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Introduction: Temozolomide (TMZ) is the first-line drug for glioblastoma
(GBM), but it is limited in clinical use due to the drug resistance, poor brain
targeting, and side effects. Temozolomide hexadecyl ester (TMZ16e), a TMZ
derivative with high lipophilicity, membrane permeability, and high anti-glioma
properties, has the potential to reverse drug resistance. In this study, anti-ephrin
type-A receptor 3 (EphA3) modified TMZ16e loaded nanoparticles (NPs) were
prepared for targeted GBM therapy via intranasal administration to deliver
TMZ16e to the brain, treat drug-resistant glioma effectively, and reduce
peripheral toxicity.

Methods: TMZ16e loaded NPs were prepared by emulsion solvent evaporation
method followed by modified with anti-EphA3 (anti-EphA3-TMZ16e-NPs). In
vitro evaluations were performed by an MTT assay and flow cytometry analysis.
The orthotopic nude mice models were used to evaluate the anti-glioma effect
in vivo. Additionally, we investigated the anti-drug resistant mechanism by
western blot analysis.

Results: The particle size of the prepared NPs was less than 200 nm, and the
zeta potential of TMZ16e-NPs and anti-EphA3-TMZ16e-NPs were -23.05 +
1.48 mV and -28.65 + 1.20mV, respectively, which is suitable for nasal delivery.
In vitro studies have shown that anti-EphA3 modification increased the cellular
uptake of nanoparticles in T98G cells. The cytotoxicity in the anti-EphA3-
TMZ16e-NPs treated group was significantly higher than that of the
TMZ16e-NPs, TMZ16e, and TMZ groups (p < 0.01), and the cell cycle was
blocked. Western blotting analysis showed that the TMZ16e-loaded NPs were
able to effectively downregulate the expression level of O6-methylguanine-
deoxyribonucleic acid-methyltransferase (MGMT) protein in T98G cells and
reverse drug resistance. In vivo studies showed that the median survival time
of tumor-bearing nude mice in the anti-EphA3-TMZ16e-NPs group was

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2022.965789/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.965789/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.965789/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.965789/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.965789/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.965789&domain=pdf&date_stamp=2022-08-17
mailto:wangaipingytu@163.com
https://doi.org/10.3389/fphar.2022.965789
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.965789

Wang et al.

10.3389/fphar.2022.965789

extended to 41 days, which was 1.71-fold higher than that of the saline group
and the TUNEL staining results of the brain tissue section indicated that the
TMZ16e-loaded NPs could elevate apoptosis in T98G cells.

Conclusion: In conclusion, the TMZ16e-loaded NPs can be effectively delivered
to the brain and targeted to gliomas, exhibiting better anti-glioma activity,
indicating they possess great potential in the treatment of drug-resistant

glioma.

KEYWORDS

glioblastoma,

drug

resistance, temozolomide hexadecyl ester, anti-EphA3,

nanoparticles, intranasal administration

1 Introduction

Glioblastoma multiforme (GBM) is the most common
primary brain tumor with an extremely poor prognosis (Louis
et al, 2016). Patients with advanced glioma have a median
survival time of only 8-10 months (Stupp et al, 2005), and
the 5-years mortality rate exceeds 95% (Stupp et al, 2009).
Surgical resection and adjuvant or neoadjuvant chemotherapy
are currently the standard treatments for GBM (Kotliarova and
Fine, 2012; Gao et al., 2014; Svec et al., 2018). Temozolomide
(TMZ) is an alkylating chemotherapeutic agent that is used to
treat GBM as the first-line therapy (Hao et al., 2017; Li et al,
2020). However, O°-methylguanine-DNA methyltransferase
(MGMT) inhibits the anti-glioma activity of TMZ (Ochs and
Kaina, 2000; Ding et al., 2020). MGMT is a DNA repair protein
that is overexpressed in glioma cells and can repair the TMZ-
induced DNA damage, resulting in TMZ resistance in glioma
cells (Liu et al., 1996; Gerson, 2004). Studies have shown that at
least 50% of patients treated with TMZ developed chemotherapy
resistance (Jaeckle et al.,, 1998; Zhang et al., 2018).

Our previous studies have synthesized temozolomide
hexadecyl ester (TMZ16e), a TMZ derivative with high anti-
glioma activity, which increased the lipophilicity and biological
half-life of the drug by improving the physicochemical and
biological characteristics of TMZ. TMZ16e was concluded to
effectively increase the consumption of MGMT, thus reversing
TMZ resistance and improving glioma treatment efficacy.
Additionally, the broad development prospects and potential
for the clinical application of TMZl6e have been verified
(Yawen et al., 2021). Therefore, in order to accomplish the
delivery of TMZ16e to the brain, TMZ16e was used as a model
drug to construct a targeted drug delivery system, aim to
overcome TMZ resistance, exert a better anti-glioma activity,
and provide a basis for the clinical application of TMZ16e.
However, the ineffective transportation of chemotherapeutic
agents across the blood-brain barrier (BBB) is the biggest
limitation of the treatment of central nervous system (CNS)
diseases (Friedman et al., 1998). According to studies, the BBB
can prevent most small-molecule drugs and almost all
macromolecular drugs from entering the CNS (Gooijer et al,,
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2015), limiting the treatment of brain tumors. Intranasal

administration has been regarded as a non-invasive
alternative to directly targeting brain tumors (Jigar et al,
2015; Battaglia et al., 2018), as it allows for direct drug
delivery into the brain via the olfactory and trigeminal
bypassing the BBB

metabolism (Suppasansatorn et al, 2006; Jeyarama et al,

pathways, and avoiding first-pass
2016). Therefore, the nasal route not only can exhibit high
brain targeting efficiency but also reduce the systemic adverse
effects of the drugs, thus improving medication adherence in
patients (Martins et al., 2019; Agrawal et al., 2020).
Nowadays, poly
(PLGA NPs) are widely used in nasal drug delivery

(lactide-co-glycolide) nanoparticles
systems. Studies have shown that PLGA NPs are preferable
to other polymeric NPs for the brain-targeted delivery of
drugs through the nasal route (Illum, 2000). Indeed, in the
case of nose-to-brain delivery, NPs can increase the
transcellular transport of encapsulated drugs through the
neuroepithelium, thus increasing drug availability in the
brain (Boyd et al., 1992; Pasquale, 2008; Day et al., 2013).
Nose-to-brain delivery has been an attractive strategy for the
treatment of diseases with CNS due to its high delivery
efficiency. Studies have shown that Perillyl alcohol (POH)
(Fonseca et al,, 2011), glioma-adapted vesicular stomatitis
(VSVrp30) (Fultz et al, 1982) and
methotrexate (Shingaki et al., 2010) have been successfully

virus  strain
targeted brain tumors by nasal route. Additionally, Danielyan
L et al. (Jiang et al., 2011) investigated nasal delivery for the
complex surgical procedure of stem cell transplantation in
Parkinson’s disease, which confirmed that the nasal delivery
was a reliable alternative strategy. Therefore, the nasal
administration of TMZ-loaded NPs was hypothesized to be
a feasible strategy for enhancing the therapeutic efficacy of
TMZ16e and overcoming TMZ resistance. Additionally,
studies have shown that the ephrin type-A receptor 3
(EphA3) is a tumor-specific therapeutic target and is widely
accepted in GBM treatment (Day et al., 2013). EphA3 is a
membrane-associated receptor, which is highly expressed in
the tumor-initiating cell population in glioma cells, but lowly

in normal cells (Wang et al, 2021). Therefore, the
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EphA3 antibody (anti-EphA3) as a non-fucosylated IgGlj
(human f-allotype) monoclonal antibody with low toxicity
can further enhance glioma targeting via its specific
interactions with the EphA3 receptor. Our previous studies
have designed and developed TMZ short-chain ester
derivative TMZ4e (TBE) loaded NPs functionalized with
anti-EphA3 for glioblastoma targeting, which showed
excellent GBM targeting effect and anti-glioma activity
(Chu et al, 2018). In this study, we referred to the
advantages of TBE-NPs in brain delivery and constructed
TMZ16e-based anti-EphA3-modified NPs, aiming to deliver
TMZ16e to GBM efficiently and overcome the challenges of
drug-resistant glioma treatment.

In order to deliver TMZ16e to the brain and concentrate it
on the glioma site, effectively treat drug-resistant glioma,
TMZ16e-loaded NPs were constructed to achieve glioma-
targeted drug delivery via the nasal route. Firstly, the
physicochemical characteristics of nanoparticles were
characterized to evaluate their suitability for nose-to-brain
drug delivery. Secondly, the therapeutic efficacy of TMZ16e
on drug-resistant glioma cells was assessed in vitro and in vivo
using T98G cells and GBM orthotopic nude mouse models,
respectively. Moreover, the protein expression levels of
MGMT were used to explore the resistance mechanism by
western blot analysis. This study aims to identify potential and
feasible treatment strategies for the clinical care of drug-

resistant glioma.

2 Materials and methods
2.1 Materials and animals

TMZ was obtained from Wuhan Fuxin Chemical Co., Ltd.
(Wuhan, China). PLGA 5050 2 A (lactide/glycolide ratio: 50/
50; molecular weight: 18,000) was provided by Shandong Luye
Pharmaceutical Co., Ltd. (Yantai, China). The coumarin-6
was obtained from Shanghai Macklin Biochemical Co., Ltd
(Shanghai, China). The EphA3 antibody and the phosphate
buffered saline (PBS) were purchased from Sigma-Aldrich
(Saint Louis, MO, United States).

The human bronchial epithelial cell lines (16HBE) and
human glioma T98G cells lines (T98G) were provided by the
American Type Culture Collection (Zhongyuan, Ltd. Beijing,
China), which were grown in DMEM supplemented with 10%
of fetal bovine serum (FBS) and 1% of penicillin/streptomycin.
These cell lines were cultured in a 5% CO?2 incubator at 37°C.
Male nude mice (5-6 weeks old) were purchased from the
Chengdu Dossy Experimental Animals Co., Ltd (Chengdu,
China). All animal experiments were approved by the Ethical
Committee on Animal Experimentation of Yantai University
(Yantai, China).

Frontiers in Pharmacology

03

10.3389/fphar.2022.965789

2.2 Preparation and characterization of
nanoparticles

The emulsion solvent evaporation technique was used to
prepare TMZ16e-NPs. TMZ16e and PLGA (50/50, 2A) were
dissolved in the mixed solvent of dichloromethane and
acetone (3:2). To obtain the primary emulsion, the mixture
was added dropwise to the aqueous polyvinyl alcohol (PVA)
solution (1% w/v) in an ice bath with sonication (20%
amplitude). Then, the suspension was redispersed into the
aqueous PVA solution (0.3% w/v) under stirring overnight to
evaporate the organic solvent, and the resultant dispersion
preparation was obtained. To prepare anti-EphA3-TMZ16e-
NPs, anti-EphA3 was thiolated by the Traut’s reagent for 30 s
(the molar ratio of anti-EphA3: Traut’s reagent was 1:20),
which was then coupled to concentrated TMZ16e-NPs for 30 s
at room temperature under nitrogen (N,), followed by stirring
for 8 h at room temperature to obtain anti-EphA3-TMZ16e-
NPs. The average size and zeta potential of TMZ16e-loaded
NPs were determined using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, United Kingdom). The morphology of
the NPs was obtained using transmission electron microscopy
(TEM, Hitachi H-7600, Japan). The antibody conjugation
efficiency was evaluated using a bicinchoninic acid protein
quantification kit (Yikebaide technology, Beijing, China). The
encapsulation efficiency (EE%) and drug loading (DL%) of
TMZ16e in the NPs were determined by high performance
liquid chromatography (HPLC) (Dikma technologies, Foothill
Ranch, CA, United States) using a mobile phase composition
of acetonitrile and 0.5% acetic acid-water (95:5) at a flow rate
of 1.0 ml/min at 327 nm. The EE% and DL% were calculated as
follows.

Totalmassof drugdose — Massof freedrug

EE% = 100%
0 Totalmassof drug i

1

DL% = Total massof drugdose — Massof freedrug 100%

Weight of NPs
2

2.3 In vitro release study

Previous studies have indicated that TMZ16e is more
stable at an acidic pH than at alkaline and neutral pHs
(Yawen et al., 2021). The in vitro release studies of
TMZ16e from NPs were performed at pH 5.5at 37°C,
which simulated the tumor micro-environment (Ak et al.,
2021). NPs were dialyzed in the dialysis bag (MWCO
14,000 Da) that immersed in phosphate buffered saline
(PBS) containing 4% SDS, for 30 days at 37°C on a rocker
(100 rpm). A volume of 2 ml of release medium was removed
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and an equal volume of release medium was added at specific
time points. Finally, the samples were collected and analyzed
using HPLC to evaluate the cumulative release percentage of
TMZ16e.

2.4 In vitro cytotoxicity studies

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay was used to assess the safety of the
nasal mucosa and the cytotoxicity of drug-resistant glioma
cells. The 16HBE cells (8x10° cells/well) and T98G cells
(2x10* cells/well) were incubated for 12h in 96-well plates.
Then, 16HBE cells and T98G cells were treated with NPs
(0.5-15 uM) for respectively 6 and 72 h. After that, the MTT
solution (5 mg/ml) was added in the plates (20 uL per well) and
incubated for 4 h at 37°C, then removed the media and replaced
with 200 pl dimethyl sulfoxide (DMSO), gently shaken for
15min at room temperature to ensure the dissolution of
MTT-formazan crystals. The spectrophotometric absorbance
of the sample was determined at 327 nm using a microplate
reader (SpectraMax M2, Molecular Devices, San Jose, CA,
United States).

2.5 Cellular uptake and intracellular
positioning

A TCS-NT confocal microscope (Wetzler, Heidelberg,
Germany) was used to examine the cellular uptake of NPs in
T98G cells. T98G cells (5x10* cells/well) were seeded in 24-well
plates and incubated overnight at 37°C. The cells in pre-
incubation groups were then incubated with the medium
containing anti-EphA3 (20 ug/ml) for 4 h. After that, the cells
were incubated with coumarin-6-loaded nanoparticles and anti-
EphA3 modified coumarin-6-loaded nanoparticles (anti-EphA3-
coumarin-6-loaded NPs) for 0.5, 1, and 2 h, respectively. The
cells were then fixed with 4% paraformaldehyde for 15 min after
washing with PBS. To further label the intracellular localization
of NPs, T98G cells were incubated with Hoechst 33,342 for
15 min. Lastly, the cells were washed thrice, and analysis was
performed using fluorescence microscopy.

2.6 Western blot analysis

To assess the expression level of MGMT in T98G cells,
western blot analysis was employed. T98G cells (3x10° cells/
well in 6-well plates) were incubated for 72h with NPs
(equivalent to 5uM of TMZ), and the cells were collected.
After that, the protein concentration was determined by
bicinchoninic acid (BCA) kit. The proteins were loaded in
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
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(SDS-PAGE), transferred onto a polyvinylidene difluoride
(PVDF) membrane, blocked in 5% milk for 1h at room
temperature, and then incubated with primary antibodies,
anti-human MGMT monoclonal antibody (1:1000) and anti-
GAPDH (1:1000). The antibodies were subsequently replaced
with horseradish peroxidase-labeled goat anti-rabbit 1gG (H + L)
(1:1000) antibody, which acted as the secondary antibody. The
bands detected
chemiluminescence (ECL).

protein were using enhanced

2.7 Cell cycle

To determine the cell cycle, T98G cells (4x10° cells/well)
were incubated in 6-well plates overnight and then treated with
saline, TMZ16e-NPs, and anti-EphA3-TMZ16e-NPs (equivalent
to 5 uM of TMZ) for 72 h, respectively. Afterward, the culture
medium was removed, T98G cells were trypsinized, washed with
PBS, fixed in 75% ethyl alcohol overnight at 4°C, and then stained
with a mixture of ribonuclease A (RNase A) in PBS (20 pg/ml)
and propidium iodide (PI) solution (50 pug/ml) for 30 min to
detect the cell cycle. The samples were analyzed using a flow
cytometer (BD Biosciences, Franklin Lakes, NJ, United States).

2.8 Nude mice orthotopic glioblastoma
model

A volume of 5 ul of T98G cell suspension was inoculated with
a brain stereotaxic instrument, wherein the concentration of
T98G cell was 1x10°/ul. Injection location: the right cerebral
hemisphere of nude mice (pre-halogen 0.5 mm, paracentric
2.5 mm, skull depth 3.5mm). The growth of tumor and
survival time of tumor-bearing nude mice were observed and
recorded every day. The tumor growth was monitored using
resonance (Biospec70/20USR,  Bruke,

magnetic imaging

Germany).

2.9 In vivo anti-glioma activity

To assess the anti-glioma efficacy of NPs in vivo, the tumor-
bearing nude mice were randomly divided into three groups
(15 mice per group): saline group, TMZ16e-NPs group, and anti-
EphA3-TMZ16e-NPs group (equivalent to 5 mg/kg TMZ). The
mice underwent intranasal administration when the tumor
diameter reached about 5 mm. On day 15, mice (5 mice per
group) were sacrificed, and the brains were harvested to prepare
paraffin sections. The thin-tissue sections were deparaffinized in
xylene and rehydrated in decreasing concentrations of ethanol,
then washed with PBS and fixed in 4% formaldehyde for 15 min.
Finally, the tissue sections were washed with PBS again and
detected using a terminal deoxynucleotidyl transferase dUTP
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TABLE 1 Characterization of TMZ16e-NPs and anti-EphA3-TMZ16e-NPs (n = 3).

Formulation Particle size PDI

(nm)
TMZ16e-NPs 1214 + 1.8 0.096 + 0.016
anti-EphA3-TMZ16e-NPs 135.1 + 2.4 0.085 + 0.037

NPs, nanoparticles; PDI, polydispersity index.

A B
TMZ16e-NPs anti-EphA3-TMZ16e-NPs

&

100 nm 100 nm

FIGURE 1
Transmission electron microscope images of (A) TMZ16e-
NPs and (B) anti-EphA3-TMZ16e-NPs

nick end labeling (TUNEL) apoptosis detection kit according to
the manufacturer’s instructions, and apoptotic cells were
examined using Image-Pro Plus 5 (Media Cybernetics, Silver
spring, United States). Survival time was monitored and analyzed
using the Kaplan—Meier method (10 mice per group). Moreover,
the body weight of each group of nude mice was recorded every
5 days since the tumor cells were inoculated until the tumor-
bearing nude mice died.

Western blot was used to detect MGMT protein expression
in vivo. The brain tissues of tumor-bearing nude mice were lysed
in RIPA lysis buffer. The separated proteins were then loaded
onto SDS-PAGE, transferred onto a PVDF membrane, and
treated as described above. An ultra-sensitive ECL kit and
Image] software were used to detect and analyze the protein
expression.

3 Results and discussion
3.1 Characterization of nanoparticles

Figure 1 shows the morphology of TMZ16e-NPs and anti-
EphA3-TMZ16e-NPs as observed by TEM. There was no
agglomeration of particles and the NPs were spherical with a
uniform distribution. The physicochemical properties of
TMZ16e-NPs and anti-EphA3-TMZ16e-NPs are summarized
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Zeta potential Entrapment efficiency Drug loading
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FIGURE 2
In vitro release profiles of TMZ16e-NPs and anti-EphA3-
TMZ16e-NPs (n = 3).

in Table 1. The average particle size of the NPs was less than
200 nm, with polydispersity indexes (PDI) values <0.2, indicating
that the TMZ16e-NPs were well dispersed and suitable for
intranasal administration. The TMZ16e-NPs and anti-EphA3-
TMZ16e-NPs had zeta potentials of -23.05 + 1.48 mV and
-28.65 + 1.20 mV, respectively, indicating NP stability (Mu
et al, 2020). The DL% of TMZ16e-NPs and anti-EphA3-
TMZ16e-NPs were 17.13% and 16.81%, respectively, and the
EE% was more than 90% for both NPs. The conjugation
efficiency of anti-EphA3 was 25.12 £ 1.71%.

3.2 In vitro release study

Figure 2 shows the drug release profiles of TMZ16e-NPs and
anti-EphA3-TMZ16e-NPs. The cumulative release of TMZ16e
was about 100% after 12 days in pH 5.5 PBS containing 4% SDS,
whereas TMZ16e-NPs and anti-EphA3-TMZ16e-NPs released
about 63% of TMZ16e in 30 days, indicating that the TMZ16e-
loaded NPs had a sustained release profile in the acidic tumor
micro-environment.
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FIGURE 3
(A) Cell viability of 16HBE cells treated with TMZ16e-NPs and anti-EphA3-TMZ16e-NPs for 6 h. (B) Cell viability of T98G cells treated with TMZ,
TMZ16e, TMZ16e-NPs, and anti-EphA3-TMZ16e-NPs for 72 h (n = 3), **p < 0.01 versus TMZ, *#p < 0.01 versus TMZ16e-NPs.

TABLE 2 IC*° of TMZ, TMZ-16e, TMZ16e-NPs, anti-EphA3-TMZ16e-NPs on T98G cells (n = 6).

IC® (uM), 72h

Cell line
TMZ TMZ-16e TMZ16e-NPs anti-EphA3-TMZ16e-NPs
T98G 703.69 + 0.46 6.08 = 0.01* 5.36 + 023 227 £ 037
“4p < 0.01 versus TMZ.
bp < 0.01 versus TMZ16e.
3.3 In vitro cytotoxicity studies In addition, anti-EphA3-TMZ16e-NPs had higher cytotoxicity
than TMZI16e-NPs, with a significant difference at
Cytotoxicity assay was conducted on the 16HBE cell line to concentrations of 10 uM and 15pM (p < 0.01),
assess the safety of the TMZl6e-loaded NPs on the nasal demonstrating that the anti-EphA3 targeting (Offenhéduser
mucosa. Figure 3A shows that the cell viability of 16HBE et al., 2018) increased the anti-tumor activity of TMZ16e
cells was greater than 80% even at the highest concentration, on drug-resistant glioma cells.

indicating that the TMZ16e-loaded NPs are relatively safe. The

cytotoxicity of TMZ, TMZl6e, TMZ16e-NPs, and anti-

EphA3-TMZ16e-NPs to T98G cells was then studied using 3.4 Cellular uptake and intracellular
the MTT assay. The four formulations inhibited the growth of positioning

T98G cells in a concentration-dependent manner, as shown in

Figure 3B and Table 2. The calculated IC5, value of TMZ16e To assess the high specificity of glioma cells, we next
was 6.08 UM, which was significantly lower than that of TMZ evaluated the cell uptake of coumarin-6-loaded NPs and
with 703.69 uM (p < 0.01), indicating that TMZ16e had a anti-EphA3-coumarin-6-loaded NPs by confocal microscopy.
higher anti-glioma activity. According to our previous study, Figure 4A shows that the cellular uptake of NPs was time-
the high anti-glioma activity of TMZ16e may be attributed to dependent and that the fluorescence intensity in the anti-
its higher lipophilicity (Yawen et al., 2021). The cytotoxicity of EphA3-coumarin-6-loaded NPs group was higher than that
TMZ16e on T98G cells was further enhanced after it was in the coumarin-6-loaded NPs group, suggesting that the NPs
encapsulated into NPs, and the half-maximal inhibitory were internalized via endocytosis and that anti-EphA3 targeting
concentration (ICsy) of TMZI16e-NPs and anti-EphA3- contributed to the further cellular internalization of drug-
TMZ16e-NPs was 5.36 uM and 2.27 pM, respectively, resistant glioma cells. Additionally, as shown in Figure 4B,
demonstrating the feasibility of enhancing the cytotoxicity there was a substantial decrease in the fluorescence signal from
of TMZ16e by encapsulating it into NPs. This could be due to anti-EphA3-coumarin-6-loaded NPs groups after
the increased internalization of NPs into cells, resulting in an preincubation with anti-EphA3, while the coumarin-6-loaded
increase in drug concentration in T98G cells (Bi et al., 2016). NPs group had no significant change, which implied that anti-
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The protein expression level of MGMT and GAPDH in
T98G cells treated with TMZ16e-NPs and anti-EphA3-TMZ16e-
NPs (n = 3)

EphA3 could competitively restrain the uptake of anti-EphA3-
coumarin-6-loaded NPs in T98Gcells. All the results
indicated that anti-EphA3 modified NPs could increase
cellular uptake by binding to the EphA3 receptor specifically,
substantiating anti-EphA3 targeting in drug-resistant glioma
cells.

3.5 Western blot analysis

Studies have shown that the overexpression of MGMT may
be the key to causing glioma resistance to TMZ (Oldrini et al.,
2020). We examined the effect of TMZ16e-loaded NPs on
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MGMT expression. T98G cells (MGMT+) were incubated
with saline, TMZ16e-NPs and anti-EphA3-TMZ16e-NPs for
48 h, and the MGMT levels were detected by western blot.
Figure 4 shows that compared with the saline group, the
MGMT protein levels were significantly reduced after
TMZ16e-NPs anti-EphA3-TMZ16e-NPs
effectively down-regulating the expression of MGMT.
MGMT is a depleting protein (Ochs and Kaina, 2000), so
TMZ16e-loaded NPs enhanced chemosensitivity of drug-
resistant cells to alkylating agents by depleting more

and treatment,

MGMT, thus reversing drug resistance.

3.6 Cell cycle

Studies have revealed that TMZ led to impaired DNA repair
and G2/M arrest through alkylating guanine in DNA at position O,
thus exerting the effect of inhibiting glioma cell proliferation (Xie
et al,, 2018). Flow cytometry was used to assess the cell cycle of the
TMZ16e-loaded NPs to acquire a better understanding of the
underlying resistance mechanism against T98G cells. The cell
cycle in Figure 6 shows that compared to the saline group,
T98G cells arrested at the G2/M phase of the cell cycle were
increased significantly after treatment with TMZ16e-NPs (19.1%
vs. 12.8%), indicating that the TMZ16e had a strong ability to arrest
the cell cycle of drug-resistant glioma cells. In addition, compared
with TMZ16e-NPs, the percentage of G2/M phase upon anti-
EphA3-TMZ16e-NPs treatment increased significantly (p <
0.001), which may be due to the modification of the antibody
could increase the intracellular concentration of TMZ16e by raising
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(A) Kaplan-Meier survival curve (B) Body weight changes of the tumor-bearing nude mice treated with TMZ16e-NPs and anti-EphA3-TMZ16e-

NPs (n = 10), **p < 0.01 versus saline, **p < 0.01 versus TMZ16e-NPs.

TABLE 3 Survival time of tumor bearing nude mice (n = 10).

Groups Mean (days)
Saline 243
TMZ16e-NPs 32.1
anti-EphA3-TMZ16e-NPs 414

**p < 0.01 versus saline.
*p < 0.01 versus TMZ16e-NPs.

the cellular uptake of NPs in T98G cells, thereby allowing TMZ16e
to exert stronger inhibitory effect.

3.7 In vivo anti-glioma activity

To assess the anti-glioma efficacy of the TMZ16e-loaded NPs in
vivo, orthotopic glioblastoma tumor-bearing nude mice were used.

Frontiers in Pharmacology
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Figure 7A and Table 3 show that the median survival time of the
tumor-bearing nude mice treated with TMZ16e-NPs and anti-
EphA3-TMZ16e-NPs was extended to 32 and 41 days,
respectively, showing a 1.3 and 1.7-fold increase, respectively,
compared to the saline group (p < 0.01), showing a significant
anti-drug glioma effect. The results demonstrated that TMZ16e-
loaded NPs with the proper size and surface chemistry can be used
to treat drug-resistant glioma and that anti-EphA3 targeting
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resulted in stronger inhibition of glioma. Figure 7B shows that in the
groups treated with TMZ16e-NPs and anti-EphA3-TMZ16e-NPs, a
constant weight gain occurred, also indicating that TMZ16e-loaded
NPs could improve anti-glioma activities.

The therapeutic effect of the TMZ16e-loaded NPs was
further evaluated using histological analysis of brain slices
from tumor-bearing nude mice. The TUNEL assay revealed
the highest extent of apoptosis in the anti-EphA3-TMZ16e-
NPs group (Figure 8A and Figure 8B), and the apoptosis
percentages of the TMZ16e-NPs and anti-EphA3-TMZ16e-
NPs treatment groups were 10.1% and 22.3%, respectively,
which were significantly higher than the saline group (p <
0.01). This indicated that the TMZI16e-loaded NPs exerted
an anti-glioma activity by inducing cell apoptosis,
resulting in a superior therapeutic effect on drug-resistant
glioma cells.

Western blot analysis of tumor-bearing nude mice brain
sections was used to detect the protein expression level of
MGMT. Figure 9 shows that MGMT expression levels were
significantly downregulated in the TMZ16e-NPs and anti-
EphA3-TMZ16e-NPs groups, whereas they were relatively high
in the saline group, demonstrating that TMZ16e-loaded NPs could
inhibit the growth of drug-resistant glioma cells by increasing
MGMT protein consumption (Wu et al, 2021) and that anti-
EphA3 targeting further downmodulated the MGMT protein to
reverse TMZ resistance. Thus, the results confirmed the successful
delivery of the TMZ16e-loaded NPs in the brain tumor region and
its excellent potential in the treatment of drug-resistant glioma.

4 Conclusion

TMZ is the mainstay chemotherapeutic drug for glioma.
However, its clinical use is limited due to the resistance of glioma
cells. Previous studies have confirmed that TMZ16e was superior
to TMZ in physicochemical properties, and had the advantages of
high anti-glioma activity and reversal of glioma drug resistance.
In this study, we further constructed TMZ16e-loaded NPs, and
chose intranasal administration to deliver TMZ16e to the brain
more effectively and focus on glioma sites, aiming to provide a
basis for the clinical application of TMZ16e and a potential
strategy for the clinical treatment of drug-resistant gliomas. The
physicochemical properties of the TMZIl6e-loaded NPs
suggested that they could be used in nasal administration. It
also increased the cytotoxic potential in T98G cells and inhibited
the cell cycle at the G2/M phase. In vivo studies in the orthotopic
nude mice models suggested that intranasally administered
TMZ16e-loaded NPs could effectively lengthen survival time,
showing high anti-glioma activity. According to western blot
analysis, reversing TMZ resistance was linked to the effective
downregulation of the MGMT protein. The TMZ16e-loaded NPs
were found to improve brain targeting efficiency and anti-glioma
activity, as well as reverse TMZ resistance. Therefore, the
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TMZ16e-loaded NPs represent a promising approach for the
treatment of drug-resistant glioma and provide an experimental
basis for the clinical treatment of glioma.

Data availability statement

The original contributions presented in the study
are included in the article/supplementary
material, further inquiries can be directed to the

corresponding author.

Ethics statement

The animal study was reviewed and approved by Yantai
University Laboratory Animal Ethics Committee, affiliated to
Yantai University.

Author contributions

AW designed and supervised this study. SW, YS, NC, XD,
and XF constructed the TMZ16e-loaded NPs and finished its
characterization and cell experiments in vitro. SW, YY, YL, LW,
LG, LX, KS, and CJS completed the in vivo studies. SW wrote the
manuscript. AW edited it.

References

Agrawal, M., Saraf, S., Saraf, S., Dubey, S. K., Kolkata, N., Gupta, U,, et al. (2020).
Stimuli-responsive in situ gelling system for nose-to-brain drug delivery. J. Control.
Release 327, 235-265. doi:10.1016/j.jconrel.2020.07.044

Ak, G.,Nal, A., Karakayal, T., Zel, B., Anler, E. H., and Hamarat Sanlier, S. (2021).
Brain-targeted, drug-loaded solid lipid nanoparticles against glioblastoma cells in
culture. Colloids Surf. B Biointerfaces 206, 111946. doi:10.1016/j.colsurfb.2021.
111946

Battaglia, L., Panciani, P. P., Muntoni, E., Capucchio, M. T., Swaminathan, S., De
Bonis, P., et al. (2018). Lipid nanoparticles for intranasal administration:
Application to nose-to-brain delivery. Expert Opin. Drug Deliv. 15 (4), 369-378.
doi:10.1080/17425247.2018.1429401

Bi, C., Wang, A,, Chu, Y., Sha, L., My, H,, Liu, W, et al. (2016). Intranasal delivery
of rotigotine to the brain with lactoferrin-modified PEG-PLGA nanoparticles for
Parkinson’s disease treatment. Int. . Nanomedicine 11, 6547-6559. doi:10.2147/
IJN.S120939

Boyd, A. W., Ward, L. D., Wicks, I. P., Simpson, R. J., Busmanis, I, Wilks, A., et al.
(1992). Isolation and characterization of a novel receptor-type protein tyrosine
kinase (hek) from a human pre-B cell line. J. Biol. Chem. 267 (5), 3262-3267. doi:10.
1016/50021-9258(19)50725-6

Chu, L., Wang, A, Ling, N,, Yan, X, Song, Y., Zhao, M,, et al. (2018). Nose-to-
brain delivery of temozolomide-loaded PLGA nanoparticles functionalized with
anti-EPHA3 for glioblastoma targeting. Drug Deliv. 25 (1), 1634-1641. doi:10.1080/
10717544.2018.1494226

Day, B. W., Stringer, B. W., Al-Ejeh, F., Ting, M. J., Boyd, A. W., Ensbey, K. S.,
et al. (2013). EphA3 maintains tumorigenicity and is a therapeutic target in
glioblastoma multiforme. Cancer Cell. 23 (2), 238-248. do0i:10.1016/j.ccr.2013.
01.007

Ding, C,, Yi, X,, Wu, X,, Bu, X,, Kang, D., Wu, Z,, et al. (2020). Exosome-mediated
transfer of circRNA CircNFIX enhances temozolomide resistance in glioma. Cancer
Lett. 479, 1-12. doi:10.1016/j.canlet.2020.03.002

Frontiers in Pharmacology

10.3389/fphar.2022.965789

Funding

This study was funded by the Innovation Foundation of
Science and Technology of Yantai University (GGIFYTU2225).

Acknowledgments

We thank sciSpread for editing a draft of this manuscript.

Conflict of interest

Author CJS was employed by Luye Pharmaceutical Co, Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Fonseca, C., Teixeira, R. M., Ramina, R., Kovaleski, G., Quirico-Santos, T., Nagel,
J., et al. (2011). Case of advanced recurrent glioblastoma successfully treated with
monoterpene Perillyl alcohol by intranasal administration. J. Cancer Ther. 2 (1),
16-21. doi:10.4236/jct.2011.21003

Friedman, H. S., Mclendon, R. E., Kerby, T., Dugan, M., Bigner, S. H., Henry, A. ],
et al. (1998). DNA mismatch repair and O6-alkylguanine-DNA alkyltransferase
analysis and response to Temodal in newly diagnosed malignant glioma. J. Clin.
Oncol. 16 (12), 3851. doi:10.1200/JC0O.1998.16.12.3851

Fultz, P. N, Shadduck, J. A., Kang, C. Y., and Streilein, J. W. (1982). Mediators of
protection against lethal systemic vesicular stomatitis virus infection in hamsters:
Defective interfering particles, polyinosinate-polycytidylate, and interferon. Infect.
Immun. 37 (2), 679-686. doi:10.1128/iai.37.2.679-686.1982

Gao, H,, Yang, Z., Cao, S., Xiong, Y., Zhang, S., Pang, Z., et al. (2014). Tumor cells
and neovasculature dual targeting delivery for glioblastoma treatment. Biomaterials
35 (7), 2374-2382. doi:10.1016/j.biomaterials.2013.11.076

Gerson, S. L. (2004). MGMT: Its role in cancer aetiology and cancer therapeutics.
Nat. Rev. Cancer 4 (4), 296-307. d0i:10.1038/nrc1319

Gooijer, D. M. C,, Vries, D., Tellingen, V. O., and de Vries, H. E. (2015).
Overcoming the blood-brain tumor barrier for effective glioblastoma treatment.
Drug resist. updat. 19, 1-12. doi:10.1016/j.drup.2015.02.002

Hao, P., Handong, W., Yue, J., Wang, Q,, Li, L., Wu, Q,, et al. (2017). VPA and
MEL induce apoptosis by inhibiting the Nrf2-ARE signaling pathway in TMZ-
resistant U251 cells. Mol. Med. Rep. 16 (1), 908-914. doi:10.3892/mmr.2017.6621

Mlum, L. (2000). Transport of drugs from the nasal cavity to the central nervous
system. Eur. J. Pharm. Sci. 11 (1), 1-18. doi:10.1016/50928-0987(00)00087-7

Jaeckle, K. A, Eyre, H. ], Townsend, J. J., Schulman, S., Knudson, H. M., Belanich,
M, et al. (1998). Correlation of tumor O6 methylguanine-DNA methyltransferase
levels with survival of malignant astrocytoma patients treated with Dbis-
chloroethylnitrosourea: A southwest oncology group study. J. Clin. Oncol. 16
(10), 3310-3315. doi:10.1200/JC0O.1998.16.10.3310

frontiersin.org


https://doi.org/10.1016/j.jconrel.2020.07.044
https://doi.org/10.1016/j.colsurfb.2021.111946
https://doi.org/10.1016/j.colsurfb.2021.111946
https://doi.org/10.1080/17425247.2018.1429401
https://doi.org/10.2147/IJN.S120939
https://doi.org/10.2147/IJN.S120939
https://doi.org/10.1016/s0021-9258(19)50725-6
https://doi.org/10.1016/s0021-9258(19)50725-6
https://doi.org/10.1080/10717544.2018.1494226
https://doi.org/10.1080/10717544.2018.1494226
https://doi.org/10.1016/j.ccr.2013.01.007
https://doi.org/10.1016/j.ccr.2013.01.007
https://doi.org/10.1016/j.canlet.2020.03.002
https://doi.org/10.4236/jct.2011.21003
https://doi.org/10.1200/JCO.1998.16.12.3851
https://doi.org/10.1128/iai.37.2.679-686.1982
https://doi.org/10.1016/j.biomaterials.2013.11.076
https://doi.org/10.1038/nrc1319
https://doi.org/10.1016/j.drup.2015.02.002
https://doi.org/10.3892/mmr.2017.6621
https://doi.org/10.1016/S0928-0987(00)00087-7
https://doi.org/10.1200/JCO.1998.16.10.3310
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.965789

Wang et al.

Jeyarama, S., Ananta, R, and Paulmurugan, T. (2016). Temozolomide-loaded
PLGA nanoparticles to treat glioblastoma cells: A biophysical and cell culture
evaluation. Neurol. Res. 38 (1), 51-59. doi:10.1080/01616412.2015.1133025

Jiang, Y., Zhu, J., Xu, G., and Liu, X. (2011). Intranasal delivery of stem cells to the
brain. Expert Opin. Drug Deliv. 8 (5), 623-632. doi:10.1517/17425247.2011.566267

Jigar, L., Dipesh, B., Riddhi, A., and Misra, A. (2015). Brain targeted intranasal
delivery of tramadol: Comparative study of microemulsion and nanoemulsion.
Pharm. Dev. Technol. 20 (8), 992-1001. doi:10.3109/10837450.2014.959177

Kotliarova, S., and Fine, H. A. (2012). SnapShot: Glioblastoma multiforme.
Cancer Cell. 21 (5), 710. e711. doi:10.1016/j.ccr.2012.04.031

Li, J., Zhao, J., Tan, T., Liu, M., Zeng, Z., Zeng, Y., et al. (2020). Nanoparticle drug
delivery system for glioma and its efficacy improvement strategies: A
comprehensive review. Int. J. Nanomedicine 15, 2563-2582. doi:10.2147/IJN.
$243223

Liu, L., Markowitz, S., and Gerson, S. L. (1996). Mismatch repair mutations
override alkyltransferase in conferring resistance to temozolomide but not to 1, 3-
bis(2-chloroethyl) nitrosourea. Cancer Res. 56 (23), 5375-5379. do0i:10.1097/
00002820-199612000-00006

Louis, D. N,, Perry, A., Reifenberger, G., Deimling, A. V., Figarella-Branger, D.,
Cavenee, W. K., et al. (2016). The 2016 world health organization classification of
tumors of the central nervous system: A summary. Acta Neuropathol. 131 (6),
803-820. doi:10.1007/s00401-016-1545-1

Martins, P. P, Smyth, H., and Cui, Z. (2019). Strategies to facilitate or block nose-
to-brain drug delivery. Int. J. Pharm. 570, 118635. doi:10.1016/j.ijpharm.2019.
118635

Mu, C. F., Cui, F,, Yin, Y. M., Cho, H. J., and Kim, D. D. (2020). Docetaxel-loaded
chitosan-cholesterol conjugate-based self-assembled nanoparticles for overcoming
multidrug resistance in cancer cells. Pharmaceutics 12 (9), 783. doi:10.3390/
pharmaceutics12090783

Ochs, K., and Kaina, B. (2000). Apoptosis induced by DNA damage O6-
methylguanine is Bcl-2 and caspase-9/3 regulated and Fas/caspase-
8 independent. Cancer Res. 60 (20), 5815-5824. doi:10.1016/S0165-4608(00)
00289-2

Offenhéuser, C., Al-Ejeh, F., Puttick, S., Ensbey, K., Bruce, Z., Jamieson, P., et al.
(2018). EphA3 pay-loaded antibody therapeutics for the treatment of glioblastoma.
Cancers (Basel) 10 (12), 519. doi:10.3390/cancers10120519

Oldrini, B., Vaquero-Siguero, N., Mu, Q., Kroon, P., Zhang, Y., Galdn-Ganga, M.,
et al. (2020). MGMT genomic rearrangements contribute to chemotherapy

resistance in gliomas. Nat. Commun. 133 (1), 38-52. doi:10.1038/s41467-020-
17717-0

Frontiers in Pharmacology

1

10.3389/fphar.2022.965789

Pasquale, E. B. (2008). Eph-ephrin bidirectional signaling in physiology and
disease. Cell. 133 (1), 38-52. doi:10.1016/j.cell.2008.03.011

Shingaki, T., Inoue, D., Furubayashi, T., Sakane, T., Yamashita, S., Yamamoto, A.,
et al. (2010). Transnasal delivery of methotrexate to brain tumors in rats: A new
strategy for brain tumor chemotherapy. Mol. Pharm. 7 (5), 1561-1568. doi:10.1021/
mp900275s

Stupp, R., Hegi, M. E., Mason, W. P., Bent, M., Mirimanoff, R.-O., Janzer, R. C,,
et al. (2009). Effects of radiotherapy with concomitant and adjuvant temozolomide
versus radiotherapy alone on survival in glioblastoma in a randomised phase III
study: 5-year analysis of the EORTC-NCIC trial. Lancet. Oncol. 10 (5), 459-466.
doi:10.1016/S1470-2045(09)70025-7

Stupp, R., Mason, W. P., Van, D., Weller, M., Fisher, B., Taphoorn, M., et al.
(2005). Radiotherapy plus concomitant and adjuvant temozolomide for
glioblastoma - ScienceDirect. Cancer Radiother. 9 (3), 196-197. doi:10.1016/j.
canrad.2005.05.001

Suppasansatorn, P., Wang, G., Conway, B. R, Wang, W., and Wang, Y. (2006).
Skin delivery potency and antitumor activities of temozolomide ester prodrugs.
Cancer Lett. 244 (1), 42-52. doi:10.1016/j.canlet.2005.11.029

Svec, R. L, Furiassi, L., Skibinski, C. G., Fan, T. M,, Riggins, G. J., Hergenrother, P. J,,
et al. (2018). Tunable stability of imidazotetrazines leads to a potent compound for
glioblastoma. ACS Chem. Biol. 13 (11), 3206-3216. doi:10.1021/acschembio.8b00864

Wang, L., Tang, S, Yu, Y., Lv, Y., Li, Y., Yan, X,, et al. (2021). Intranasal delivery of
temozolomide-conjugated gold nanoparticles functionalized with anti-EphA3 for
glioblastoma targeting. Mol. Pharm. 18 (3), 915-927. doi:10.1021/acs.
molpharmaceut.0c00911

Wu, S., Li, X, Gao, F.,, Groot, J., and Yung, W. (2021). PARP mediated
PARylation of MGMT is critical to promote repair of temozolomide-induced
O6-methylguanine DNA damage in glioblastoma. Neuro. Oncol. 23 (6),
920-931. doi:10.1093/neuonc/noab003

Xie, Y., Zeng, X., Wu, X, Hu, J., Zhu, Y., Yang, X,, et al. (2018). Hyperbaric oxygen
as an adjuvant to temozolomide nanoparticle inhibits glioma growth by inducing
G2/M phase arrest. Nanomedicine (Lond). 13 (8), 887-898. d0i:10.2217/nnm-2017-
0395

Yawen, Y., Liangxiao, W., Junping, H., Aiping, W., Liuxiang, C., Xinran, X,, et al.
(2021). Synthesis and characterization of a series of temozolomide esters and its
anti-glioma study. J. Pharm. Sci. 110 (10), 3431-3438. doi:10.1016/j.xphs.2021.
06.025

Zhang, P., Chen, X. B,, Ding, B. Q,, Liu, H. L., and He, T. (2018). Down-regulation
of ABCEI1 inhibits temozolomide resistance in glioma through the PI3K/Akt/NF-kB
signaling pathway. Biosci. Rep. 38 (6), BSR20181711. doi:10.1042/BSR20181711

frontiersin.org


https://doi.org/10.1080/01616412.2015.1133025
https://doi.org/10.1517/17425247.2011.566267
https://doi.org/10.3109/10837450.2014.959177
https://doi.org/10.1016/j.ccr.2012.04.031
https://doi.org/10.2147/IJN.S243223
https://doi.org/10.2147/IJN.S243223
https://doi.org/10.1097/00002820-199612000-00006
https://doi.org/10.1097/00002820-199612000-00006
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1016/j.ijpharm.2019.118635
https://doi.org/10.1016/j.ijpharm.2019.118635
https://doi.org/10.3390/pharmaceutics12090783
https://doi.org/10.3390/pharmaceutics12090783
https://doi.org/10.1016/S0165-4608(00)00289-2
https://doi.org/10.1016/S0165-4608(00)00289-2
https://doi.org/10.3390/cancers10120519
https://doi.org/10.1038/s41467-020-17717-0
https://doi.org/10.1038/s41467-020-17717-0
https://doi.org/10.1016/j.cell.2008.03.011
https://doi.org/10.1021/mp900275s
https://doi.org/10.1021/mp900275s
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1016/j.canrad.2005.05.001
https://doi.org/10.1016/j.canrad.2005.05.001
https://doi.org/10.1016/j.canlet.2005.11.029
https://doi.org/10.1021/acschembio.8b00864
https://doi.org/10.1021/acs.molpharmaceut.0c00911
https://doi.org/10.1021/acs.molpharmaceut.0c00911
https://doi.org/10.1093/neuonc/noab003
https://doi.org/10.2217/nnm-2017-0395
https://doi.org/10.2217/nnm-2017-0395
https://doi.org/10.1016/j.xphs.2021.06.025
https://doi.org/10.1016/j.xphs.2021.06.025
https://doi.org/10.1042/BSR20181711
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.965789

	Temozolomide hexadecyl ester targeted plga nanoparticles for drug-resistant glioblastoma therapy via intranasal administration
	1 Introduction
	2 Materials and methods
	2.1 Materials and animals
	2.2 Preparation and characterization of nanoparticles
	2.3 In vitro release study
	2.4 In vitro cytotoxicity studies
	2.5 Cellular uptake and intracellular positioning
	2.6 Western blot analysis
	2.7 Cell cycle
	2.8 Nude mice orthotopic glioblastoma model
	2.9 In vivo anti-glioma activity

	3 Results and discussion
	3.1 Characterization of nanoparticles
	3.2 In vitro release study
	3.3 In vitro cytotoxicity studies
	3.4 Cellular uptake and intracellular positioning
	3.5 Western blot analysis
	3.6 Cell cycle
	3.7 In vivo anti-glioma activity

	4 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


