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Iguratimod encapsulated PLGA-NPs improves therapeutic outcome in
glioma, glioma stem-like cells and temozolomide resistant glioma cells
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Figure 1. Graphical scheme of this study. We investigated the anti-cancer effect of Iguratimod Encapsulated PLGA-NPs (IGU-PLGA-NPs) using in vitro and in

vivo models of glioma, glioma like stem cells and TMZ-resistant glioma. Our results showed that IGU-PLGA-NPs inhibited proliferation and migration, improved
apoptosis and cell cycle arrest and were specifically delivered to targeted site inside the brain.
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Abstract

Glioma is the most common neoplasm of the central nervous system, with the highest mortality rate. The present study was designed to
examine the therapeutic effect of Iguratimod (IGU) encapsulated-poly (lactic-co-glycolic acid) PLGA nanoparticles (IGU-PLGA-NPs),
which showed inhibition of glioma cells proliferation both in vitro and in vivo. IGU encapsulated in PLGA nanoparticles with an average
size of 100-200 nm was prepared using modified double-emulsion (W1/0/W2) method. Cell Counting Kit-8 (CCK-8) analysis of Glioma
cancer cells and glioma stem-like cells (GSCs) demonstrated significant inhibition of their growth treated with IGU-PLGA-NPs. IGU-PLGA-
NPs inhibit migration in glioma cells as well as tumor sphere formation in GSCs. Treatment with IGU-PLGA-NPs showed a significant
decrease in tumor growth through the apoptotic pathway in mice model without any visible organ toxicity and it can successfully cross the
blood brain barrier (BBB). Most Importantly, IGU-PLGA-NPs significantly depleted growth of U251 Temozolomide-resistant (U251TMZ-

R) cells.
© 2019 Published by Elsevier Inc.
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Glioma is one of the most common malignant cancers derived
from glial cells in the central nervous system with poor
prognosis.’ Several therapeutic strategies including surgery,
radiotherapy, and chemotherapy have been developed for the
treatment of glioma but no obvious improvements have been
obtained.> Uncontrolled and rapid cell proliferation of glioma
grows aggressively resulting in severe recurrence, and because of
insensitivity to chemotherapy, patients usually have a poor
prognosis.”** The failure of existing strategies for the treatment
of glioma has been attributed to the presence of a subpopulation
of cancer cells known as glioma stem-like cells (GSCs), which
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have the ability to resist chemo-radiotherapeutics because of
their unique characteristics.” Therefore, more complex treat-
ments capable of overcoming the ability of GSCs to eliminate
anticancer drugs and with other protective functions are urgently
needed.

Additionally, effective delivery is the major obstacle for the
development of any chemotherapy against glioblastoma because
BBB prevents delivery of therapeutic molecules and blood born
chemicals to the brain. Blood brain barrier only allows small,
lipid soluble and electrically neutral drugs to the brain. Various
approaches have been discovered for achieving higher drug
concentrations in the brain of glioma patients, such as chemically
modified drugs and prodrugs, temporary disruption of the BBB®,
intra-arterial delivery’, and receptor-mediated delivery.8 There-
fore, there is a persistent need to develop advanced approach for
more potent and effective treatment for brain tumor, that might
ideally distribute and provide localized higher concentrations of
drugs in the malignant tissue across the BBB without causing
any systemic toxicity.

In this context, nanomaterials could play an important role
because of their unique properties that are found neither in bulk
materials nor in single molecules and which are necessary to
develop advanced cancer treatments.’*'® Poly (lactic-co-glycolic
acid) (PLGA) NPs have several benefits, like the biocompatible,
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Figure 1. Graphical scheme of the study. We investigated the anti-cancer effect of IGU-PLGA-NPs using in vitro and in vivo models of glioma, GSCs and
TMZ-resistant glioma. Our results showed that IGU-PLGA-NPs inhibits proliferation, migration, improve apoptosis, cell cycle arrest and specifically delivered

to targeted site inside the brain.

biodegradable, sustained release of encapsulated drugs after
intracellular endocytosis, and being inexpensive and approved
by Food and Drug Administration (FDA). 1 Iguratimod (IGU) is
a novel anti-inflammatory and anti-rheumatic drug for the
treatment of rheumatoid arthritis that prevents generation of
immunoglobins and inflammatory cytokines such as tumor
necrosis factor alpha (TNF-a) and Interleukins (IL-1p-IL-6, IL-8,
IL-17). IGU also inhibits IL-8 in hepatocellular
carcinogenesis.'>*"?

In this study, to achieve a higher concentration of drug in the
brain of glioma patients we have prepared IGU encapsulated
PLGA NPs (IGU-PLGA-NPs); due to their too small size, NPs
can cross the biological barriers easily, without blocking
circulation of blood. For the first time, we have analyzed the
anti-cancer effect of Iguratimod encapsulated PLGA nanoparti-
cles IGU-PLGA NPs) in vitro and in vivo and it did not lead to
any vital organ toxicity in glioma (Figure 1). Complete blood

cells (CBC) analysis did not show significant change after IGU-
PLGA-NPs treatment in mice model. We have found out that
IGU-PLGA-NPs inhibit proliferation and migration as well as
improve apoptosis and cell cycle arrest in glioma. IGU-PLGA-
NPs depleted the growth, tumor sphere formation as well as
CD133 expression of GSCs. Interestingly, IGU-PLGA-NPs can
cross BBB and it has an antiproliferative effect against TMZ-
resistant glioma cells. The interesting results highlight, for the
very first time, the therapeutic potentiality of IGU-PLGA-NPs to
decreased tumor growth of brain cancer.

Methods
Cell culture

Human Glioma cells (U87, U118, and U251) were obtained
from the cell Bank of type culture collection of Chinese
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Academy of Sciences (Shanghai, China). U251 Temozolomide
(TMZ)-resistant cells were a generous gift from Dr. Fawad Ur
Rehman, Henan University, Kaifeng, China. All cell lines were
grown in DMEM (Hyclone) with 10% FBS (Gibco) in a cell
culture incubator with 5% CO, at 37 °C. The glioma stem-like
cells were isolated by using serum free clone formation method.-
4-15 Serum free medium was comprised of DMEM/F12
medium (Hyclone), 20 mg/mL of B27 (Invitrogen), 20 ng/mL
of basic fibroblast growth factor (Sigma), 20 ng/mL of EGF
(PeproTech). After 8-10 days of culture, primary tumor sphere
was detected and subsequently dissociated and passaged in 72-
96 h in fresh medium.

Preparation of PLGA-Nanoparticles encapsulated with Igur-
atimod

PLGA-NPs were fabricated using a double-emulsion
water-in-oil-in-water method with slight modifications.'®
Briefly, 100 mg of PLGA (Daigang Co, Jinan, China) was
dissolved in 5 mL of dichloromethane; then 200 pL of an
aqueous solution containing 30ug/mL of IGU (Simcere,
China) as an internal water phase was added. The emulsion
was formed by sonicating the mixture by a probe sonicator
(Microson XL 2000, Misonix Inc., Farmingdale, NY) for the
30 s at 20 kHz and 30% amplitude. The primary emulsion
was quickly mixed in 5 mL of 4% PVA (polyvinyl alcohol
solution; Sigma Aldrich) (external water phase) and homog-
enized for 30 min at 6000 rpm. Then, 5 mL of deionized
water was added and the solution was stirred overnight at
room temperature to evaporate the dichloromethane. PVA
was removed from NPs by washing three times with double
distilled water and then activated using EDC (1-ethyl-3-(3
dimethylaminopropyl) carbodiimide hydrochloride), NHS (N-
hydroxy-succinimide; Sigma), and PEI (polyethyleneimine;
Sigma) also added dropwise to the solution with magnetic
stirring and incubated for 2 h at 20 °C. Finally, PEI
conjugated NPs were washed twice with deionized water
and stored at 4 °C for further use.

Characterization of PLGA-NPs and IGU-PLGA-NPs

The morphology of the PLGA and IGU-PLGA-NPs was
characterized by using Transmission electron microscopy (TEM,
JEOL JEM-2100). The size distribution and zeta potential were
measured by using the PALS Zeta instrument (Brookenhaven
instrument Corporation).

CCK-8 assay

The cell numbers were determined by a CCK-8 assay. Glioma
cells were cultured into 96-well plates at a density of 1 x 10*
cells per well. Optical density (OD) at 450 nm was estimated by
the Microplate Reader (Bio-Rad, USA). In addition, GSCs and
TMZ-resistant cells viability also determined by CCK-8 assay.

Wound healing assay

Migration of cells was examined by wound healing
migration assay as previously reported with modifications. "’
Glioma cells were seeded 3 x 10° well plates for 24 h. Cells
were treated with IGU-PLGA-NPs, IGU and control wells; only

DMEM was added. In vitro scratch wound was made by
scraping the cell layer with a tip of the 10 pl pipette. After
wounding, suspended cells were washed and fresh medium was
added and visualized with an inverted microscope to assess cell
migration ability.

Migration assay

Cell migration was determined by Transwell (24-well, 8 pm
pore size; Corning) as per reported method.'® Briefly, 600 pL.
culture medium was added in the lower chamber, whereas 2 x 10°
cells (U87, U118, U251) suspended in 200 uL. medium (serum
free) were loaded in the upper chamber. Cells on the lower surface
of the chamber were stained with 0.1% crystal violate (Sigma) for
20 min. Five randomly selected fields were imaged for cell
counting by using a microscope (Olympus, Japan).

Trypan blue assay

To assess the cell viability of U87, U118, and U251, trypan
blue assay was performed. Cells were trypsinized and collected
in the pellet. Cells were resuspended in PBS and an equal
amount of Trypan blue (Sigma) was added. Cell viability was
calculated as the percentage of living cells divided by a total
number of cells.

Tumor sphere formation assay

Glioma-stem cells (GSCs) were dissociated to single cells and
cultured at a density of 200 cells/well in 24-well plates in three
groups (Control, IGU, and IGU-PLGA-NPs). The number and
diameter of tumor sphere were calculated after 7 days.

Detection of Apoptosis and cell cycle

Apoptosis of U87 and U251 cells were analyzed after 24 h in
Control, IGU and IGU-PLGA-NPs treated groups. In apoptosis
assay, cells were stained with Propidium Iodide (PI) and
Annexin V-FITC (Vazyme, China) and detected by flow
cytometry. For cell cycle detection, cells (1 x 10°) were treated
at 37 °C and 5% CO, for 24 h. The cells were trypsinized and
collected by centrifugation (2000 rpm, 5 min) and resuspended
in 70% ethanol for 24 h at 4 °C. Afterward, cells were analyzed
by flow cytometer.

Protein expression detection using western blotting

Western blot analysis was performed as a standard
procedure previously described.'® Briefly, the following
antibodies were used: CD133 (1:1000), Bax (1:2000), Bcl2
(1:1000), Caspase-3 (1:500), Caspase-9 (1:200), CyclinDI
(1:2000), Survivin (1:500) and Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (1:3000). GAPDH was used as the
loading control. After 24 h treatment of cultured cells, protein
expression was quantified by western blotting. RIPA lysis
buffer was used as a lysis buffer and protein concentration was
detected by BCA kit. Then 100 pg protein was loaded in 10%
acrylamide gel before transferring to PVDF membrane which
was blocked by 5% milk for 1 h. Membrane was probed in
primary antibody for 12 h at 4 °C and then in secondary
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Figure 2. IGU-PLGA-NPs suppress glioma cell growth. The proliferation of glioma cells was analyzed by CCK-8 assay after treated by different concentration
of IGU (A) and IGU-PLGA-NPs (B). IGU-PLGA-NPs significantly inhibited the proliferation of glioma cells after treatment compared to the control group (C-

E) (**P < 0.01, ***P < 0.001 and ****P < 0.0001).

antibody for 1-2 h at room temperature. Proteins expressions
were determined by chemiluminescence.

Animal studies

The xenograft tumor mice model was generated by
subcutaneous injection of U87 glioma cells (5 x 10° cells) in
0.2 ml media without serum. The cells were implanted into the
lateral thoracic region of BALB/c athymic nude mice (male,
aged 3-4 weeks and 18-20 g weight) supplied by the Key-
GENBIioTECH corp., Ltd. After 4 weeks, the xenograft tumor
mice model was generated. Mice were injected with IGU-
PLGA-NPs (via the tail vein), whereas the control group was
injected with placebo (PBS). After 18 days, mice were
euthanized by cervical dislocation, and the vital organs were
harvested for further analysis. All animals' experiments were
performed under the guidelines of the National Institute of
Health % and the Animal Care Research Advisory committee of
Southeast University. The animals were regularly monitored for
discomfort or pain.

In Vivo BBB FL bioimaging by ICG-IGU-PLGA-NPs

For the in vivo fluorescence imaging of nanoparticles in the
brain, ICG-IGU-PLGA-NPs were prepared by previously
reported method.?' Then, mice were anesthetized by 5%
isoflurane mix with oxygen. Mice were injected (via the tail
vein) with I[CG-IGU-PLGA-NPs, whereas the control group was
injected with PBS. In vivo bioimaging was performed after 24 h

of injection by using the IVIS Lumina FL imaging system.** The
FL was analyzed by the PerkinElmer software.

Histopathology

For histopathological analysis, vital organs (Heart, liver,
kidney, lungs, spleen, and tumor) were fixed in 10% formalin
solution for 24 h and processed, prior to the paraffin
embedding technique. Tissue sections of vital organs were
stained with hematoxylin and eosin (H&E) staining. The
histopathology samples were observed in under microscope
(ABX53, Olympus, Japan).

Blood sampling and blood CP analysis

The intracardiac injection was used to collect blood under
isoflurane anesthesia. Blood was transferred into an EDTA
(ethylenediaminetetraacetic acid) tube for complete blood cell
(CBC) count analysis (XE-2100 Sysmex).

Statistical analysis

GraphPad Prism 6 software (GraphPad Software, Inc., USA)
was used for all performed test. Data were analyzed using the
One-way analysis of variance (ANOVA, for multiple samples)
or two-tailed Student ¢ test (for two samples). All data are
shown as the mean + S.D. P < 0.05 was considered statisti-
cally significant.
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Figure 3. GSCs growth inhibited by IGU-PLGA-NPs. The result of the CCK-8 assay indicated that GSCs growth was inhibited by IGU-PLGA-NPs treatment
(A-C). Stem cell marker CD133 expression level was also reduced in treated groups compared to control (D, E) (*P < 0.05, **P < 0.01 ***P < 0.001).

Results

Characterization of IGU-PLGA-NPs

The average diameters of empty PLGA NPs and IGU-PLGA-
NPs were 148 + 2.5 nm and 199.6 nm, respectively (Figure S1,
A, B). Zeta potential analysis of PLGA NPs revealed negative
charges —2.61 Mv (Figure S1, C) and zeta potential of IGU-
PLGA-NPs was —1.68 Mv (Figure S1, D). TEM images showed
a spherical shape and smooth external surface, with an averaged
diameter, ranging from 100 to 200 nm (Figure S1, E, F).

IGU-PLGA-NPs inhibited glioma cell proliferation

To study the effect of IGU-PLGA-NPs on the growth of
glioma cells (U87, U118, and U251), we detected the influence
of IGU and IGU-PLGA-NPs on glioma cells using CCK-8 assay.
The cells were treated with alone IGU at different concentration
and IGU-PLGA-NPs (Figure 2, A, B). After 4 days of treatment,
significant inhibition of cell proliferation by IGU-PLGA-NPs
was detected as compared to control (Figure 2, C-E). Moreover,
we also assessed the cytotoxic effect of IGU-PLGA-NPs on the
growth of glioma cancer cell lines using a trypan blue assay after
48 h treatment. Glioma cells showed much lower viability when
treated with IGU-PLGA-NPs compared to IGU and control
(Figure S2, A-C).

IGU-PLGA-NPs inhibit cell migration

Cell migration of U87 and U118 was detected by wound
healing assay, which revealed suppression of wound closure up
to 48 h after IGU-PLGA-NPs treatment, when the gap was partly
filled with glioma cells in IGU treated and control group (Figure
S3). In addition, we also determined the abilities of cell
migration which was a significant aspect of cancer progression.

As shown in Figure S4, U87, U118 and U251 glioma cell
migration was significantly inhibited in IGU-PLGA-NPs treated
group compared with IGU treated and control group in a
Transwell assay (Figure S4).

IGU-PLGA-NPs inhibited GSCs proliferation and stemness

CCK-8 assay of GSCs revealed that the cell proliferation of
GSCs was significantly reduced in IGU-PLGA-NPs treated
groups compared to control groups (Figure 3, A-C). Addition-
ally, cancer stem-like cells marker CD133 expression was also
reduced after IGU-PLGA-NPs treated in GSCs as compared to
IGU treated group (Figure 3, D, E).

Self-renewal ability of GSCs decreased after IGU-PLGA-NPs
treatment

To investigate the effect of IGU-PLGA-NPs on GSCs, we
analyzed the tumor sphere formation ability of GSCs. As
compared to IGU and control, tumor sphere displayed a
significantly decreased diameter after IGU-PLGA-NPs treated
group. The above results revealed that IGU-PLGA-NPs could
decrease the stemness of GSCs as a tumor growth suppressor
(Figure 4, A-D).

IGU-PLGA-NPs induces apoptosis

We examined whether apoptosis is involved in the effect
of IGU-PLGA-NPs on glioma cells. The proportion of
apoptotic cells was determined by staining of cells with PI
and Annexin V-FITC using flow cytometry. A sizable
increase of apoptosis induced by IGU-PLGA-NPs was
observed compared with the control (Figure 5, A-D). The
mechanism of IGU-PLGA-NPs induced apoptosis was
evaluated by analyzing the mitochondrial apoptosis proteins
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Figure 4. IGU-PLGA-NPs inhibited Glioma tumor sphere formation. GSCS were cultured IGU-PLGA-NPs and without IGU-PLGA-NPs as a control for
7 days. Tumor sphere diameter was decreased in treated groups (A). The graph indicates the differences in tumor sphere diameter (B-D). Scale bar, 200 um

(*¥**P < 0.001 and ****P < 0.0001).

expression level through western blotting. As shown in
Figure S5, compared with the control group, glioma cells
exposed to IGU-PLGA-NPs displayed a reduction of anti-
apoptotic protein Bcl-2 expression level, and pro-apoptotic
protein Bax expression was increased. In addition, the
Caspase-3 and Caspase-9 protein expression was increased
following the treatment with IGU-PLGA-NPs (Figure S5).

IGU-PLGA-NPs induced G1 phase cell cycle arrest

The impact of IGU and IGU-PLGA-NPs on cell cycle
distribution was analyzed by using flow cytometry. IGU-
PLGA-NPs significantly increased the cell numbers at Gl

phase (60%) after 48 h of treatment as compared to control and
IGU (Figure 6, A-D). To explore the underlying mechanism of
the growth inhibitory effect of IGU-PLGA-NPs, cell cycle
regulators critical to the G1 phase checkpoint were assessed,
including cyclinD1 and survivin. Western blot analysis
confirmed that IGU-PLGA-NPs downregulated the protein
expression levels in cyclinD1 and survivin compared with the
control group (Figure S6).

IGU-PLGA-NPs suppresses tumor growth in vivo and crosses BBB

BALB/c athymic nude mice were used to observe whether
IGU-PLGA-NPs may induce similar effects in vivo.

307
308
309
310
31
312
313
314

315

316
317



318
319
320
321
322
323
324
325
326
327
328

M. Younis et al / Nanomedicine: Nanotechnology, Biology, and Medicine xx (xxxx) xxx 7

A Control IGU IGU-PLGA-NPs
KE @2 s |t @2 5 |t Q2
' 14 190 0" F147 388 10" 3718 234
0 9

N

o0 £

=]

677

E 10 ‘05'
Q2 Q2
417 223
Q3 Q3
542 543
Annexin V-FITC
B us7 D U251
Cell apoptosis (%) Cell apoptosis (%)
0 10 20 30 40

@8 Control
@ IGU

IGU-PLGA-NPs

@B IGU-PLGA-NPs

0 10 20 30 40

@8 Control
@ IGU
@8 IGU-PLGA-NPs

IGU-PLGA-NPs

Figure 5. Apoptosis induced after IGU-PLGA-NPs treatment. Cells were treated by IGU-PLGA-NPs, IGU for 48 h, stained with Pl and Annexin V-FITC, and
analyzed by flow cytometry (A, C). Apoptosis ratio was calculated as the Q2 plus Q4 areas. The percentage of the apoptotic cell population was represented in

Macroscopically, xenograft treated with IGU-PLGA-NPs
grew at a significantly slower rate compared with that
treated with PBS (Figure 7, A). No considerable difference
was observed in the weight of mice during all measured days
in treated and the control group (Figure 7, B). Notably, the
tumor growth curve in IGU-PLGA-NPs treated mice had a
relatively slow trend compared with the control group
(Figure 7, C, E). H&E staining showed a greater number
of dead cells evident in the apoptotic proportion in IGU-
PLGA-NPs treated tumor tissue compared with control.
Histopathological analysis of heart, liver, kidney, lungs and

spleen tissues from control and treated mice showed no 329
apparent lesion formation in organs after treatment in all 330
mice (Figure 7, F). Additionally, the fluorescence (FL) 331
signal of ICG-IGU-PLGA-NPs was exclusively found in the 332
brain region of BALB/c athymic mice after 24 h injection 333
while in the control group no fluorescence was noticed 334
(Figure 7, D). In addition, IGU-PLGA-NPs had no 335
significant effect on red blood cells, white blood cells, 336
platelets and hemoglobin in treated groups. The treatment 337
had no significant effect of neutrophils, lymphocytes, 338
monocytes, basophiles, and eosinophils (Figure S7). 339
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Figure 6. Effect of IGU-PLGA-NPs on cell cycle arrest. Glioma cells were treated by IGU-PLGA-NPs and IGU for 48 h. Representative histograms showed
the changes in the cell cycle of U87 and U251 (A, C). Graph represents the percentage of cell cycle distribution (B, D).

U251TMZ-resistant cells growth significantly reduced by IGU-
PLGA-NPs

To find out the effect of IGU-PLGA-NPs on the growth of
TMZ-resistant glioma cells line (U251TMZ-R), we detected the
impact of IGU and IGU-PLGA-NPs on resistant glioma cells
using CCK-8 kit method. The cells were treated with IGU-
PLGA-NPs (Figure S8). After 96 h of treatment, significant
inhibition of cell growth by IGU-PLGA-NPs was detected in
U251TMZ-resistant cells.

Discussion

Malignant glioma cannot be completely cured by surgical
resection due to its infiltrative nature and is the main reason of
death. Temozolomide (TMZ) treatment was safe and effective
but travels slowly in blood flow into the interior of glioma, and
has difficulty crossing the BBB. Chemotherapeutic therapy of
glioma can provide high local drug concentration, reduce

toxicities and improve patient drug compliance.23_25 Therefore,
there is a crucial need for the development of more effective, safe
and better therapeutic option against TMZ-sensitive and TMZ-
resistant glioma cells. PLGA is a well-known biodegradable
polymer and has a long history of safe pharmacological and
therapeutic applications.?®"*” PLGA nanoparticles have provid-
ed the efficient delivery systems for chemotherapeutics due to
their low cytotoxicity, which is the critical parameter for
medicinal use.”®

Different pathways of cancerous cells can be targeted for
therapy in which the apoptotic pathways have been considered
more promising to inhibit the growth of tumor. 29 Apoptosis is a
process of cellular self-destruction and it plays an important
role in homeostasis. Apoptotic cells exhibit several biochemical
and morphological changes in cells such as apoptotic body
formation, cell shrinkage, loss of cell to cell connections,
caspase activation, DNA condensation, and fragmentation. Our
results indicated that IGU-PLGA-NPs induced apoptosis in
glioma cells in vitro and in vivo. In the current study we have
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Figure 7. In vivo mice xenograft model. IGU-PLGA-NPs significantly U87 tumor growth in tumor mice model as compared to control (A). Graphs presenting
body weight and final tumor volume and weight after administration of NPs (B, C, E). In vivo fluorescence imaging showed NPs successfully bypass BBB (D).
Histological analysis using H&E staining of tumor and vital organs (Heart, liver, kidney, lungs and spleen) slices from NPs treated and control mice (F). Scale

bar, 100 um (***P < 0.001).

revealed the anti-cancer effect of IGU and then to maximize the
therapeutic effect of IGU, we have developed IGU
encapsulated-PLGA nanoparticles that are more effective
therapy then IGU alone and can cross BBB, improving drug
delivery and concentration at the target site. The results showed
that IGU-PLGA-NPs significantly reduce the growth of glioma
and glioma like stem cells. Migration of cancer cells showed a
potential role in cancer metastasis.”” The results of wound
healing and Transwell assay demonstrated that IGU-PLGA-
NPs treatment decreases the migration of glioma cells as
compared to IGU and control.

Previous research has shown that cell cycle regulation and
suppression play a vital role in cancer management.31 The
results of apoptosis and cell cycle in our study showed that
the IGU-PLGA-NPs improve apoptosis and cell cycle arrest
in G1 phase as compared to IGU and control. In order to
explore the pathway of cell death induced in glioma cells by
IGU-PLGA-NPs, we investigated the protein expression level
of Bax, Bcl-2, Cytochrome c, Caspase-3 and Caspase-9
measured by western blotting. The Bcl-2 protein prevents the
induction of apoptosis and blocks the release of Cytochrome
¢ while Bax played a role in the release of Cytochrome c
from the mitochondria.’>** We found that the Bcl-2
expression was reduced whereas Bax, Cytochrome c,

Caspase-3, and Caspase-9 expression was elevated by
biosynthesized IGU-PLGA-NPs. Our results indicated that
NPs activates the Caspase-3, a main executioner of apoptosis
and plays a significant role in apoptosis.™*
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The glioma stem cell (GSC) plays a key role in resistance of 403

these tumors to current therapies. Our study revealed that IGU-
PLGA-NPs treatment more effectively inhibits growth and
tumor sphere formation of GSCs, which is also consistent with
a reduction in expression of CD133 protein level in GSCs.
Herein, IGU-PLGA-NPs have additional evidence for therapy
strategy to overcome the chemo-resistance of TMZ on glioma
cells.

In vivo, mice glioma model also showed that administration
of IGU-PLGA-NPs effectively reduced the tumor growth and
tumor weight, whereas uncontrolled growth was observed in
control group. FL imaging presented the rapid and selective
accumulation of ICG-IGU-PLGA-NPs in the brain region.

All these findings demonstrated the IGU-PLGA-NPs could
inhibit tumor cell proliferation and migration, and elevate cell
apoptosis and cell cycle arrest more effectively than IGU. Many
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factors are may be the reason for the greater anti-cancer effect of 419

IGU-PLGA-NPs than IGU. Firstly, anti-tumor agents should
have good delivery ability to cross the BBB in systemic
chemotherapy against brain tumors. Secondly, IGU-PLGA-NPs
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nanoparticles may release IGU continually and biodegrade
gradually. Finally, interstitial chemotherapy for glioma needs a
high drug concentration locally and low drug concentration in
blood circulation. IGU-PLGA-NPs could enhance the efficacy of
the drug and lessen systemic toxicities in glioma patients.

In conclusion, IGU-PLGA-NPs significantly inhibited pro-
liferation and migration, decreased GSCs growth and in vivo
tumor weight and induced apoptosis through the caspase
pathway and cell cycle arrest by G1 phase in glioma cells.
These results suggest that IGU-PLGA-NPs could improve
malignant glioma therapy effectively. This study presents an
experimental basis for clinical trials on IGU-PLGA-NPs, which
may be a novel drug for therapy and management of malignant
gliomas.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nan0.2019.102101.
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Figure S1 Characterization of IGU-PLGA-NPs nanoparticles. The representative graph of PLGA and IGU-PLGA-NPs size distribution
(A, B) Zeta potential distribution was measured using Zeta sizer (C, D). Transmission electron microscopy micrographs of PLGA (C), and
IGU encapsulated-PLGA nanoparticles (D). Scale bar: 100 nm.

Figure S2 Trypan blue assay for cell viability. The percentage of cell viability of U87, U118, and U251 cells was detected by trypan blue
assay after IGU-PLGA NPs, IGU treatment compared with control (A-C). (**P<0.01, ***P<0.001 and ****P<0.0001).

Figure S3 Wound healing assay of glioma cells after IGU-PLGA-NPs treatment. IGU-PLGA-NPs treated glioma cells (U87, and U118) in
the wound healing assay migrated slower compared with control (A, C). The graph represents the mean + SD rate of migration from an
independent experiment performed in triplicate (B, D). (**P<0.01, ***P<0.001 and ****P<(0.0001).

Figure S4 Transwell assay was conducted to determine glioma cell migration. U87, U118, and U251 glioma cells had reduced migration
ability under serum chemotaxis following culture with IGU-PLGA-NPs, compared to control cells (A). The graph shows the mean + SD of
migrated cells from three independent experiments (B-D). (***P<0.001 and ****P<0.0001).

Figure S5 Effect of IGU-PLGA-NPs on the protein expression. Protein expression of Bax, Bcl2, Cytochrome c, caspase3, and caspase9
was analyzed by western blotting. U87 and U251 cells were treated with IGU-PLGA-NPs and IGU as compared to control (A, C). The graph
shows the relative protein expression (B, D). Data expressed as mean = SD. (¥*P<0.05, **P<0.01 ***P<0.001).

Figure S6 Effect of IGU-PLGA-NPs on the cell cycle protein expression level. U87 and U251 cells were treated by IGU-PLGA-NPs and
IGU for 24 h, then CyclinD1 and survivin protein expression was analyzed by western blotting (A, C). Relative protein expression was shown
by Graph (B, D). Data expressed as mean + SD (***P<(.001)

Figure S7 Blood cell count. The treatment of IGU-PLGA NPs had no significant effect on complete blood count parameters (RBCs, WBCs,
Platelets, Neutrophils, Lymphocytes, Monocytes, Basophiles and Eosinophils) when compared to control mice group (A-I) (n.s. not
significant).

Figure S§ IGU-PLGA NPs showed anti-tumor effect against U251TMZ-resistant cells. The proliferation of U251TMZ-R cells was
analyzed by CCK-8 kit assay after being treated by IGU-PLGA-NPs. IGU-PLGA-NPs significantly inhibited the proliferation of U251TMZ-
R glioma cells after treatment compared to the control group (**P<0.01).
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