotherapy of brain malignancies that
warrants more studies. The anti-tumoral effi-
cacy of the optimized formulation and the
ability of the NPs to penetrate into the intra-
cranial malignancy and in the normal brain
was then unconfirmed by the in vivo experi-
ments (Maksimenko et al., 2019).

In another study (Agarwal et al., 2019),
enhanced uptake and amplified anti-cancer
effects were observed in glioma cells due to
receptor-based targeting of NPs. In this study,
the authors confirmed a novel combined
method for drug delivery to glioma cells.
From the extensive in vitro studies, it was
concluded that the synthesized NPs were
highly safe and thus they will be shortly pro-
ceeding within in vivo biocompatibility and
therapeutic efficacy studies of these NPs in
the near future. More specifically, the bio-
compatibility and efficacy of both targeted
and non-targeted nanoformulations with the
drug morusin, an NF-kB inhibitor, as well as
with other clinical drugs will be test. Hence
through the results achieved, PLGA-MOR-
CTX-NPs will be proposed as a promising
nanoformulation for the development of fu-
ture anti-glioma therapies.

Another example includes TMZ. The use
of PLGA NPs was proposed to improve the
brain delivery of drugs used in GBM chemo-
therapy (Ramalho et al., 2018). For that, NPs
functionalized with an OX26 mAb for the
transferrin receptor (TfR) were developed to
target GBM cells, as these cells commonly
present TfR overexpression. Stable NPs were
prepared with suitable physicochemical prop-
erties for brain delivery, such as mean size
smaller than 200 nm and negative charge. The
developed NPs exhibited a good encapsula-
tion efficiency of TMZ and they were able to
maintain a controlled and sustained release of
the drug for up to 20 days. Cytotoxicity stud-
ies showed that the encapsulation of the drug
in PLGA NPs significantly improves the anti-
proliferative activity of TMZ. The use of the
monoclonal antibody for TfR targeting
proved to be advantageous in enhancing the
cellular internalization of the NPs, suggesting
that these are selectively uptaken by a trans-
ferrin receptor-mediated endocytosis mecha-
nism in tumoral cells. Although the modifica-
tion of the NPs with the OX26 mAb decreased
the cytotoxic potential against GBM cells, the
use of this antibody could enhance the perme-
ability across the BBB in vivo, since BBB
cells are also known to overexpress this re-
ceptor. As such, it is suggested that NPs func-
tionalized with an OX26 mAb for TfR could
be efficiently used for dual-targeting of both
BBB and GBM cells. Future in vivo studies
will allow evaluating the potential of the de-
veloped NPs for the treatment of GBM.

GOLD NANOPARTICLES

Colloidal gold, also known as gold NPs
(AuNPs), is a suspension of nanoscale gold
particles, with properties that differ from
those of bulk gold. Most notably these NPs
exhibit unique optical features. Depending on
its size, AuNPs solution is either an intense
red color (for particles smaller than 100 nm)
or a dirty yellowish color (for larger particles)
(Mody et al., 2010). Similarly, the aggrega-
tion of AuNPs causes a color shift of the col-
loidal solution from red to blue, and their re-
dispersion reverses the color change from
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blue to red (Ghasemi et al., 2018). These in-
triguing optical properties are due to the NPs’
unique interaction with light. Under the acti-
vation of light, conduction electrons on a no-
ble metal collectively oscillate. This reso-
nance, which often occurs on the metal sur-
face, is known as surface plasmon resonance
(SPR). When the resonance is restricted to na-
noparticles it’s called localized surface plas-
mon resonance (LSPR) (Mody et al., 2010;
Vines et al., 2019; Bai et al., 2020). When the
LSPR occurs, the optical extinction of AUNPs
can be maximized (more than 1000 times
stronger compared to ordinary organic mole-
cules), which strongly enhances the efficiency
of photothermal conversion, photochemistry
conversion and light energy absorption. If the
absorption band of AuNPs is adjusted to the
near-infrared region, these NPs can be used
for photothermal therapy (PTT). Further-
more, AUNPS can serve as a contrast agent for
surface-enhanced Raman scattering (SERS)
and surface-enhanced fluorescence (SEF).
Due to the high atomic number of gold,
AUNPs have also been explored for radiother-
apy sensitization for RT (Choi et al., 2020).
Again, the drug delivery to the brain is
challenging because of the BBB, but due to
the EPR effect it is already known that the ac-
cumulation of AuNPs is higher in tumoral tis-
sue. Furthermore, as found by Choi et al.
(2020), the accumulation of AuNPs is higher
in the brain hemisphere with GBM than with-
out, probably due to GBM’s disrupted BBB.
AuUNPs uptaken by GBM can also be further
enhanced by administering NPs after RT, fur-
ther disrupting the BBB. More traditional
therapeutic opportunities include the conjuga-
tion of AuNPs with proteins, peptides,
SIRNA, and other drugs, to enable active tar-
geting (Anselmo and Mitragotri, 2015).

Synthesis methods of AUNPs

The most frequently used chemical
method of AuNPs synthesis is the Seed-
Growth method, which consists of reducing
gold salts in the presence of a reducing agent,
such as sodium borohydride. This originates
tiny spherical seed NP. The next step involves

the growth of these NPs in a solution contain-
ing metal salts and a weak reducing agent,
like ascorbic acid. By modifying this proce-
dure, it is possible to modify the morphology
of NPs. This is commonly the case for the
synthesis of gold nanorods, where a surfac-
tant, commonly cetyltrimethylammonium
bromide (CTAB), is used to allow the AuUNPs
to take on a rod-like shape (Amina and Guo,
2020; Dumur et al., 2020; Pellas et al., 2020).
Other chemical methods include the Tur-
kevich method, the Brust method and diges-
tive ripening (Amina and Guo, 2020). The
main disadvantage of a synthetic approach is
that some chemicals used can be an environ-
mental and/or health hazard. For this reason,
various green methods using microorganisms
like bacteria, fungi, plants and algae have
been devised (Molnér et al., 2018; Amina and
Guo, 2020) but also other methods with haz-
ardous chemicals-free AuNPs for the treat-
ment of melanoma (Silva et al., 2016b; Lopes
etal., 2020, 2021), breast cancer (Costa et al.,
2020) and thyroid cancer (Amaral et al., 2020,
2021).

One key parameter for the synthesis of
robust AuNPs with defined morphologies and
functions is the choice of surface ligands. Lig-
ands have a variety of functions, including
regulating solubility and availability of active
compounds during AuNP synthesis, minimiz-
ing the surface energy of NPs (necessary for
colloidal stability), and encoding of NP func-
tionality (Heuer-Jungemann et al., 2019).

Coating of AUNPs

Two parameters are fundamental for the
design of new AuNPs: colloidal stability of
the resulting solution, and easiness of func-
tionalization. Another point to take into con-
sideration is the possible desorption of the lig-
ands (Dumur et al., 2020). Furthermore, if we
need to increase BBB permeation for brain
delivery, NPs would benefit from a design
that allows them to cross the BBB through
transcytosis. For this, their surfaces can be
modified, either non-covalently with a coat-
ing or covalently by functionalization (Heuer-
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Jungemann et al., 2019). Nevertheless, the ag-
gregation of AuNPs in vivo should be con-
trolled. By coating AuNPs with a protective
polymer and making them spherical or sele-
nium-(Se-)terminated PEG, the stability of
AUNPs in biological samples can be improved
as well the aggregation can be avoided (Lu et
al., 2021). Herein, silica also appears to be an
excellent coating candidate to prevent coales-
cence, due being chemically inert, optically
transparent, and easily functionalizable
(Dumur et al., 2020). However, other issues
related to silica in vivo uses are still on debate.

Functionalization of the surface of AUNPs

The most direct way to functionalize
AuNPs’ surface is to synthesize the NPs in the
presence of surface stabilizing ligands. In any
case, functionalization of AuUNPs surface
seems to play an important role in the design
of nanotherapeutic probes, controlling their
pharmacokinetics, efficacy, and potential tox-
icity. Ligands that functionalize the surface of
NPs should exert adequate colloidal stabiliza-
tion and NP sealing from other molecules in
challenging biological environments while
functional ligands should increase NP targeta-
bility and perform distinct biological roles,
also being responsive to external or internal
stimuli (Silva et al., 2016a).

To achieve maximum tumour penetra-
tion, NP size and characteristics must be pre-
cisely tuned in compliance with the tumor
state. Increases in overall NP size, e.g., due to
aggregation, could inhibit tumour targeting.
Furthermore, very small NPs may leak into
blood vessels, whereas very large NPs or ag-
gregates of NPs may be cleared by macro-
phages and thereby fail to perform their ther-

apeutic function. Therefore, selecting the ap-
propriate ligand coating (Figure 6 and Table
2) for the application is a critical issue (Heuer-
Jungemann et al., 2019; Hossen et al., 2019;
Lombardo et al., 2020).
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Figure 6: Surface modifications commonly seen
in AuNPs for different applications.

Ethylene glycol containing ligands

PEG is a special class of polymers with a
wide range of molecular weights that have
high solubility in water and a wide variety of
organic solvents. PEG is generally used to sta-
bilize NPs against aggregation, but also to in-
hibit the uptake by non-target organs,
lengthen their circulating time in the blood,
and improving NPs accumulation into tar-
geted organs.

PEGylation of NPs can be achieved through
various routes. The simplest way is by adding
PEG molecules during NP synthesis.

PEG can play multiple roles simultane-
ously, acting as a solvent/cosolvent, a reduc-
ing agent as well as a capping agent. Since the
PEG molecules are only loosely attached to
the NPs, they can easily separate from the NP
surface during processing steps (e.g., dilu-
tion/dialysis, centrifugation, heating, drying,
aging, mixing with other compounds, etc.).
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Table 2: Summary of possible surface functionalization strategies for improved BBB crossing of Gold

Nanoparticles (AuNPS).

Target Functionalization
Large Neutral Amino L-DOPA
Acid Transporter
Glucose Transporter 1 Glucose

Transferrin Receptor Transferrin

THR Peptide
Encapsulated using
RVG-targeted lipo-
somes

Insulin

Peptide CLPFFD

Acetylcholine Receptor

Insulin Receptor
B-amyloid aggregates

Lipophilic Barrier-Pene- TAT

trating Enhancing Pep- RVG

tide

Low-Density Lipoprotein Angiopep-2

Receptor 1 & 2
N/A — not applicable

PEG-modified nanomaterials tend to re-
duce immunological reactions, which can be
attributed to the repelling nature of PEG to
proteins. AuNPs functionalized with mPEG-
thiol (5 or 10 kDa) is found to be susceptible
to cysteine ligand displacement, resulting in
increased serum protein adsorption. This dis-
placement can be avoided by using alkyl moi-
eties as hydrophobic spacers between the thiol
and PEG. Although PEG has a low net charge,
adding functional end groups like carboxyl or
amine will result in a net negative or positive
charge, which changes the properties of the
PEG ligand and its interactions with biomole-
cules (Heuer-Jungemann et al., 2019).

Oligonucleotides

Oligonucleotides are another desirable
ligands for NP functionalization due to their
intrinsic properties of precise addressability
and programmability (Heuer-Jungemann et
al., 2019). Generally, they display high target
specificity, and ease of synthesis and func-
tionalization. Via steric and electrostatic in-
teractions, the DNA ligand shell stabilizes the
NP nucleus, resulting in NPs that are ex-
tremely stable in several complex media.
Electrostatic repulsion between adjacent

Size (nm) Zeta Potential Reference
(mV)
90 N/A Gonzalez-Carter et
al., 2019
4 Gromnicova et al.,
2013
39.96 £ 0.57 -19.38 +0.58 Ruan et al., 2015
41 N/A Dixit et al., 2015
46.7 x 13.7 Praca et al., 2018
13+1.7 41 +2 Prades et al., 2012
105 +£10.1 -10 Khongkow et al.,
2019
30 N/A Shilo et al., 2014
12+ 1.7 Guerrero et al., 2010
50 x 10 25 Vio et al., 2018
~30-60 nm Negative Ruff et al., 2017
21.4+£0.9 N/A Cheng et al., 2014
177.7 x 50.3 14.2+25 Lee et al., 2017
118.5 -10.5 Velasco-Aguirre et al.,

2017

DNA strands, as well as between DNA and
the anionic AuNP surface, must be reduced to
achieve high DNA loading on the NP surface.

The anchoring group is another signifi-
cant element that influences the stability of
DNA-AUNP conjugates. As a result, di- and
tri-thiol linkages, as well as bifunctional link-
ers like thiol plus amine, have been shown to
provide higher conjugate stability than mono-
thiols.

Small peptides

Peptide conjugation to NPs can result in
increased reactivity due to a high local con-
centration, as well as multiplexing, which al-
lows the use of the properties of multiple pep-
tides at the same time.

The grafting density of peptides on the
surface of the NP, like that of oligonucleo-
tides, must be closely regulated as it deter-
mines the overall stability, activity, and prop-
erties of the peptide — NP conjugate. It is also
worth noting that, while a thick coating can
improve NP stability, it can reduce peptide ac-
tivity. Commonly used peptides for NP con-
jugation include cell-penetrating peptides
(CPPs), which can enhance uptake and deliv-
ery of drugs across membranes and improve
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the efficiency of cellular uptake of nanopar-
ticulate systems, as well as homing peptides,
which are designed to target cells, tumors, and
tumor-associated microenvironments.
Peptides can be directly conjugated to the
NP surface through free thiol-containing cys-
teine side chains in Au- or AgNPs. In addition
to direct conjugation, peptides may be indi-
rectly bound to ligands that present on the NP
surface (Heuer-Jungemann et al., 2019).

Proteins

Protein conjugation to NPs, like their
smaller peptide equivalents, may be benefi-
cial for a variety of reasons, involving an im-
proved stability or possible self-assembly. As
a result, peptide-NP conjugates have emerged
as useful and promising methods for a variety
of uses, including diagnosis and therapeutic
approaches. The protein coating may be built
to modulate NP stability, assess in vivo NP
clearance, or target particular biological sites.

Direct chemical covalent conjugation or
electrostatic interactions can be used to func-
tionalize NPs with proteins such as antibod-
ies. If an incorrect approach and/or conjuga-
tion site is used, proteins can be harmed, un-
fold, and/or lose their structures. Proteins can
be covalently conjugated to NPs, allowing for
better regulation of protein activity as well as
aggregation. Among the most commonly em-
ployed proteins for NP modification is avidin
(Heuer-Jungemann et al., 2019).

The accurate synthesis and functionaliza-
tion of inorganic NPs are critical for their col-
loidal stability and their performance. The
type and nature of ligands determines NP tox-
icity, targeting capacity, drug distribution ef-
fectiveness, circulation in the body, associa-
tion with proteins, cells, or more complex bi-
ological systems and, ultimately, the final ap-
plication of the NPs.

The rod- or branched-shaped AuNPs are
a common form of AuNP used in PTT and
drug delivery. Most of the time these particles
are synthesized using toxic cationic surfac-
tants like CTAB and hexadecyltrimethyl-
ammonium chromium (CTAC). Although

several ligand exchange steps can be per-
formed to remove those ligands before their
use in biomedical applications, this is not cost
and time-effective.

Understanding the way that ligands con-
jugate to the NP surface, the strength of lig-
and—NP surface interaction, the net charge on
the microenvironment around the NP, and
how these characteristics change when NP
size and morphology is varied are critical pa-
rameters to control the stability and function
of NPs.

Nanostructure of gold nanoparticles

Shape

AUNPs unique optical properties can be
changed by their size and shape (Figure 77).
For example, spherical AUNPs of about 25 nm
in size have ultraviolet (UV) absorption at
540 nm, and this absorption tends to red-shift
as size increases. Additionally, if the absorp-
tion band is adjusted to the NIR, AuNPs can
be used for PTT (Choi et al., 2020).

e Gold Nanorods (AuNRs)

AuNRs are cylindrical AuNPs with typically
less than 50 nm that are photothermally acti-
vatable. Due to their aspect ratio (length di-
vided by width), they allow for the adjustment
of the absorption band to the NIR region
(650-1350 nm). Light in this wavelength
range can penetrate more deeply into the hu-
man body due to the low absorption by tissue
and blood. Thus, AuNRs have potential appli-
cations in PTT, differentiating them from
other nanoprobes. However, their limitations
with other high-resolution imaging tech-
niques, like MRI, and irreproducibility in
shapes led to the creation of nanoshells
(AUNSS) (Mody et al., 2010; Kaur et al., 2016;
Lombardo et al., 2020). The last ones gener-
ally have shorter circulation times. Polariza-
tion of spheres into cylindrical structures re-
quires a surfactant during synthesis.

1561



EXCLI Journal 2021;20:1544-1570 — ISSN 1611-2156

Received: October 07, 2021, accepted: November 05, 2021, published: November 15, 2021

Nanosphere Nanoshell

Nanorod Hollow Nanoshell

Figure 7: Different shapes of Gold Nanoparticles (AuNPSs).

e Gold Nanoshells (AuNSs)

AuUNSs have a layer of gold surrounding
a core made of dielectric material, most com-
monly silica due to its biocompatibility. Sil-
ica-gold nanoshells are usually 50-150 nm in
diameter. This structure causes a red-shift of
the absorption band of gold to the NIR region.
This band is tunable by altering the core to
shell ratio. In preclinical studies performed
with these AuNPs, there was no indication of
toxicity for durations of up to 404 days (Kaur
et al., 2016).

e Hollow Gold Nanoshells (HAuUNSS)
HAUNSs have a hollow core with a thin
outer gold shell and a smaller size (< 100 nm)
than silica-gold nanoshells while still present-
ing SPR in the NIR region. Their synthesis in-
volves starting with a core-shell nanoparticle
with a cobalt or silver core and a gold shell
and then oxidizing the core to leave behind a
hollow center. This hollow cavity can be used
as a vehicle for drug delivery (Kaur et al.,
2016). Case in point, HAuUNSs have been
loaded with doxorubicin as a way to increase
the efficacy of PTT ablation through combi-
nation with chemotherapy (Lee et al., 2013).

Size

Previous work has shown that NPs be-
tween 40-60 nm are favorable for receptor-
mediated endocytosis and have higher tumor
accumulation rates than smaller NPs of 15
nm. In terms of tumor permeability, smaller
NPs of 20 nm rapidly migrate throughout the
tumoral tissues, whereas larger NPs primarily

accumulate near vascular tissues. Further-
more, in smaller NPs renal clearance is facili-
tated (Feng et al., 2017).

Surface charge

Neutral NPs are ideal for drug delivery
due to their capacity to interact with cell
membranes and to reduce immune response
activation. Even though NPs with positive
charge more easily interact with cell mem-
branes, they also increase immune response,
as well as the production of reactive oxygen
species (ROS). It is described that positive
charged NPs are rapidly recognized by the
immune system. On the other hand, nega-
tively charged NPs cannot interact so easily
with cell membranes, therefore decreasing
their internalization efficacy but they are
more biocompatible (Grafals-Ruiz et al.,
2020).

Current applications of gold nanoparticles

AuNPs currently present many applica-
tions in cancer therapy, such as PTT, RT and
targeted delivery of small interfering RNA
(siRNA) and microRNA, modulation can-
cers’ gene expression.

PTT is a method that combines the use of
a light source in order to increase the temper-
ature of a superficial tissue, such as a superfi-
cial cancer (Amaral et al., 2021). Its main goal
is to cause thermal ablation of the tumor while
minimizing damage to surrounding healthy
tissue (de Paula et al., 2017). Although prom-
ising, the effectiveness depends heavily on
the deepness reached by the incident light and
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on the heat generated. For this purpose, NIR
with higher tissue penetration capability, can
be used to enhance the PTT effect. Biocom-
patible AuNPs designed to absorb light in the
NIR, such as AUNRs and AuNSs, appear to be
a worthy approach to improve PTT’s efficacy
and safety. When irradiated with light at their
maximum absorbance wavelength, AuUNPs lo-
cally convert the light energy into heat, which
may lead to hyperthermia-mediated cell death
of cancer cells, but non-targeted tissues re-
main unharmed (Rastinehad et al., 2019;
Costa et al., 2020).

RT consists of inducing DNA damage us-
ing both physically direct ionization and using
free radicals by water ionization. The goal of
RT is to deliver the maximum dose to the tar-
get tumor tissue while sparing surrounding
normal tissue. Meaning, the maximum dose is
determined by the toxicity to the surrounding
healthy tissue. High-Z metal NPs, such as
AUNPs, have been utilized to enhance the ra-
diotherapy effect. Unlike the other radiosen-
sitizers, that target specific biological path-
ways, high-Z metal NPs mainly enhance the
physical dose delivered during radiotherapy
by generating secondary X-rays, photoelec-
trons, and Auger electrons (Choi et al., 2020).

AUNPs targeting brain markers with glial
fibrillary acidic protein can serve as a poten-
tial short interfering RNA (siRNA) nanocar-
rier. These AuNP-siRNA conjugates have
been reported to knock down gene expression
in vitro and in vivo (Glaser et al., 2017; Yue
et al., 2017). MicroRNAs are a class of small
non-coding RNAs that regulate diverse cellu-
lar processes through RNA interference-
based mechanisms. Mature miRNAs are the
endogenous equivalent of siRNAs. When
SIRNAs are incorporated into the RNA-in-
duced silencing complex, they interact with,
target mMRNAs and inhibit them by transla-
tional repression or message cleavage (Silber
et al., 2008).

Coated spherical AuNPs can carry
SIRNA at high surface densities. AuUNP-
siRNA conjugates are well protected from nu-
clease degradation unlike their free forms and

provide highly efficient knockdown. This al-
lows researchers to focus on designing NPs
with a prolonged circulation time and tumor-
specific targeting, instead of siRNA protect-
ion, thus accelerating development. To avoid
GBM recurrence, the protein product of the
delivered gene should be designed to be ac-
tive in cancer stem cells (CSCs). The con-
struct can also be under the control of a can-
cer-specific promoter, like survivin or PEG3,
to ensure that healthy cells are not affected
(Glaseretal., 2017; Yueetal., 2017). Accord-
ing to Silber et al. (2008), targeted delivery of
microRNA-124 and/or microRNA-137 to
GBM tumor cells can inhibit proliferation of
GBM cell lines, and thus could be valuable
for the treatment of the disease.

APPLICATIONS OF NANOMEDICINE
IN GBM: CLINICAL TRIALS

There are different nanosystems and na-
noparticles and some of the different types of
nanosystems were as previously presented:
superparamagnetic NPs, liposomes, poly-
meric NPs and AuNPs.

To the best of our knowledge, there aren’t
many formulations of superparamagnetic NPs
undergoing clinical trials for the treatment of
GBM, and the GBM applications of these
nanosystems are usually focused on inducing
hyperthermia (Marekova et al., 2020). One
example of superparamagnetic NPs with such
applications that have underwent clinical tri-
als for GBM is NanoTherm®. These aminosi-
lated-coated superparamagnetic iron oxide
NPs led to an increase of the mean overall sur-
vival of GBM patients (from 6.2 to 13.4
months) (Chiarelli et al.,, 2015; Aparicio-
Blanco et al., 2020).

Liposomes and polymeric NPs have also
been extensively explored for drug delivery to
GBM, and this is their main application in
clinical trials (Grafals-Ruiz et al., 2020). Ex-
amples of such liposomal formulations in-
clude  liposomal Ara-C  (DepoCyt)
(NCT01044966) and liposomal irinotecan
(NCT02022644). Similar to liposomes, poly-
meric NPs in GBM clinical trials are also fo-
cused on drug delivery of chemotherapy
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agents, with some examples presented in Ta-
ble 2.

Another example is related to spherical
nucleic acids (SNAs) where siRNA oligonu-
cleotides arranged on the surface of a small
spherical AuNPs can target the GBM onco-
gene BCL2L12. This nanosystem called NU-
0129 (NCT03020017) is indicated for treat-
ment of patients with recurrent GBM or glio-
sarcoma undergoing surgery. This oncogene
BCL2L12 allows tumor cells to escape apop-
tosis, thus promoting tumor survival and
growth. Intravenously administered SNAs
showed evidence of crossing the BBB and
reached patient tumors. The uptake of NU-
0129 into glioma cells was correlated with a
reduction in tumor-associated Bcl2L12 pro-
tein expression. No significant treatment-re-
lated toxicities were seen. Severe (i.e. higher
than grade 3) adverse events were observed in
two patients, which were considered as “pos-
sibly related”. Macrodosing of the nanothera-
peutic NU-0129 was well tolerated in GBM
patients (Kumthekar et al., 2021).

Table 3 summarizes some registered clin-
ical trials of nano-based systems for the treat-
ment of GBM.

CONCLUSION

GBM s a very aggressive type of brain
cancer that has very poor treatment outcomes,
due to inoperability, the BBB limiting drug
crossing, and therapy resistance.

For all previous reasons, this malignancy
remains virtually uncurable. This review ex-
plores the applications of organic and inor-
ganic nanosystems in treatment and diagnosis
of GBM.

Research on the application of nanomed-
icine to GBM treatment has been blooming,
with several publications but also ongoing
clinical trials with very promising results.

Table 3: Clinical Trials registered in ClinicalTrials.gov using Nanosystems for the treatment of GBM.

Name Drug Nanosystem
AGuIX N/A Hybrid NPs (pol-
ysiloxane network
surrounded by gado-
linium chelates)
NU-0129 siRNA-conjugated
AuNPs
ABI-009 Rapamycin Albumin NPs
EGFR(V)-EDV- Doxorubicin Nanocell
Dox
186RNL Rhenium Liposomes
Visudyne Verteporfin
NL CPT-11 Irinotecan
DepoCyt Ara-C
NKTR-102 Irinotecan PEG NPs

Application Phase ClinicalTrials.gov
ID
Used in association 1l NCT04881032
with RT and con-
comitant TMZ CT
Inhibition of gene Early | NCT03020017
expression
Mono- or combined 1] NCT03463265
therapy
CT I NCT02766699
Radioactive I/ NCT01906385
ablation
CT NCT04590664
I NCT00734682
CT+TMZ I/ NCT01044966
CT I NCT01663012

N/A — not applicable; NPs — nanoparticles; RT — radiotherapy; TMZ — temozolomide; CT- chemotherapy; AuNPs — gold NPs; PEG

— polyethylene glycol
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Selectively increasing the permeability of
BBB to particular drugs, increasing the sensi-
tivity of the tumor cells to PTT and hyperther-
mia, and increasing the specificity of the treat-
ment to malignant tissue are examples of ap-
proaches with promising achievements. In
this review, the most representative examples
(not all) on how different nanosystems were
employed to improve existent treatment
methods, or overcome challenges in treat-
ment. It is suggestive that the application of
the strategies reviewed achieve success in
GBM treatment beyond preclinical and clini-
cal trials in the near future as well. That said,
expectations must be tempered: even with all
the research conducted in GBM treatment,
and with all the nanosystem based solutions
proposed to tackle this disease, if we are to
look back into past research and clinical trials,
we will see that no nanosystem to date, even
those that have achieved preclinical and clin-
ical success, has been able to increase overall
survival enough to supplant the current stand-
ard of care. However, this may yet change or
will certainly change in a very near future.
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