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ARTICLE INFO ABSTRACT

Keywords: Aim: The aim of this study was to improve the therapeutic index of chemotherapeutic drugs on glioblastoma
Paclitaxel cells through an improved co-drug delivery system.

Methotrexate Materials and methods: Methotrexate (MTX) and paclitaxel (PTX) were co-loaded into poly (lactic-co-glycolic
PLGA acid) nanoparticles (PLGA NPs) coated with polyvinyl alcohol (PVA) and Poloxamer188 (P188).

Co-delivery
Glioblastoma
Nanoparticles

Key findings: The mean size of the NPs was about 212 nm, with a zeta potential of about —15.7 mV.
Encapsulation efficiency (EE%) and drug loading (DL%) were determined to be 72% and 4% for MTX and 85%
and 4.9% for PTX, respectively. The prepared NPs were characterized by differential thermal analysis (DTA) and
thermogravimetric analysis (TGA). Moreover, an in vitro sustained release profile was observed for both drug
loaded PLGA NPs. Glioblastoma cellular uptake of the NPs was confirmed by fluorescence microscopy and cell
survival rate was investigated through the 3-(4,5-dimethyl thiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
method after 48 h of incubation showing IGs, values of 24.5 ugmL ™! for PTX and 9.5 ug'mL ™' for MTX for the
MTX/PTX co-loaded PLGA nanoparticles coated with PVA/P188 (Co-2 NPs). Apoptosis and necrosis were also
studied via flow cytometry, the lactate dehydrogenase (LDH) assay and the amount of anti-apoptotic protein
(Bcl-2) expression. Blood compatibility of the co-delivery of PTX and MTX loaded PLGA NPs was investigated
using a hemolysis method as well.

Significance: The co-delivery of PTX and MTX loaded PLGA NPs is promising for the treatment of glioblastoma
compared to their respective free drug formulations and, thus, should be further investigated.

1. Introduction unsolved problem to date [1]. To overcome this challenge, nanocarriers
are good choices, because they better penetrate into the brain due to

Despite the development of chemotherapeutic drugs for inhibiting their unique small properties and with large surface to volume ratios,
the growth of cancer cells, drug penetration into the central nervous leading to enhanced chemotherapeutic efficiency. One of the most
system and across the blood-brain barrier (BBB) has remained an significant problems in the clinic is organ failure due to conventional

Abbreviations: BBB, blood-brain barrier; MTX, methotrexate; PTX, paclitaxel; PVA, polyvinyl alcohol; P188, Poloxamer188; DL, drug loading; DLS, dynamic light
scattering; DTA, differential thermal analysis; EE, encapsulation efficiency; GM, glioblastoma multiform; PLGA, poly(lactic-co-glycolic acid); TGA, thermogravimetric
analysis; Co-1 NPs, MTX/PTX co-loaded PLGA nanoparticles coated with PVA; Co-2 NPs, MTX/PTX co-loaded PLGA nanoparticles coated with PVA/P188; Mix free,
mixture of free MTX and free PTX; Mix NPs, mixture of MTX NP2 and PTX NP2; MTT, 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyltetrazolium bromide; MTX NP1, MTX
loaded PLGA nanoparticles coated with PVA; MTX NP2, MTX loaded PLGA nanoparticles coated with PVA/P188; NP, PLGA nanoparticles without any coating; NP1,
PLGA nanoparticle coated with PVA; NP2, PLGA nanoparticles coated with PVA/P188; PTX NP1, PTX loaded PLGA nanoparticles coated with PVA; PTX NP2, PTX
loaded PLGA nanoparticles coated with PVA/P188
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chemotherapy resulting from untargeted distribution and accumulation
of chemotherapeutic agents in healthy organs, such as the liver, spleen,
kidney, heart, etc. Therefore, targeted drug delivery needs to be de-
veloped to reduce the amount of chemotherapeutic agents required to
kill cancer cells [2].

Drug delivery with targeting ligands can augment nanoparticle
passage across the BBB [3,4] with Poloxamer188 (Pluronic® F-68) and
polysorbate80 further serving as targeting ligands to the central ner-
vous system [2,5]. One mechanism explaining this facilitation of the
transport can be provided by the absorption of apolipoproteins onto a
nanoparticle' surface, enhancing endogenous targeting. Therefore,
using such approaches, nanoparticles can enter endothelial cells in the
BBB by the assistance of such cell receptors [6].

Among the common drugs used in the clinic, PTX and MTX are some
of the most effective agents for cancer therapy. PTX as an antimitotic
agent and a hydrophobic drug, resulting in cell death through the dis-
ruption of the microtubule network organization inhibiting the late G2
phase and M phase of the cell cycle, stopping cell replication [7]. In
addition, MTX (a folic acid analogue) can competitively inhibit the key
enzyme of folic acid synthesis and prevent the synthesis of purines and
pyrimidines, which decrease tumor cell growth [8]. Since each che-
motherapeutical agent affects tumor cells at different parts of the cell
cycle, the co-delivery of two or more therapeutically agents enhance
their ability to stop tumor cells from dividing. As proof of this co-de-
livery promise, there is a report that a patient with incurable head and
neck squamous cell carcinoma survived for 16 months with a che-
motherapeutic regimen containing MTX, PTX and nimotuzumab [9].
According to the results from this treatment, it seems that these drugs
are potent agents against this kind of tumor when prescribed together,
however, more studies are needed to demonstrate their combined ef-
ficiency for all cancers, especially glioblastoma.

It is claimed that the co-delivery of chemotherapeutic agents can
increase the level of therapeutic effects and decrease drug resistance in
tumors using a complementary effect [10,11]. For example, Xiaomeng
Wan et al. prepared polymeric micelles co-loaded with PTX and cis-
platin for the treatment of ovarian and breast cancer [12]. Also, more
specifically for glioblastoma, the authors of the present study published
another prosperous study for the co-delivery of curcumin and MTX by
PLGA nanoparticles, which resulted in a higher cytotoxic effect com-
pared to the respective free drugs on U-87 MG cells [13].

The objective of this study was, therefore, to prepare PTX/MTX
loaded PLGA nanoparticles modified with PVA and P188 and determine
the toxicity, cellular uptake, apoptosis and necrosis effect of these na-
noparticles on a model glioblastoma cells line: U-87 MG cells.

2. Materials and methods
2.1. Materials

PLGA (50:50 wt%, MW 30000 g mol ~ ') pellets were obtained from
Shenzhen Esun Industrial Co., China. Polyvinyl alcohol (PVA), fully
hydrolyzed (MW 30000 g mol ™ '), was bought from Merck (Germany).
MTX (purity > 97%) was bought from the Excella GmbH company
(Germany). PTX, acetone (> 99.9%), fetal bovine serum (FBS), trypsin,
phosphate-buffered saline (PBS) and penicillin/streptomycin were
bought from Sigma-Aldrich (Germany). The U-87 MG (human glio-
blastoma) and B65 (rat neuroblastoma) cell lines were purchased from
the cell bank of Pasteur Institute (Iran). Annexin V/propidium iodide
was obtained from BioLegend. A lactate dehydrogenase kit, Sigma-
Aldrich (Cat #: TOX7) and Bcl-2 antibody was purchased from Abcam
(ab32124).

2.2. Preparation of nanoparticles

Nanoparticles were prepared by a nanoprecipitation method [7]
with two surface modifications using PVA and a combination of PVA
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and P188. Briefly, 50 mg of PLGA was dissolved thoroughly in 10 mL of
acetone using magnetic stirring at room temperature. Afterwards,
2.5 mg of MTX and 2.5 mg PTX were added to this polymeric solution
followed by the addition of 100 mL aqueous solution of PVA. Another
group of nanoparticles was prepared using both PVA (90 mL 1% W/V)
and P188 (10 mL, 1% W/V) as stabilizers. The prepared solution was
left overnight under magnetic stirring at room temperature to evapo-
rate the acetone. At last, nanoparticles were collected through cen-
trifugation at 12000 rpm for 30 min and the pellets were washed twice
with distilled water in order to remove the non-encapsulated drugs.
Finally, the nanoparticles were suspended in sucrose (2% w/v) and
freeze-dried (Telstar, lyoQuest).

2.3. Characterization of nanoparticles

2.3.1. Particle size analysis and zeta potential measurements

The mean particle size and size distribution of the nanoparticles
were assessed through the dynamic light scattering (DLS) method using
a nanoparticle size analyzer (scatterscopel, K-ONE, S. Korea). The Zeta
potential of suspended particles was also determined by electrophoretic
laser Doppler anemometry using a zeta potential analyzer (Malvern
Zetasizer ZEN 3600).

2.3.2. Morphological assessment of nanoparticles

The morphology of the nanoparticles was determined by a scanning
electron microscope (SEM). Nanoparticles were dried on aluminum foil.
Each sample was sputter-coated with gold/palladium for 120 s at
14 mA under an argon atmosphere for secondary electron emissive SEM
and the particle morphology was observed at an acceleration voltage of
15 kV.

2.3.3. Determination of EE% and DL%

Standard curves of PTX and MTX were obtained in acetone and PBS
separately. Briefly, different concentrations of PTX (5-100 ppm) and
MTX (2-60 ppm) were prepared. UV-visible (Cecil CE 7250, England)
absorption of each sample was measured at 228 nm (PTX) and 373 nm
(MTX). The standard curve was considered as the absorbance versus
concentration (R?, linearity). All experiments were performed in tri-
plicate. The EE [13,14] and DL [13] were calculated using the equa-
tions below:

amount of drug applied for nanoparticle preparation(mg)

EE% = — amount of drug in the supernatant(mg) % 100
° "~ amount of drug applied for nanoparticle preparation(mg)

amount of drug applied for nanoparticle preparation(mg)

— amount of drug in the supernatant (mg)

DL% = X 100

amount of dried nanoparticles (mg)

2.3.4. DTA and TGA

DTA and TGA were used to investigate the thermal behavior of the
samples. The analysis was performed on MTX, PTX, NP1 and Co-1 NPs
formulations using a thermo analyzer (model STA 503, Germany).
Briefly, approximately 10 mg of each sample was placed on open pans
of aluminum oxide and analyzed between room temperature and
1000 °C at the rate of 10 °C min~'. At the end, the weight loss and
differential temperature were recorded and plotted against tempera-
ture.

2.4. In vitro release study

The drug release from each sample was performed in PBS containing
dimethyl sulfoxide (DMSO) at a ratio of 1:10. Samples were poured in a
dialysis bag and were placed in a shaking incubator at 37 °C and
100 rpm (Labtech, S. Korea). Samples from the release media were
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collected at pre-determined time intervals (0.5, 1, 2, 3, 6, 12, 24, 48, 72
and 120 h) under the sink condition and optical absorbance were
measured through UV-visible spectroscopy at 228 nm and 373 nm for
PTX and MTX, respectively. The release profile of each sample with
respect to time was also statistically analyzed through a one-sample T
and Wilcoxon Test and the statistical test for the release of various
samples at the same time points was accomplished by one-way ANOVA.

2.5. Hemolysis test

Healthy volunteer blood specimens were collected in BD vacutainer
tubes containing sodium citrate (3.8% wt) at a ratio of 9:1 for antic-
oagulation. Then, the blood at a ratio of 1:50 was diluted with PBS and
was kept for 30 min at 37 °C. Co-1 NPs, Co-2 NPs and PLGA NP1
samples were redispersed in PBS and then the samples were incubated
with 0.2 mL of diluted blood for 3 h. Centrifugation was performed for
5 min at 1500 rpm to separate the supernatant. DMSO and PBS were
used as positive and negative controls, respectively. The optical density
(OD) of each sample at concentrations of 0.025-1.5 mg-mL ™~ ! was read
by a plate reader at a wavelength of 545 nm (Nanodrop Plate Reader,
Seoul, South Korea).

2.6. In vitro cellular uptake study

Fluorescent nanoparticles were prepared by loading Rhodamine B
into NP2. U-87 MG cells (at a density of 1 X 10° cells per well) were
placed in a 24-well culture plate and were incubated for 12 h at 37 °C in
a 95% CO,, humidified incubator. After 12 h, the Co-NPs were added for
2 h. Then, the cells were washed with PBS. The cellular nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI). Cells were ob-
served using a fluorescence microscopy (Olympus BX43) to investigate
the uptake level of the PLGA NPs loaded with Rhodamine B coated with
PVA/P188.

2.7. MTT assay

The cytotoxicity of the drug-loaded nanoparticles was assessed
using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assays. U-87 MG and B65 cell lines (at a density of 1000 cells per
well) were seeded in a 96-well culture plate and were incubated for
12 h in order to allow the cells to attach to the culture plate. The cells
were then treated with NP2, MTX, PTX, mix free, PTX NP2, MTX NP2,
mix NPs, Co-1 and Co-2 NPs at various concentrations of 1, 5, 12.5, 25,
50, 100 and 200 pg'mL ™! for 24, 48 and 72 h. 100 pl of DMEM con-
taining MTT (0.5 pug-mL~') was added to each well and incubated at
37 °C for 4 h. The MTT solution was removed and 100 pl of DMSO was
added in order to dissolve the formazan crystals. The absorbance was
measured at 570 nm using a microplate reader [15-17].

2.8. LDH assay

Similar to the group distribution mentioned in the MTT assay sec-
tion at their ICsy concentrations, 50 pl of a mixture (LDH Assay Buffer
and LDH Substrate Mix) was added to each well containing cells and
was incubated at 37 °C for 30 min. The absorbance of LDH expression
was assessed at 450 nm using a microplate reader. Triton X-100 (1%) in
PBS (pH 7.4) was used as a positive control.

2.9. Early detection of apoptosis by Annexin-V

The evaluation of cell death after the treatment of U-87 MG cells
with the above-mentioned formulations (PTX NP2, MTX NP2, MTX,
PTX, a mix free, mix NPs, Co-1 NPs and Co-2 NPs) was performed by
staining the cells with an Annexin V-FITC and a propidium iodide so-
lution followed by flow cytometry analysis. Briefly, U-87 MG glioma
cells were seeded at a density of 1 x 10° cells per well in a 6-well
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culture plate and were allowed to adhere. After 24 h, the cells were
exposed to all formulations at the ICsq value for each drug (as obtained
in the MTT assay) and PLGA NPs were used as the control. After in-
cubation for 48 h, the cells were harvested and centrifuged at 2000 rpm
for 5 min, and then were washed twice with PBS. The pellet was then
re-suspended in 400 pl PBS and 100 pl of a buffer containing Annexin
and propidium iodide. Finally, the stained cells (with Annexin V-FITC
and propidium iodide) were evaluated by flow cytometry. The
Quadrant gate for each sample was set by its negative control (un-
stained sample).

2.10. Bcl-2 pathway analysis

Bcl-2 is considered as an apoptotic index due to its anti-apoptosis
effect [18]. The expression level of this protein was evaluated through
immunofluorescence. Cells were exposed to free drugs and various
formulations of the drug including PTX NP2, MTX NP2, MTX, PTX, mix
free, a mix of NPs, Co-1 NPs and Co-2 NPs. Then, the cells were left in
serum-free medium overnight on glass cover slips. Afterwards, the U-87
MG cells were fixed in 4% paraformaldehyde in PBS for 10 min and
washed twice with PBS. The cells were then permeabilized with 0.25%
Triton X-100 in PBS for 5 min and incubated in PBS containing 5%
bovine serum albumin for 1 h to prevent non-specific binding. The cells
were then incubated with an anti-Bcl-2 antibody overnight at 4 °C and
Alexa Fluor 488-conjugated goat anti-rabbit IgG detected. The cells
were stained with 4/,6-diamidino-2-phenylindole (DAPI) to visualize
the cell nuclei under an Olympus FluoView™ 1000 confocal microscope.

2.11. Statistical analysis

All data are represented as the mean = standard deviation (SD)
and the p value < 0.05 was considered statistically significant via
GraphPad Prism, version 8.3.0 software. One way-ANOVA tests or t-
tests were carried out for each statistical analysis.
3. Results

3.1. Physicochemical characterization of NPs

The physiochemical properties of the NPs are summarized in
Table 1. It can be observed that all NPs had a mean particle size

Table 1
Physiochemical characteristics of nanoparticles including size, zeta potential,
encapsulation efficiency and drug loading.

Nanoparticle Mean diameter PDI Zeta potential EE (%) DL (%)
(nm) = SD (mV) = SD

NP 50 + 6 0.12 -24.6 = 0.31 - -

NP1 65 * 3 0.04 -—8.02 = 0.24 - -

NP2 84 + 7 0.08 -14.2 * 0.18 - -

MTX NP1 100 + 3 0.03 =7.93 = 0.15 69 9.8

MTX NP2 109 = 5 0.04 -13.02 = 0.19 75 12

PTX NP1 223 £ 6 0.02 -7.2 * 0.10 92 8.5

PTX NP2 241 + 19 0.07 -10.58 = 0.34 89 8.4

Co-1 NPs 180 = 8 0.04 -8.59 = 020 MTX: 70 MTX: 4
PTX: 88 PTX:5

Co-2 NPs 212 += 16 0.07 -15.7 = 0.16 MTX: 72 MTX: 4
PTX: 85 PTX: 4.9

NP: PLGA nanoparticles without any coating.

NP1: PLGA nanoparticle coated with PVA.

NP2: PLGA nanoparticles coated with PVA/P188.

MTX NP1: MTX loaded PLGA nanoparticles coated with PVA.

MTX NP2: MTX loaded PLGA nanoparticles coated with PVA/P188.

PTX NP1: PTX loaded PLGA nanoparticles coated with PVA.

PTX NP2: PTX loaded PLGA nanoparticles coated with PVA/P188.

Co-1 NPs: MTX/PTX co-loaded PLGA nanoparticles coated with PVA.

Co-2 NPs: MTX/PTX co-loaded PLGA nanoparticles coated with PVA/P188.
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between 50 and 230 nm as measured by DLS. The mean diameter of the Co-2 NPs had a mean diameter of about 200 nm. SEM images showed

PLGA NPs prepared without any stabilizer was about 50 nm which that the Co-2 NPs shape was spherical with a smooth surface (Fig. 1a
increased to 65 nm and 80 nm upon the addition of PVA and PVA/P188 and b). The DLS results demonstrated that the Co-2 NPs had diameters
to the preparation process, respectively. It was observed that the mean from 50 nm to 800 nm with a PDI of 0.07 (Fig. 1c). The zeta potential
diameter of MTX NP2 and PTX NP2 increased by the addition of P188. for all NPs ranged from —7.2 * 0.10 mV to —24.6 * 0.31 mV
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Fig. 3. In vitro release profile of NPs in PBS medium (pH 7.4).
Co-1 PTX: release of PTX from Co-1 NPs.

Co-1 MTX: release of MTX from Co-1 NPs.

Co-2 PTX: release of PTX from Co-2 NPs.

Co-2 MTX: release of MTX from Co-2 NPs.

PTX NP1: release of PTX from PTX NP1.

PTX NP2: release of PTX from PTX NP2.

MTX NP1: release of MTX from MTX NP1.

MTX NP2: release of MTX from MTX NP2.

(Table 1). Fig. 1d shows the zeta potential of the Co-2 NPs with a single
peak at —15 mV. In all samples with or without drugs, the zeta po-
tential became more negative upon the addition of P188. For instance,
the zeta potential of Co-1 NPs was —8.59 + 0.02 mV, which reached
—15.7 * 0.16 mV by the addition of P188.
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3.2. EE% and DL%

The EE% was about 69% to 92% and the range of the drug loading
was about 4% to 12% for all of the prepared NPs. The EE% for MTX and
PTX in the Co-2 was 72% and 85%, and the DL% was about 4% and
4.9%, respectively (Table 1).

Analysis of the MTX free drug (Fig. 2a) revealed three TGA steps and
three broad DTA peaks. The first TGA step was the result of an en-
dothermic reaction, which was around 100 °C. The other steps were
between 130 °C, 246 °C, 336 °C and 505 °C. DTA peaks on the other
hand were located at 117 °C, 230 °C and 522 °C. The three step de-
composition of MTX in the TGA curve was due to the trihydrate form of
the drug [19]. The peaks at 117 °C and 230 °C on the DTA curve are in
agreement with those observed by de Oliveira et al. at 122 °C and
231 °C, respectively. The authors argued that the first peak at 117 °C
corresponds to dehydration whilst the second one at 230 °C was be-
cause of crystalline MTX melting [20]. PLGA had a single step weight
loss between 212 °C and 600 °C and a sharp peak at 190 °C in DTA
(Fig. 2b). Several broad peaks were detected in DTA at 225 °C, 308 °C
and 489 °C for the PLGA NPs. PLGA NPs exhibited relative thermal
stability until they reached a temperature of 209 °C. Thereafter, the NPs
experienced a 90% weight loss as a result of thermal decomposition.
Only 4% of the residual mass of the blank PLGA NPs was left after
600 °C. Such findings correlate well with similar data in the literature
[21,22]. For example, Silva et al. reported a thermal decomposition at
205 °C with > 90% of weight loss near 600 °C [21]. The sharp peak at
180 °C measured by DTA represents the thermal decomposition of su-
crose, whilst other peaks at 225 °C and 308 °C are the result of PLGA
decomposition. The thermal decomposition of the PTX drug revealed
that PTX can be thermally stable up to 240 °C in TGA (Fig. 2c). A further

@D Co-de2
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!

OCo-del =+

51 @PLGA-np
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S

;mmmﬁ
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Fig. 4. a) Hemolysis assays of NP1, Co-1 NPs, and Co-2 NPs. Uptake of b) Rhodamine B loaded PLGA NPs, c) DAPI staining and d) overlayed pictures (magnification

20 %).
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Table 2

The ICso values of cells after 48 h of treatment with different groups of nanoparticles and free drugs.

ICso values (ug-ml~1) PTX free PTX NPs MTX free MTX NPs

Co-2 Co-1

Mix NPs Mix free

PTX MTX PTX MTX PTX MTX PTX MTX

U-87 MG 49.0 61.0 669.0 68.5
B65 16 6.7 132 6.7

24.5 9.5 39.2 18 56 30 274 195.5
13.41 5 26.82 15.81 15.16 6.66 17.66 9.03
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Fig. 6. LDH assay graph. Data represent mean * SD (n = 3). * indicated
p < 0.05, and **** indicated p < 0.0001 (compared to the Control group).

LDH concentration (U/L)

increase in temperature revealed another state of the drug. Specifically,
the crystalline form of PTX exhibited a sharp peak in DTA at 221 °C,
which indicates the drug's thermal transition in TGA. Another small
kink was observed at 340 °C with a sharp peak at 453 °C, consistent
with TGA results. These results are in good agreement with those ob-
tained by Hiremath et al. [23]. The analysis of the Co-1 NPs thermo-
grams (Fig. 2d) showed a single step TGA curve with an onset at about
240 °C. DTA curves on the other hand showed peaks at 182 °C, 220 °C
and a broad peak centered at 388 °C. From these results, the single step
nature of the TGA is analogous to both PLGA and PTX curves. It can be
postulated that the extension of the peak to 240 °C is a result of the
thermal stability of PTX in the formulation. It is noted that the weight
loss of MTX/PTX PLGA NPs are less than PTX, MTX, and PLGA which
may be attributed to PVA and P188 coated on the MTX/PTX PLGA NPs.
Furthermore, the DTA peak at 182 °C can be ascribed to PLGA whilst
the peak at 220 °C can be attributed to MTX. Therefore, we can con-
clude that whilst MTX existed in its crystalline form within the vehicle
[20], PTX only existed in its amorphous form [23].

3.3. Invitro drug release

NPs control drug release to increase drug bioavailability and de-
crease drug toxicity throughout the body. The in vitro release profile of
MTX and PTX demonstrated a time and pH-dependency. Results in-
dicated that the drug release from the PLGA NPs was much faster in an
acidic environment pH (6.5) compared to a neutral pH (7.4) medium.
An acidic pH increases the hydrolization of ester linkages in PLGA and
helps to release encapsulated drugs in a controlled and sustained
manner. At first, an initial burst release was observed followed by a
gradually slow and continuous release which was similar at both pH 6.5
(Fig. S1) and 7.4 (Fig. 3). However, the release trend became slower by
the modification of P188 on the NPs' surface. The release profile of PTX
extended more from the Co-2 NPs compared to the Co-1 NPs. In addi-
tion, long-lasting drug release was observed for the Co-2 NPs compared
to the Co-1 NPs, indicating the protective effect of the coating with
P188 on the NPs (Fig. 3). It is noted that the release profile of each
sample with respect to time was also statistically analyzed through a
one-sample T and Wilcoxon Test and the statistical test for the release of
various samples at the same time points was accomplished by one-way
ANOVA. The statistical analysis of each sample is demonstrated in
Table S1.

3.4. Hemolysis test

The hemolysis results from the Co-1 NPs and Co-2 NPs are depicted
in Fig. 4a. The hemolysis rate for all the samples at low concentrations
(0.025, 0.125, 0.25 and 0.5 mg~mL_1) were < 5% after incubation for
180 min, indicating that the samples were non-hemolytic. In contrast,
the hemolysis rate at higher concentrations (0.5 and 1 mgmL™')
were > 5%, therefore, these concentrations did not follow ISO
10993-4:2002. In summary, Co-2 NPs showed a higher hemolysis rate
than Co-1 NPs and other NPs for all concentrations.

3.5. Cellular uptake study

The efficiency of cellular uptake was assessed by an inverted
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Fig. 7. Flow cytometry assay of the a) control (without any treatment), b) Co-1 NPs, c¢) Co-2 NPs, d) PTX NP2, e) mix of NPs, f) PTX, g) MTX, h) MTX NP2, and i) mix
free on the U87 MG cell line. (The Quadrant gate for each sample was set by its negative control (unstained sample).)

florescence microscope. After incubation for 2 h, red fluorescence sig-
nals were observed in the cytoplasm suggesting that this nanocarrier
could deliver the drug into U-87 MG cells (Fig. 4b, ¢ and d).

3.6. MTT assay

Here, two chemotherapeutical drugs (MTX and PTX) were loaded
into the same carrier in order to assess the efficiency of a co-delivery
system into U-87 MG cells. The cytotoxicity effect of PTX NP2 and MTX
NP2 were compared with free PTX and free MTX, respectively. Applied
concentrations ranged between 1 and 200 pg'mL ™~ with an incubation
time of 48 h (Fig. 5A). The results indicated that the survival rate of the
cells was concentration dependent. As shown in Fig. 5B, Co-2 NPs de-
creased cell viability compared to other comparable groups containing
Co-1 NPs, a mix of free, and a mix of NPs. Table 2 shows the ICs, values
of all samples after 48 h of treatment. It was observed that free PTX was

more cytotoxic than PTX NP2 after 48 h. In contrast, the survival rate of
cells treated with MTX NPs was lower than MTX free for all applied
concentrations after incubation for 48 h. The cytotoxicity of the various
formulations on B65 cells is shown in Fig. S2. It was observed that like
the U-87 MG cells, B65 cells were more sensitive to Co-2 NPs than all
other groups after incubation for 48 h. According to Table 2, the ICsq
values for Co-2 NPs were 24.5 ugmL ™" and 9.5 uygmL ™' for PTX and
MTX, respectively. In addition, as seen in Table 2, Free PTX had more of
a therapeutic effect on U-87 MG cells than the combination of free MTX
and PTX. This may be related to the inadequate penetration of PTX due
to the combination with free MTX. However, Co-2 NPs had a better
therapeutic effect than MTX NPs or PTX NPs on U-87 MG cells. The
reason may be related to co-delivery which is considered as a promising
strategy for combined anticancer drugs to increase therapeutic effects
due to the simultaneously entrance of drugs to cancer cells whereas
MTX NP2 and PTX NP2 have different sizes which affect their entrance,



F. Madani, et al.

Bel-2

|1) control I

e) MTX NP2

Life Sciences 256 (2020) 117943

merge

Fig. 8. Bcl-2 expression in the U87 MG cell line treated with NPs. a) control, b) Co-1 NPs, ¢) Co-2 NPs, d) PTX NP2, and e) MTX NP2 (magnification 400 X ).

leading to decrease in synergistic/additive effect.

3.7. LDH assay

LDH is a cytosolic enzyme used as a tool to test cell membrane in-
tegrity and necrosis. This enzyme is released from damaged cell
membranes. The amount of released LDH was higher in the U-87 MG
cells when exposed to the co-delivered NPs for both Co-1 NPs and Co-2
NPs than the other groups (Fig. 6). The highest released LDH was seen
for the Co-2 NPs, which was about 271.5 U-L ™. The release of the LDH
enzyme was more for the PTX NP2 and MTX NP2 compared to the free
drugs. The lowest amount was for the combination of free drugs.

3.8. Apoptosis induced by nanoparticles

Apoptotic and necrotic cell death were investigated by the Annexin
V-FITC/PI test and the results are presented in Fig. 7. All cells (viable
and dead) were distributed into four sections, namely Q1, Q2, Q3 and
Q4. Cells which are in the Q4 section are unstained, i.e., they are An-
nexin negative and propidium iodide negative (Ann~ /PI") and, thus,
are viable. The Q3 section contains cells which are Ann* /PI~, meaning
that they are in early apoptosis. In the Q2 section, there are cells, which
are both Ann* and PI*, implying last stage apoptosis whilst the Q1
section contains cells with Ann~/PI* character, demonstrating that
they are necrotic. The highest amount of necrosis (Q1) was observed
when the U-87 MG cells were exposed to the Co-1 and Co-2 NPs. Cells
treated with the Co-2 NPs demonstrated 21.68% and 8.09% apoptosis
and necrosis, respectively; apoptosis was 16.42% and necrosis was
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Fig. 9. Bcl-2 expression on U87 MG cell line treated with NPs. Raw f) PTX, g) MTX, h) mix of NPs, and i) mix free (magnification 400 x).

6.34% for the Co-1 NPs treatment. Free MTX and free PTX induced
higher amounts of necrosis (3.16% and 4.76%) than MTX NP2 (1.47%)
and PTX NP2 (3.33%), respectively.

3.9. Bcl-2 analysis

To evaluate the effect of the encapsulated drugs on apoptosis, DAPI
staining of DNA and Bcl-2 protein expression were performed. As
shown in Figs. 8 and 9, smooth and homogenous nuclei were observed
for the DAPI staining and Bcl-2 protein expression for the immune
fluorescence, which is the reason that the cells seem to be alive.
However, for the treatment groups with the various formulations (PTX
NP2, MTX NP2, MTX, PTX, mix NPs, mix free, Co-1 NPs, and Co-2 NPs),
the nuclei morphology was segmented and fragmented and Bcl-2 pro-
tein expression decreased where the DAPI overlay appeared to be small.
According to the results of this assay, the trend for the amounts of DAPI
and Bcl-2 expression overly was: positive control = Co-2 NP ~ Co-1
NP = PTX NP2 ~ free MTX = MTX NP2 ~ free PTX ~ mix NPs ~ mix free,
respectively (Figs. 8, 9 and S3). Therefore, the most apoptosis via the
Bcl-2 pathway was seen for the free drugs and the mix of NPs. More-
over, a change in the nuclei morphology was seen for all the samples in

contrast with the negative control.
4. Discussion

PTX and MTX are two chemotherapeutic agents used to treat var-
ious cancers. Having said that, their administration is limited owing to
the side effects they create in the body. This study aimed to load PTX
and MTX in PLGA NPs covered with P188 to enhance drug delivery
efficiency and reduce side effects. As stated earlier, nanocarriers play an
important role in successful drug transport through the BBB [24] to
reduce drug toxicity to normal tissues by minimizing a large amount of
drug release [25,26]. It is believed that only NPs coated with surfac-
tants (such as tween 80 and poloxamers like pluronic® F-68) are able to
transfer across the BBB. One of the claimed mechanisms for this phe-
nomenon is receptor-mediated endothelial cell endocytosis. This phe-
nomenon is described by ApoB, ApoE and ApoA-1 absorbance from
blood to the NP surface. Therefore, it has been widely speculated that
NPs coated with the mentioned surfactants cross the BBB by apolipo-
protein adsorption [27]. Fig. 10 is a schematic of this phenomenon.
However, another mechanism for NP BBB crossing is via a P188 coating
where P188 solubilizes the cell membrane as a surfactant and
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Fig. 10. Schematic view of apolipoprotein adsorption on P188 coated NPs.

afterwards the NPs can easily enter cells [28]. Another unique property
of poloxamers is their resistance against the multidrug resistance
(MDR) effect which constitutes a major challenge in cancer treatment
[29]. In our study, the cellular uptake of Rhodamine B labeled NP2 was
evaluated using U-87 MG cells in order to confirm the role of P188 in
cellular penetration, and DAPI was used for cellular nuclei staining.

This study focused on a co-drug delivery system able to transfer two
drugs toward cancer cells simultaneously. The selection of a suitable
technique for the preparation of this kind of NP with various water
solubility properties is important in such systems. Different studies have
reported that the co-precipitation method is highly efficient in order to
provide co-delivery. Hence, a co-precipitation method was used here
for the preparation of co-loaded PLGA NPs [30,31]. In the present
study, PVA was used as a stabilizer to produce stable NPs of a suitable
size (150-250 nm) and such NPs were further coated with P188 due to
the reasons mentioned above [32]. The mean diameter of NPs increased
when we applied P188 to the NPs. Moreover, the mean zeta potential
decreased upon the addition of P188. In another study, PLGA NPs
containing docetaxel were prepared by using different solvents. It was
observed that NPs with P188 on their surface possessed larger mean
diameters compared to NPs without P188 using dichloromethane as a
solvent. The mean diameter of the NPs increased from 265 nm to
290 nm after a P188 coating and the zeta potential decreased from
—16.06 mV to —19.27 mV when using chloroform as an organic sol-
vent. In the preparation of the NPs by ethyl acetate, their mean dia-
meter and mean zeta potential changed from 398 nm to 438 nm and
from —19.2 nm to —20.75 nm, respectively, when using a P188
coating [28]. Different studies have reported that controlling drug re-
lease is one of the most important properties of a nanocarrier system for
cancer treatment. It has been observed that a drug is usually released
faster in an acidic environment (pH 6.5) [33] than a neutral one
(pH 7.5) [34]. One reason for this faster release is the degradation of a
polymer carrier and reduction of the ionic interactions between the
drug and polymer at low pH [35]. PLGA is exposed to autocatalytic
acidic degradation as it is an ester based polymer. However, drug re-
lease is slow and controlled in coated NPs compared to uncoated NPs at
pH 6.5 and 7.4, which can be attributed to the coating protecting the
NP [35].

Here, we observed that MTX released slower and with fewer burst

10

release from the MTX NP2 compared to MTX NP1. This can be attrib-
uted to the characteristics of P188 which creates a more hydrophilic
and acceptable medium for MTX in the NPs. Moreover, the release
profile of PTX was longer and had less burst release from the Co-2 NPs
compared to Co-1 NPs at pH 7.4. Here, it is suggested that MTX is lo-
cated on the outer area of the NPs because of the existence of P188 and
the pharmacological features of MTX. We suggest that PTX is located in
the inner spaces of the NP so that most of the PTX will be released to the
media when the NP degrades. Therefore, a slower release of PTX by the
P188 coating will result.

It has been reported that the EE of docetaxel increased in the pre-
sence of P188 compared to a PVA only coating, and the drug release
profile possessed a weaker burst release which was sustained in the
presence of P188 [28]. Further, PLGA can produce minimal systemic
toxicity when hydrolyzed into two endogenous and natural metabolites,
such as lactic acid and glycolic acid in the body [36-38]. The combi-
nation of two drugs in the NP is an effective approach to decrease
systemic toxicity and the side effects of drugs [39,40]. PTX and MTX are
chemotherapeutic drugs with distinct solubility properties and different
anticancer functions for brain tumors [31,41]. Here, PTX and MTX were
loaded into a carrier to enhance a chemotherapeutic effect. Significant
reduction was observed in the survival rates of U-87 MG cells. Such NPs
may enter cells through endocytosis or phagocytosis in order to induce
a cytotoxic effect [42] where MTX can inhibit DNA synthesis and sti-
mulate a series of intracellular signaling events inducing apoptosis in U-
87 MG cells. Furthermore, PTX can stop microtubule assembly and
disrupt microtubule networks in a cell, thereby causing cell apoptosis
[43].

Several successful combinations of chemotherapeutics (especially
MTX with PTX) have been reported. For example, the combinations of
PTX, MTX and cisplatin have been successful for treating urothelial
malignancies [44]. Further, a synergistic effect of tiazofurin, PTX and
MTX for cancer has been suggested [45]. Moreover, the combinations of
MTX, PTX and doxorubicin have been a strong strategy against human
breast cancer cells [46]. According to our results, a co-drug delivery
formulation demonstrated more cytotoxicity than nanoparticles loaded
with just one drug (MTX or PTX) and free drugs. In addition, Co-2 NPs
were more cytotoxic than Co-1 NPs which can be attributed to the
presence of P188 on the surface of the NPs. This result could be
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attributed to the sustained release of drugs from P188 coated NPs and
better penetration of Co-2 NPs into the cells compared to Co-1 NPs. In
another study, according to MTT results, polycaprolactone nano-
particles loaded with PTX and coated with P188 showed more cytotoxic
effects compared to uncoated nanoparticles [29]. The results of the
present study demonstrate apoptosis hallmarks including fragmented
DNA through DAPI staining, decreased expression of the anti-apoptotic
protein Bcl-2 and disruption of the cell membranes through Annexin-V
[47]. In addition, necrosis was observed for both Co-2 NPs and Co-1
NPs using PI*. Furthermore, the released LDH in U87 cells showed that
the cell membrane integrity was disrupted during the necrosis process
[481.

It is believed that most of the nanoparticles trapped by the liver and
spleen via blood circulation results in an outbreak of side effects.
Targeted drug delivery systems reduce toxicity and increase the accu-
mulation of nanoparticles in the accurate site or organ of the body.
There are lots of reasons which impact this phenomenon including
nanoparticle size, surface modification, morphology, chemical compo-
nents, etc. It seems that particles with mean diameters below 10 nm are
eliminated easily by renal excretion and particles larger than 200 nm
are a proper choice for the mononuclear phagocyte system.

5. Conclusion

In this study, various PLGA NPs with PVA-P188 surface modifiers,
containing MTX and PTX, either alone or combined, were prepared
with proper physiochemical characteristics for parenteral administra-
tion. The most desirable carrier, Co-2 NPs, entered a model glio-
blastoma cell, U87 MG cells, more efficiently. Besides, the apoptotic,
necrotic and cytotoxic activity of Co-2 NPs on U87 MG cells were sig-
nificantly superior compared to other formulations. Therefore, Co-2
NPs prepared in this study, can be a promising candidate for the
treatment of brain cancer, whilst further studies on NP stability, protein
corona formation and cytotoxicity in an animal model are suggested.
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