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ABSTRACT

Background: Cisplatin (CSP) is a potent anticancer drug widely used in treating glioblastoma multiforme
(GBM). However, CSP’s clinical efficacy in GBM contrasted with low therapeutic ratio, toxicity, and mul-
tidrug resistance (MDR). Therefore, we have developed a system for the active targeting of cisplatin in
GBM via cisplatin loaded polymeric nanoplatforms (CSP-NPs).
Methods: CSP-NPs were prepared by modified double emulsion and nanoprecipitation techniques. The
physiochemical characterizations of CSP-NPs were performed using zeta sizer, scanning electron micro-
scopy (SEM), drug release kinetics, and drug content analysis. Cytotoxicity, induction of apoptosis, and
cell cycle-specific activity of CSP-NPs in human GBM cell lines were evaluated by MTT assay, fluorescent
microscopy, and flow cytometry. Intracellular drug uptake was gauged by fluorescent imaging and flow
cytometry. The potential of CSP-NPs to inhibit MDR transporters were assessed by flow cytometry-based
drug efflux assays.
Results: CSP-NPs have smooth surface properties with discrete particle size with required zeta potential,
polydispersity index, drug entrapment efficiency, and drug content. CSP-NPs has demonstrated an ‘initial
burst effect’ followed by sustained drug release properties. CSP-NPs imparted dose and time-dependent
cytotoxicity and triggered apoptosis in human GBM cells. Interestingly, CSP-NPs significantly increased
uptake, internalization, and accumulations of anticancer drugs. Moreover, CSP-NPs significantly reversed
the MDR transporters (ABCB1 and ABCG2) in human GBM cells.
Conclusion: The nanoparticulate system of cisplatin seems to has a promising potential for active target-
ing of cisplatin as an effective and specific therapeutic for human GBM, thus eliminating current
chemotherapy’s limitations.
© 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Glioblastoma multiforme (GBM) is a hostile type of cancer and
is a malignancy of the glial cells of the brain (Anthony et al., 2019).
GBM is characterized by prevalent invasion throughout the brain
parenchyma, robust angiogenesis, significant heterogeneity, highly
metastatic, and survival is typically three months without treat-
ment (Malinovskaya et al., 2017). Surgery, radiotherapy,
chemotherapy remain the mainstay of the GBM treatments. How-
ever, GBM is highly resistant to conventional therapies, and the
average survival time of GBM patients is only 12-15 months
(Liao et al., 2019). Cisplatin (CSP) is a conventionally used anti-
cancer drug with potent cytotoxic effects and an established
radio-sensitizer against solid tumors, including GBM (Ghosh,
2019). However, the clinical utility of CSP is limited by the reduced
ability of the drug to cross the blood-brain barrier (BBB), intrinsic/
acquired drug resistance, development of multidrug resistance
(MDR) mechanisms by cancer cells, dose-limiting normal tissue
toxicity (neurotoxicity, nephrotoxicity, ototoxicity, hepatotoxicity,
and gastrointestinal disturbances), and low bioavailability
(only < 10% of the drug fraction free to exert antitumor effects
due to irreversible binding to plasma proteins) (Ghosh, 2019;
Heffron, 2016; Robey et al., 2018).

Among the various strategies identified to overcome these, the
use of polymeric nano-sized carriers has shown a high tumor-
targeting ability with enhanced drug delivery without redesigning
a drug’s molecular structure (Moreno et al., 2010). Polymer-drug
conjugates were extensively studied as nanoparticulate based drug
delivery systems and found to be effective in anticancer drug tar-
geting as they are biodegradable, compatible, do not accumulate
in the body, and are non-toxic (Farooq et al., 2019). Moreover,
the physicochemical properties of polymeric nanoparticles (NPs)
such as different size (<200 nm), sizeable surface-volume ratio,
enhanced permeability retention (EPR) in cancer cells, tumor
extravasation, self-assembly, specificity, drug encapsulation, and
biocompatibility make them most suitable for anticancer drug tar-
geting (passive targeting) (Masood, 2016). Interestingly, polymeric
nanocarriers prolong the in vivo circulation time, reduce cellular
uptake to the endocytic route, and enhance the delivery of drugs
to tissues with leaky blood vessels (particularly in tumors), and
thus improves the undesirable dose-limiting normal tissue toxicity
associated with conventional chemotherapy (active targeting)
(Hartshorn et al., 2018).

Poly (lactic-co-glycolic acid) (PLGA) is the most effective as a
polymeric carrier and modifier for targeted and increased delivery
of anticancer drugs as they are biocompatible, biodegradable,
allow a sustained drug release, enhance drug effects, reduce
adverse effects, and are already approved by the Food and Drug
Administration (FDA) and the European Medicines Agency (EMA)
(Duan et al., 2016; Moreno et al., 2008). Recent literature suggests
that CSP loaded PLGA NPs have the potential to lessen the adverse
effects without affecting drug efficacy in a tumor model in mice
(Tian et al., 2017). CSP-loaded poly(lactic-co-glycolic) nanoplat-
forms have shown enhanced internalization and cytotoxicity as
compared to free CSP in HER2 targeted ovarian cancer cells
(Dominguez-Rios et al., 2019). NPs prepared from PLGA-B-poly
(ethylene glycol) (PLGA-PEG) have shown increased drug accumu-
lations with improved anticancer properties (Mattheolabakis et al.,
2009; Gryparis et al., 2007). Aptamer functionalized Pt (IV)
prodrug-PLGA-PEG nanoparticles formulation enabled the release
of active CSP inside the prostate cancer cells with enhanced cyto-
toxic effects (Dhar et al., 2008). The cholesterol-CSP-incorporated
PLGA-PEG NPs exhibited sustained drug release, increased uptake,
tumor growth inhibition, and negligible toxicity (Cheng et al.,
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2015). Similarly, platinum prodrug-PLGA-PEG NPs caused
enhanced drug accumulations in tumor-associated macrophages
with controlled drug release effects in tumor cells (Miller et al.,
2015). The codelivery of CSP prodrug with siRNAs using PLGA-
PEG produced a synergistic effect (Xu et al., 2013). The systemic
toxicity of CSP-poly (L-glutamic acid)-g-methoxy PLGA NPs were
found to be less in contrast to free CSP in the lewis lung carcinoma
(LLC) model (Yu et al., 2016). PLGA nanoparticles system as a ‘dual
RNAI delivery system,” which contains both MDR1 and BCL2 siRNA,
has revealed simultaneous inhibition of drug efflux and cell death
defense pathways, thereby overcoming chemoresistance in ovarian
cancer cells (Risnayanti et al., 2018). CSP-methoxy-PEG-PLGA NPs
have been shown to alter drug distribution with less toxic effects
in the kidney (Wang et al., 2013). Similarly, CSP PLGA NPs, pre-
pared by the electrohydrodynamic atomization (EHDA) method,
have imparted sustained release effects and induced apoptosis in
cancer cells (Reardon et al., 2017). The hyaluronic acid (HA) mod-
ified CSP PLGA NPs enhanced anticancer effects by targeting CD44
receptors, which were overexpressed in cancer cells (Alam et al.,
2017). CSP-loaded folic acid-PLGA NPs exhibited a sustained
release effect with improved anticancer activities in lung and ovar-
ian cancer cells (Tian et al., 2017; Cheng et al., 2011).

Though several reports suggest the efficacy of CSP PLGA NPs to
target multiple cancer types, there is no study to elucidate their
anticancer mechanism in human GBM cells. Therefore, in this
study, we have developed CSP loaded PLGA NPs (CSP-NPs) by dou-
ble emulsion and nanoprecipitation techniques. The optimized
CSP-NPs were characterized for the physicochemical properties
(size, zeta potential, polydispersity index, drug encapsulation effi-
ciency, and drug content), morphological features, and the drug
release kinetics. CSP-NPs were assessed for their cytotoxic effects
in human GBM cells (U-343 and LN-229) and healthy brain neu-
ronal cells (HCN-2). Further, the mechanisms of cell death in can-
cer cells were studied by apoptosis assay and cell cycle analysis.
The potential of CSP-NPs to be taken up explicitly by GBM cells
resulting in an increased intracellular accumulation (active target-
ing) was gauged by fluorescent imaging and flow cytometry-based
drug accumulation assays. The recent reports have demonstrated
that NPs have the potential to reverse MDR transporters (ABCB1
or p-glycoprotein) by promoting receptor-mediated endocytosis
(Bar-Zeev et al., 2017). Moreover, the reversal of MDR in cancer
cells by inhibiting the drug efflux transporters (ABCB1 or
p-glycoprotein, ABCG2, or BCRP) is an attractive approach to deli-
ver anticancer drugs in cancer cells by active targeting (Appadath
Beeran et al., 2014, 2015; Maliyakkal et al., 2015). Therefore, the
current study also investigated the potential of CSP-NPs to reverse
the MDR transporters in human GBM cell lines.

2. Materials and methods
2.1. Materials

Poly (D, L-lactic-co-glycolic acid) (PLGA) polymer 50:50 (Reso-
mer 503H) (Boehringer Ingelheim, Germany). Cisplatin, polyvinyl
alcohol, sodium cholate, methyl tetrazolium, doxorubicin,
daunorubicin, Hoechst 33342, dimethyl sulfoxide, propidium
iodide, RNase A, rhodamine 123, verapamil, mitoxantrone, fumitre-
morgin C, dialysis membrane sac, Dulbecco’s modified eagle med-
ium, Trypsin-EDTA, Hank’s balanced salt solution, human
epidermal growth factor, hydrocortisone, insulin, and heparin
(Sigma-Aldrich, St. Louis, MO, USA). Fetal bovine serum and B27
(Gibco-Invitrogen, Carlsbad, CA, USA). The cell culture flasks and
multi-well plates were obtained from Greiner Bio-One,
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Frickenhausen, Germany. HPLC grade solvents were purchased
from Merck, Burlington, USA.

2.2. The analytical method for the estimation of cisplatin using High-
Performance Liquid Chromatography (HPLC)

A sensitive HPLC method was developed and validated for the
quantification of CSP with modifications (El-khateeb et al., 1999).
HPLC system (Shimadzu, Kyoto, Japan) with a dual-wavelength
UV spectrophotometer detector was used for the estimation of
CSP-NPs. The mobile phase consists of an aqueous mobile phase
with 3% v/v methanol, 0.05 mM SDS, and pH 2.5 (adjusted with tri-
flic acid) using Grace vydac C18 column (250 x 4.6 mm, 51) as sta-
tionary phase, maintained at 37 °C with, the flow rate of 0.50 ml/
min, and injection volume of 100 puL at a detection wavelength of
305 nm.

2.3. Formulation and development of cisplatin nanoparticles

2.3.1. Nanoparticles prepared by ‘Double emulsion solvent
evaporation’ technique (CPGE)

CSP-loaded PLGA nanoparticles (CPGE) were prepared by water-
oil-water (w/o/w) emulsion solvent evaporation method, as
reported earlier with modification (Dominguez-Rios et al., 2019).
Briefly, CSP (10 mg) in 2.0 ml of normal saline was emulsified with
PLGA 50:50 (100 mg) in dichloromethane by homogenization and
probe sonication (amplitude of 80, a pulse of 4 sec) for 10 min with
constant stirring at a speed of 1000 rpm. The primary w/o emul-
sion was then transferred dropwise to an aqueous solution
(20 ml) with (1% w/v sodium cholate) with homogenization (Poly-
tron Mixer, Kinematica) at a speed of 15,000 rpm followed by son-
ication in an ice water bath using probe sonicator at an amplitude
of 80, a pulse of 4 sec at a stirring speed 1000 rpm for 10 min to get
a w/o/w emulsion. The stable emulsion was stirred for 12 h for the
removal of organic solvent. CSP nanoparticles (CPGE) were sepa-
rated by centrifugation at 20,000 rpm for 5 min, washed with
saline, lyophilized (using 5% w/v mannitol as lyoprotectant to pre-
vent the aggregation of the nanoparticles and retain their
re-dispersibility), and stored at 4 °C prior to the following use
(Fig. S3).

2.3.2. Nanoparticles prepared by ‘Nanoprecipitation technique’ (CPGN)

CSP-loaded PLGA nanoparticles (CPGN) were also prepared by
the nanoprecipitation/solvent diffusion method, as described ear-
lier with modification (Miladi et al., 2016). Briefly, CSP (10 mg)
and PLGA 50:50 (100 mg) were dissolved in DMSO (1 ml). The
obtained organic solution was added dropwise into (with a micro-
needle) an aqueous solution (10 ml) containing sodium cholate (1%
w/v) under gentle stirring at room temperature to enable the for-
mation of nanoparticles at the solvent interface due to interfacial
phenomena. The DMSO in solution was entirely removed by dialy-
sis. This solution was passed through a membrane filter (0.22 p) to
eliminate the non-incorporated drug and polymer aggregates.
Solutions of CSP-loaded nanoparticles were then lyophilized (man-
nitol 5% w/v) for further characterization and utilization. CSP
nanoparticles (CPGN) were stored at 4 °C prior to the following
use (Fig. S4).

2.4. Characterization of cisplatin nanoparticles

2.4.1. Size and zeta potential analysis

CSP nanoparticles (CPGE and CPGN) were resuspended in 1.0 ml
of phosphate buffer saline (PBS) and characterized for particle size
(PS), zeta potential (ZP), polydispersity index (PDI) using Zetasizer
(Nano ZS, Malvern Instruments, UK).
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2.4.2. Scanning electron microscopy (SEM)

The surface morphology of CSP nanoparticles (CPGE and CPGN)
were studied using SEM. Briefly, CPGE and CPGN were applied to a
metallic cylinder and dried. Subsequently, the samples were
coated with gold using an ion sputter (5 mA for 15 min). Samples
were assigned to an electron microscope using a sample holder.
The surface morphology of nanoparticles was monitored at a volt-
age of 15 kV (JSM-T20, Kyoto, Japan).

2.4.3. Determination of drug loading and entrapment

The efficiency of drug entrapment and loading were assayed by
the HPLC method. Briefly, lyophilized samples (CPGE and CPGN)
were suspended in dichloromethane: methanol (8:2) and vortexed
for 10 min. The organic solution was entirely evaporated with a
nitrogen purge. The residue was reconstituted in millipore water,
filtered through the 0.22 p filter, and 100 pL of the solution was
injected into HPLC for the estimation CSP. The percentage drug
entrapment efficiency was calculated by the amount of drug pre-
sent in nanoparticles divided by the initial amount of drug taken
multiplied by 100%. Similarly, the percentage of drug loading was
estimated by the amount of drug present in nanoparticles divided
by the nanoparticles yield multiplied by 100.

2.5. In vitro drug release

Drug release kinetics of CSP nanoparticles in comparison with
free CSP were determined using the dialysis sac method (Yu
et al., 2019). Briefly, lyophilized CPGE and CPGN were suspended
in PBS (0.10 M at pH 7.4). The solution was then placed into a
pre-swelled dialysis bag with a 12-kDa molecular weight cutoff
and immersed into 20 ml of PBS (pH 7.4) at 37 °C with gentle agi-
tation. At a predetermined time (0-192 h), an aliquot of the
nanoparticle suspension (1 ml) was withdrawn by replacing the
equal volume of fresh PBS. These samples were separated by cen-
trifugation (5000 rpm for 2 min) and filtered through a membrane
filter (0.45 p). HPLC determined the drug concentration in each
sample. The data were represented as the percentage of cumulative
CSP release versus time.

2.6. Cell culture

Human glioblastoma (U-343 and LN-229) and brain neuronal
(HCN-2) cell lines were cultured in DMEM (high glucose with four
mM L-glutamine) with FBS (10%), penicillin (1 kU/ml), and strepto-
mycin (100 pg/ml). The cell lines were procured from American
Type Culture System (ATCC) and were found to be without myco-
plasma contamination.

2.7. Cytotoxicity assay in human glioblastoma cell lines

Cytotoxic effects of CSP nanoparticles (CPGE and CPGN) in
human glioblastoma cells (U-343 and LN-229) and healthy human
brain neuronal cell lines (HCN-2) were measured by MTT assay
(Averineni et al., 2012). Briefly, U-343, LN-229, and HCN-2 cells
cultured at 40-50% confluency were treated with CSP nanoparti-
cles (CPGE and CPGN) (0.1, 1, 10, 50, and 100 pg/mL), free CSP (pos-
itive control) and blank NPs (vehicle control) in triplicates for both
48 and 96 h, respectively. Subsequently, MTT solution (5 mg/mL)
was added to each well and incubated for 4 h. The formazan was
solubilized in DMSO, and the O. D values were measured at
570/630 nm. Cell viability (%) was determined by dividing optical
density (0.D.) of the test by O.D. of vehicle control (blank NPs) mul-
tiplied by 100. IC5o (concentration of the drug required to reduce
the percentage of cell viability to 50) values of CSP, CPGE, and
CPGN were obtained from the % cell viability versus concentration
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plot by non-linear regression analysis using GraphPad Prism
Software.

2.8. Detection of apoptosis

The trigger of apoptosis with CSP nanoparticles (CPGE and
CPGN) treatment was detected by Hoechst 33342 assay
(Appadath Beeran et al., 2015). Briefly, human glioblastoma cells
(U-343 and LN-229) cultured at 50-60% confluency were treated
with CSP nanoparticles (CPGE and CPGN), free CSP, and blanks
NPs (vehicle control) for 96 h. Following the treatment, cells were
collected and washed with HBSS twice (by centrifugation at
2,000 rpm for 5 min at RT). Cells were then stained with Hoechst
33342 (2 pg/mL) for 10 min at 37 °C. Subsequently, cells were
washed with ice-cold HBSS, and apoptosis was measured using a
fluorescent microscope.

2.9. Cell cycle analysis

Cell cycle analysis was performed based on propidium iodide
(PI) staining, followed by DNA analysis using flow cytometry
(Maliyakkal et al., 2013). Briefly, human glioblastoma cells
(U-343 and LN-229) cultured at 40-50% confluency were treated
with CSP nanoparticles (CPGE and CPGN), free CSP, and blank
NPs (vehicle control) for 96 h. Subsequently, a single-cell suspen-
sion was washed with HBSS twice and added 70% ice-cold ethanol
dropwise and stored at minus 20 °C. While processing the sample
for PI staining, the ethanol was removed entirely by washing with
HBSS twice. Cells were treated with RNase A (100 pg/mL) at 56 °C
for 3 h, followed by staining with PI at RT for 15 min. The samples
were analyzed using flow cytometry (FACSCanto II, BD, USA).

2.10. Drug uptake assay using fluorescent microscopy

Drug uptake of CSP nanoparticles in cancer cells were moni-
tored using cellular uptake assay. Briefly, human glioblastoma cells
(U-343 and LN-229) cultured at 40-50% confluency treated with
CSP nanoparticles (CPGE and CPGN), free CSP, and blank NPs (vehi-
cle control) for 96 h, with or without the sub-lethal concentration
of DOX (0.2 uM). At the end of the treatment, cellular uptake and
trafficking of doxorubicin were monitored using a fluorescent
microscope (Leica, Germany).

2.11. Drug accumulation assay using flow cytometry

A flow cytometry-based drug uptake assay was used for the
measurement of CSP nanoparticles content in the cells (Beeran
et al,, 2014). Briefly, human glioblastoma cells (U-343 and LN-
229) were treated with CSP nanoparticles (CPGE and CPGN), free
CSP, and blank NPs (vehicle control) with DNR (2 uM) for 90 min
(in DMEM with 2 %FBS). Consequently, cells were resuspended in
HBSS at 4 °C. The samples were analyzed by a flow cytometer
(FACSCanto II, BD, USA).

2.12. Rhodamine 123 (Rho-123) assays

ABCB1 (p-glycoprotein) inhibitory activity of CSP nanoparticles
was evaluated by Rho-123 assay (Maliyakkal et al., 2015). Briefly,
human glioblastoma cells (U-343 and LN-229) were stained with
Rho-123 (0.50 uM) at standard cell culture conditions (in DMEM
with 2% FBS) for 30 min (accumulation phase). Subsequently, after
washing with HBSS, cells in the culture medium were treated with
CSP nanoparticles (CPGE and CPGN), free CSP, verapamil (50 uM),
and blank NPs (vehicle control) without Rho-123 for 60 min (efflux
phase) at 37 °C. Thereafter, cells were suspended in HBSS at 4 °C
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after washing out the Rho-123. The samples were analyzed by a
flow cytometer (FACSCanto II, BD, USA).

2.13. Mitoxantrone (MX) assay

ABCG2 reversal activity of CSP nanoparticles was assessed by
mitoxantrone (MX) assay (Appadath Beeran et al, 2014;
Appadath Beeran et al., 2015). Briefly, human glioblastoma cells
(U-343 and LN-229) were stained with MX (10 uM) at standard cell
culture conditions (in DMEM with 2% FBS) for 30 min (accumula-
tion phase). Subsequently, after washing with HBSS, cells in culture
medium were treated with CSP nanoparticles (CPGE and CPGN),
free CSP, fumitremorgin C (10 pM), and blank NPs (vehicle control)
without MX for 60 min (efflux phase) at 37 °C. Thereafter, cells
were suspended in HBSS at 4 °C after washing out the MX. The
samples were analyzed by a flow cytometer (FACSCanto II, BD,
USA).

2.14. Statistical analysis

The values are denoted as the SEM of three independent exper-
iments. Statistical evaluation performed using GraphPad Prism 5.0
(GraphPad Software). ANOVA followed by ‘Dunnett’s multiple
comparisons test’ and ‘Bonferroni post-tests,” were employed to
assess the level of statistical significance (p < 0.05).

3. Results

3.1. Estimation of cisplatin concentration in the nanoparticulate
system

CSP concentrations in the nanoparticulate system were quanti-
fied using HPLC. Various experimental parameters (Stationary
phase, the composition of the mobile phase, detection wavelength,
flow rate, and injection volume) were evaluated. An optimized
method developed using a C;g column (250 x 4.6 mm, 5u), which
maintained at 37 °C. The mobile phase consists of an aqueous solu-
tion of SDS (0.05 mM) with methanol (3% v/v) at pH 2.5 (adjusted
with triflic acid). At a detection wavelength of 305 nm, a flow rate
of 0.5 ml/min, and an injection volume of 100 pL, the CSP peak was
well-resolved with a retention time (Rt) of 5.60 min (Fig S1). A plot
of peak area versus concentration demonstrated a linear curve
with a limit of detection at 0.50 pg/mL (r? = 0.999) (Fig. S1). Hence,
this method was used for the precise estimation of CSP in nanopar-
ticulate systems.

3.2. Cisplatin nanoparticles have desired particle size, zeta potential,
and drug content

Formulation and development of CSP nanoparticles were car-
ried out using the modified double emulsion evaporation (w/o/
w) method and nanoprecipitation techniques. Various formulation
parameters were optimized to get the desired physiochemical
properties for the nanoparticles. Among the various batches of
CSP nanoparticles prepared, CPGE (prepared by double emulsion
(w/o/w) solvent evaporation technique) and CPGN (prepared by
nanoprecipitation technique) were selected for further physio-
chemical characterizations.

3.2.1. Particle size and zeta potential

The optimized CSP nanoparticles (CPGE and CPGN) were
assessed for their particle size (PS), zeta potential (ZP), and polydis-
persity index (PDI) using Zetasizer. The particle size of CPGE and
CPGN were 150 + 10.57 nm and 175.10 + 5.92 nm, respectively
(Fig. 1 A and B; Table 1). Similarly, the zeta potential of CPGE
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Fig. 1. Cisplatin nanoparticles have desired particle size, zeta potential, and drug content. The nanoparticles of cisplatin (CPGE and CPGN) were analyzed for their particle
size (PS), zeta potential (ZP), and polydispersity index (PDI) using Malvern zeta sizer. A. Particle size intensity of CPGE. B. Particle size intensity of CPGN. C. Zeta potential
distribution of CPGE. D. Zeta potential distribution of CPGN. The images are representative of three independent experiments.

Table 1
Physiochemical properties of cisplatin nanoparticles. The optimized nanoparticle formulations of cisplatin (CPGE and CPGN) were analyzed for the particle size (PS), zeta potential
(ZP), and polydispersity index (PDI) using Malvern zeta sizer (Figure 1). Drug entrapment and loading efficiency of CPGE and CPGN were determined by HPLC. Numerical data

represent the mean * standard error of the mean of three independent experiments.

Particle size (nm) Zeta potential (mV) Polydispersity index Drug entrapment efficiency (%) Drug loading content (%)

Cisplatin Nanoparticles (CPGE) 150 + 10.57 —54.90 + 2.50 0.236 + 0.05 48.63 £ 4.14 5.67 + 0.52
Cisplatin Nanoparticles (CPGN) 175.10 £ 5.92 —53.80 £ 4.60 0.168 + 0.03 45.13 +3.25 5.38 £0.33

and CPGN were —54.90 = 2.50 mV and —53.80 + 4.60 mV, respec- 3.2.2. Drug entrapment efficiency and drug content

tively (Fig. 1 C and D; Table 1). The polydispersity index for CPGE The optimized nanoparticles of CSP (CPGE and CPGN) were ana-
and CPGN were found to be 0.236 + 0.05 and 0.168 + 0.03, respec- lyzed for drug entrapment efficiency and drug loading content by
tively (Table 1). Therefore, these data revealed that the optimized HPLC (Fig. S2). The drug entrapment efficiency of CPGE and CPGN
nanoparticulate formulations of CSP harbor the desired particle were found to be 48.63 + 4.14 % and 45.13 + 3.25 %, respectively.
size (<200 nm), polydispersity index (<0.10), and zeta potential Similarly, the percentage of drug loading content for CPGE and
(>-60 mV). CPGN were 5.67 £ 0.52 % and 5.38 + 0.33 %, respectively (Table 1).
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A

10.0kV 9.8mm x2.20k SE

Fig. 2. Cisplatin nanoparticles have smooth surface properties with discrete
particle size. The surface morphology of cisplatin n anoparticles (CPGE and CPGN)
were examined using SEM. A Surface morphology of CPGE nanoparticlesB. Surface
morphology of CPGN nanoparticles. The images are representative of three
independent experiments.
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3.3. Cisplatin nanoparticles have smooth surface properties with
discrete particle size

The surface morphology of the optimized CSP nanoparticles
(CPGE and CPGN) were studied using scanning electron micro-
scopy (SEM). Interestingly, the SEM analysis revealed that CPGE
and CPGN nanoparticles have spherical and smooth surface prop-
erties (Fig. 2). Thus, this data revealed that CSP nanoparticles have
discrete particle size and were found to be readily dispersible after
lyophilization.

3.4. Cisplatin nanoparticles show initial burst effect followed by the
sustained drug release

The drug release characteristics of CSP nanoparticles (CPGE and
CPGN) and free CSP were investigated using the dialysis sac
method in vitro. The data of in vitro drug release kinetics were
expressed as a cumulative percentage of CSP release over time.
Interestingly, we found a biphasic pattern characterized by an ini-
tial burst effect with a rapid release of the drug during the first 24 h
(Fig. 3). In the following period, the release of CSP was in a sus-
tained manner from the nanoparticulate system. Three days of
incubation caused 60% of drug release, followed by a slower and
continuous release of CSP for 8 days. In contrast, free CSP showed
a total release of 90% in the first 2 h, followed by a complete release
of the drug in 2 days (Fig. 3). Thus, these data indicated that CSP
release from the polymeric nanoparticles were in a sustained
release pattern and might be useful as a controlled drug delivery
system of anticancer drugs.

3.5. Cisplatin nanoparticles impart cytotoxic effects in human
glioblastoma cells

To investigate the cytotoxicity of CSP nanoparticles (CPGE and
CPGN), human glioblastoma cells (U-343 and LN-229) were treated
with CPGE, CPGN, free CSP (positive control), and blank NPs (vehi-
cle control) for 48 h and 96 h, respectively. Following this, cell via-
bility was gauged by MTT-based assay. Interestingly, in
comparison with the free drug (CSP), CSP-NPs imparted cytotoxic-
ity in human glioblastoma cells in a concentration-dependent
manner (Fig. 4). At 48 h of treatment, the ICso values of CSP, CPGE,

In vitro drug release kinetics

120+

1004

Cumilative Cisplatin released (%)

-& Cisplatin NP (CPGE)
= Cisplatin NP (CPGN)
¥ Cisplatin

0
0

Time (h)

24 48 72 96 120 144 168 192

Fig. 3. Cisplatin nanoparticles show an ‘initial burst effect’ followed by the sustained drug release. Drug release characteristics of cisplatin nanoparticles (CPGE and
CPGN) were determined by the dialysis sac method. The drug release study of free cisplatin was performed under the same condition. Results of in vitro drug release kinetics
were graphically shown as cumulative percentage cisplatin release vs. time. Each point represents the mean + SEM of three independent experiments performed in triplicates.
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Fig. 4. Cisplatin nanoparticles impart cytotoxic effects in human glioblastoma
cells. Human glioblastoma cells (U-343 and LN-229) and human normal brain
neuronal cells (HCN-2) were treated with free cisplatin (CSP), cisplatin nanopar-
ticles (CPGE and CPGN), and blank nanoparticles (vehicle control) for 48 h and 96 h,
respectively. At the end of the treatment, the percentage of cell viability was
determined using MTT assay. ICso (concentration of the drug required to reduce the
percentage of cell viability to 50) was obtained from the graph by non-linear
regression analysis as curve-fit models using GraphPad Software. Each point
represents the mean + standard error of the mean of three independent
experiments performed in triplicates.
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and CPGN in U-343 cells were 12.66 + 0.80 pg/mL, 30.81 £ 2.57 ug/
mL, and 30.70 + 2.92 pg/mL, respectively (Table 2). Similarly, the
IC50 values of CSP, CPGE, and CPGN in LN-229 cells were 9.18 + 0.
80 pg/mL, 20.76 + 1.66 pg/mL, and 22.33 + 1.81 pg/mL, respectively
(Table 2). However, at longer incubations of 96 h, we found a sig-
nificantly enhanced cytotoxic effect for CSP-NPs in cancer cells
compared to 48 h of treatment (Fig. 4). The ICso values of CSP,
CPGE, and CPGN in U-343 cells at 96 h were 3.24 + 0.25 pg/mlL,
4,79 + 0.32 pg/mL, and 4.58 + 0.35 pg/mL, respectively (Table 2).
Similarly, the ICsq values of CSP, CPGE, and CPGN in LN-229 cells
at 96 h were 2.63 + 0.15 pug/mL, 3.83 £ 0.25 pg/mL, and 3.91 £ 0.
30 pg/mL, respectively (Table 2). Thus, this data revealed that in
contrast to 48 h of treatment, CSP nanoparticles produced
enhanced cytotoxic effects at the chronic treatment of 96 h.

Next, we have investigated the cytotoxic effects of CSP nanopar-
ticles in normal (non-cancerous) cells. Accordingly, human brain
cortical neuronal cells (HCN-2) were treated with CSP, CPGE, and
CPGN for 48 h and 96 h, respectively. Following this, cell viability
was gauged by MTT-based assay. The ICsq values of CSP, CPGE,
and CPGN in HCN-2 (at 48 h) were 10.08 + 0.55 pg/mL, 40.80 + 1.
65 pg/mL, and 40.64 + 1.50 pg/mL, respectively (Table 2). Similarly,
the ICsq values of CSP, CPGE, and CPGN in HCN-2 (at 96 h) were 2.
38 +£0.10 pg/mL, 7.18 + 0.45 pg/mL, and 7.75 + 0.50 ug/mL, respec-
tively (Table 2). The ICsq values of CSP-NPs were higher in HCN-2
cells as compared to U-343/LN-229 cells at both 48 and 96 h treat-
ments. Similarly, the ICsq values of CSP-NPs were higher as com-
pared to free cisplatin (CSP) in HCN-2 cells (Fig. 4; Table 2). Thus,
these data revealed that CSP-NPs are relatively less cytotoxic in
normal brain neuronal cells (HCN-2).

3.6. Cisplatin nanoparticles trigger apoptosis in human glioblastoma
cells

The induction of apoptosis was measured using Hoechst 33342
assay. Human glioblastoma cells (U-343 and LN-229) were treated
with CSP nanoparticles (CPGE and CPGN) for 96 h. CSP and blank
NPs were used as controls. Interestingly, the treatment with CSP
nanoparticles exhibited the condensed nuclei, fragmented DNA,
and chromatin condensation, indicating apoptosis (Fig. 5). There-
fore, this data indicated that the cytotoxic activity of CSP nanopar-
ticles was mediated by triggering apoptosis in human glioblastoma
cells.

3.7. Effects of cisplatin nanoparticles in cancer cell cycle

To study the cell cycle-specific effects and mechanisms of cyto-
toxicity of CSP nanoparticles, human glioblastoma cells (U-343 and
LN-229) with CSP nanoparticles (CPGE and CPGN) for 96 h. CSP and
blank NPs were used as controls. A clear normal cell cycle profile
with Go/G; phase, Synthetic (S) phase, G,/M phase, without any
significant apoptotic phase (sub-Go content) was seen in blank
NPs (Fig. 6). Conversely, CSP significantly augmented the sub-Gg
content (1.53 + 0.06 to 14.26 = 0.15 in U-343 cells and
1.23 £ 0.04 to 17.12 + 0.53 in LN-229 cells), indicating the induc-
tion of apoptosis mediated cell death (Fig. 6; Table 3). Similarly,
CPGE and CPGN significantly enhanced the sub-Go content
(1.53 + 0.06 to 20.77 + 0.90 and 1.53 + 0.06 to 22.38 + 1.40 in U-
343 cells, respectively; 1.23 + 0.04 to 2499 = 1.22 and
1.23 £ 0.04 to 26.98 + 3.52 in LN-229 cells, respectively) (Fig. 6;
Table 3). The sub-Gg, content was relatively high in CPGE, and CPGN
treated samples as compared to CSP alone. However, we could not
detect any significant Go/G; or G,/M arrest. Therefore, these data
corroborated that CSP nanoparticles augmented apoptosis
mediated cell death in cancer cells.
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Cytotoxicity of cisplatin nanoparticles in human glioblastoma cells. Human glioblastoma cells (U-343 and LN-229) and human normal brain neuronal cells (HCN-2) were treated
with free cisplatin (CSP) and cisplatin nanoparticles (CPGE and CPGN) for 48 h and 96 h, respectively. Blank nanoparticles were used as vehicle control. At the end of the
treatment, the percentage of cell viability was determined by MTT assay. ICs (concentration of the drug required to reduce the percentage of cell viability to 50) was obtained
from the graph (Figure 4) by non-linear regression analysis as best curve-fit models using GraphPad Prism Software. Numerical data represent the mean * standard error of the
mean of three independent experiments. Two-Way ANOVA, followed by ‘Bonferroni post-tests,” was used to determine the statistically significant ICso values for cisplatin NPs
treatment at 48 h versus 96 h. 1) U-343 and LN-229 cells (***P < 0.001). 2) HCN-2 cells as compared to U-343/LN-229 cells at 48 h (***P < 0.001). 3) HCN-2 cells as compared to U-

343/LN-229 cells 96 h (**P < 0.01).

ICs0 (ng/mL)

U-343 (48 h) LN-229 (48 h) U-343 (96 h) LN-229 (96 h) HCN-2 (48 h) HCN-2 (96 h)
Cisplatin (CSP) 12.66 + 0.80 9.18 + 0.80 3.24 +0.25 2.63 £ 0.15 10.08 * 0.55 2.38 £ 0.10
Cisplatin-NP (CPGE) 30.81 £ 2.57 20.76 * 1.66 479 £ 0.32%* 3.83% 0.25"* 40.80 + 1.65"* 7.18% 045"
Cisplatin-NP (CPGN) 30.70 + 2.92 2233 +1.81 458 + 0.35%* 3.91 + 0.30"** 40.64 + 150" 7.75% 0.50%*

3.8. Cisplatin nanoparticles enhance the drug uptake in human
glioblastoma cells

Since CSP nanoparticles increased apoptosis in cancer cells, par-
ticularly at chronic incubations, we undertook experiments to
assess the intracellular uptake of CSP nanoparticles in cancer cells.
Accordingly, CSP cellular content was measured indirectly using
DOX fluorescence. Briefly, human glioblastoma cells (U-343 and
LN-229) were treated with CSP nanoparticles (CPGE and CPGN),
CSP (positive control), and blank NPs (vehicle control) in the pres-
ence of a sub-lethal concentration of DOX for 96 h. Following treat-
ment, cellular uptake of CSP was monitored visually using a
fluorescent microscope. In control experiments (vehicle control),
we observed extremely low fluorescence (Fig. 7 A). However, the
treatment of cells with CSP showed cellular uptake of cisplatin in
the presence of DOX (Fig. 7 B). Interestingly, the treatment of cells
with cisplatin nanoparticles (CPGE and CPGN) revealed signifi-
cantly enhanced intracellular drug accumulations (fluorescence
appeared to be in both cytoplasm and nuclei) (Fig. 7 C and D).
Thus, these data revealed that CSP nanoparticles increased the cel-
lular uptake and accumulation in cancer cells as compared to free
CSP.

3.9. Cisplatin nanoparticles augment drug accumulation in human
glioblastoma cells

Next, we investigated the accumulation of CSP nanoparticles in
human glioblastoma cells using flow cytometry-based experi-
ments. Human glioblastoma cells (U-343 and LN-229) were incu-
bated with free cisplatin and CSP nanoparticles (CPGE and CPGN)
in the DNR accumulation phase. At the end of the treatment, the
mean fluorescent intensity (MFI) of DNR as an indicator of quanti-
tative CSP accumulations in the cancer cells were measured using
flow cytometry. The intracellular accumulation of free cisplatin
(measured as MFI of DNR) was 142.4 + 10.47 and 145.2 + 13.13
in U-343 and LN-229 cells, respectively (Fig. 8). However, the
MFI for CPGE and CPGN in U-343 cells were 261.6 + 8.54 and
258.9 £ 9.95, respectively. Similarly, the MFI for CPGE and CPGN
in LN-229 cells were 251.6 + 12.48 and 231 * 11.58, respectively
(Fig. 8). Therefore, these data revealed that as compared to free cis-
platin, the treatment of cancer cells with CSP nanoparticles signif-
icantly augmented the intracellular accumulation of CSP in human
GBM cells. These results also suggest that consistent with
enhanced uptake of CSP nanoparticles in cancer cells, CSP nanopar-
ticles also caused significant accumulation of anticancer drug
(DNR) in human GBM cells.

3.10. Cisplatin nanoparticles inhibit multidrug resistance transporter
(ABCBT1 or p-glycoprotein)

Next, we investigated the potential of CSP nanoparticles to inhi-
bit the drug efflux transporters, particularly MDR transporters such
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as ABCB1 and ABCG2. The ability of CSP nanoparticles to block the
ABCB1 mediated drug transport was assessed by the Rho-123
assay. Accordingly, human glioblastoma cells (U-343 and LN-229)
were treated with CSP alone, CSP nanoparticles (CPGE and CPGN),
and verapamil (positive control for ABCB1 inhibition). At the end of
the treatments, drug efflux characteristics were measured by flow
cytometry. The mean fluorescent intensity (MFI) of Rho-123 in the
CSP treated samples were 408.7 + 30.09 and 345.0 + 22.95 in U-343
and LN-229 cells, respectively (Fig. 9). However, verapamil caused
significantly increased the MFI of Rho-123 (408.7 + 30.09 to 921.
0 + 28.47 and 345.0 + 22.95 to 841.3 + 37.69) in U-343 and LN-
229 cells, respectively (Fig. 9). A significantly increased MFI of
Rho-123 indicates the inhibition of ABCB1 mediated drug transport
in the cells. In comparison with free cisplatin (CSP), treatment with
CSP nanoparticles caused significantly increased MFI of Rho-123 in
both cell types (In U-343 cells, 408.7 + 30.09 to 665.2 + 31.33 for
CPGE; 408.7 + 30.09 to 673.1 + 46.02 for CPGN) (In LN-229 cells,
345.0 + 22.95 to 572.0 + 27.82 for CPGE; 345.0 + 22.95 to 537.6 +
39.52 for CPGN). In comparison with verapamil, the relative inhibi-
tion of ABCB1 for CPGE and CPGN (in U-343 cells) were 72.22% and
73.08%, respectively. Similarly, the relative inhibition of ABCB1 for
CPGE and CPGN in LN-229 cells was 67.99% and 63.90%, respec-
tively. Hence, these data corroborated that CSP nanoparticles sig-
nificantly blocked the ABCB1 activity in human glioblastoma cells.

3.11. Cisplatin nanoparticles inhibit multidrug resistance transporter
(ABCG2 or BCRP)

The mitoxantrone (MX) efflux assay was used to assess the
ABCG2 inhibitory effects of CSP nanoparticles. Human glioblas-
toma cells (U-343 and LN-229) were treated with CSP alone, CSP
nanoparticles (CPGE and CPGN), and fumitremorgin C (FTC). The
functional activities of ABCG2 were evaluated by flow cytometry.
A significantly enhanced mean fluorescent intensity (MFI) of MX
in the presence of the FTC/test compound is an indication of inhi-
bition of ABCG2 mediated drug transport in the cancer cells. The
MFI in the CSP treated sample was 70.84 + 6.78 (in U-343 cells).
However, the treatment with FTC caused a significant increase in
the MFI to 219.2 + 11.20 (Fig. 10). As compared to free cisplatin,
CSP nanoparticles produced significantly enhanced MFI in the can-
cer cells (171.1 £+ 8.34 and 142.8 + 11.11 for CPGE and CPGN,
respectively). (Fig. 10). Similarly, in LN-229 cells, As compared to
free cisplatin, CSP nanoparticles caused significantly increased
MFI of MX (109.5 + 7.03 to 387.4 + 22.09 for FTC; 109.5 + 7.03 to
216.4 + 15.72 for CPGE; 109.5 + 7.03 to 219.2 + 11.20 for CPGN)
(Fig. 10). In comparison with FTC, the relative inhibition of ABCG2
(in U-343 cells) for CPGE and CPGN was 78.05% and 65.14%. Simi-
larly, the relative restraint of ABCG2 in LN-229 cells was 55.85%
and 56.58%. Therefore, these data corroborated that CSP nanoparti-
cles significantly inhibited the MDR transporters (ABCG2) and
caused intracellular accumulation of MX in human glioblastoma
cells.
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Fig. 5. Cisplatin nanoparticles trigger apoptosis in human glioblastoma cells. Human glioblastoma cells (U-343 and LN-229) were treated with free cisplatin (CSP),
cisplatin nanoparticles (CPGE and CPGN), and blank nanoparticles (vehicle control) for 96 h. At the end of the treatment, cells were stained with Hoechst 33342 for detection

of apoptosis. Morphological features of apoptosis were gauged using fluorescent microscopy. The images are representative of three independent experiments at a
magnification of 40X.
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Fig. 6. Effects of cisplatin nanoparticles in the cancer cell cycle. Human glioblastoma cells (U-343 and LN-229) were treated with free cisplatin (CSP), cisplatin
nanoparticles (CPGE and CPGN), and blank nanoparticles (vehicle control) for 96 h. At the end of the treatment, cells were harvested, stained with propidium iodide (PI), and

DNA content was analyzed using flow cytometry. The percentage of DNA content in Go/Gy, S, GoM, and sub-Gy was determined. The data is representative of three
independent experiments.
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Cell cycle-specific pharmacological effects of cisplatin nanoparticles in human glioblastoma cells. Human glioblastoma cells (U-343 and LN-229) were treated with free cisplatin
(CSP), cisplatin nanoparticles (CPGE and CPGN), and blank nanoparticles (vehicle control) for 96 h. Cell cycle analysis was performed based on propidium iodide (PI) staining using
flow cytometry at the end of the treatment. The percentage of DNA content in Go/G1, S, GoM, and sub-Gg phase in U-343 and LN-229 cells were determined (Figure 6). Numerical
data are means standard error of the mean of three independent experiments The p-value (***p < 0.001) indicates statistical significance for treated groups compared to the blank
nanoparticles, determined by Two-Way ANOVA followed by ‘Bonferroni post-tests’ using GraphPad Software.

U-343 LN-229

Sub Go phase Go/G; phase S phase G,/M phase Sub Go phase Go/G; phase S phase G»/M phase
Blank NP 1.53 £ 0.06 68.90 + 5.10 4.75 + 0.90 23.73 +2.50 1.23 £ 0.04 60.79 + 6.20 12.55 +2.10 25.52 £ 1.30
Cisplatin (CSP) 14.26 £ 0.15*** 25.97 £3.50 3.37+048 5.80 £ 5.90 17.12 £ 0.53*** 45.12 + 3.00 12.03 + 0.40 26.91 + 4.80
Cisplatin-NP (CPGE) 20.77 + 0.90"** 11.38 £ 4.20 4.73 £ 0.70 8.29 +3.11 24.99 + 1.22% 34.87 +3.20 13.26 + 1.30 19.18 £ 1.85
Cisplatin-NP (CPGN) 22.38 + 1.40" 39.11 £ 5.80 4.46 +1.20 12.35 +2.52 26.98 + 3.52% 47.84 £5.70 6.65 + 0.90 12.00 £ 2.25

4. Discussion

CSP is an anticancer drug commonly used in the treatment of
various solid tumors. Yet, the clinical exploitation of CSP is con-
strained by its toxicity in healthy cells, low bioavailability, and
the development of drug resistance. GBM remains the most chal-
lenging type of tumor with an inadequate response to CSP
chemotherapy (Hanif et al.,, 2017). The objective of this study
was to study the prospect of specific delivery of CSP to human
GBM cells that relied on the nanoparticulate system using PLGA
as a carrier. In contrast to healthy cells, tumor cells have leaky
microvasculature, and hence it is anticipated that nanoparticles
of CSP could accumulate to a greater extent in GBM cells
(Avgoustakis et al., 2002). PLGA is an active and clinically proven
biodegradable polymeric carrier for the enhanced delivery of anti-
cancer drugs as they are efficient, biocompatible, impart sustained
release effects, and enhances the accumulation of drugs in tumors
by minimizing side effects (Shavi et al., 2015; Musmade et al.,
2014). Hence, the incorporation of CSP into PLGA systems as a
nanoparticulate drug delivery system will increase the effective
delivery of CSP in GBM cells with fewer effects in non-cancerous
cells. The unique size of CSP nanoparticles, high surface-volume
ratio, enhanced permeability retention (EPR) effects, tumor
extravasation, self-assembly, and specificity makes them attractive
in passive drug targeting (Patel et al., 2019). Further, CSP PLGA
nanoparticles may enhance the circulation time and deliver the
CSP to GBM cells by reducing cellular uptake to the endocytic route
and thereby eliminating normal tissue toxicity. In this study, we
have prepared the CSP PLGA nanoparticles (CSP PLGA NP) by dou-
ble emulsion (w/o/w) method and nanoprecipitation techniques.
The nanoparticles were characterized for particle size (PS), zeta
potential (ZP), polydispersity index (PDI), drug entrapment effi-
ciency, and drug loading content. The optimized batches of CSP
nanoparticles (CPGE and CPGN) were studied for drug release
kinetics and cytotoxicity in human GBM cells using in vitro models.
The anticancer mechanisms of CSP nanoparticles in human GBM
cells were investigated by apoptosis assay, cell cycle analysis, drug
uptake assay, drug accumulation analysis, and drug efflux assay.

We have used two protocols in the formulation and develop-
ment of CSP nanoparticles. The entrapment of drugs in a drug
delivery system is mainly determined by the solubility of the drug
and polymer. The drug (CSP) is soluble aqueous solution, whereas
the polymer (PLGA) is soluble in organic solvents. Therefore, mod-
ified double emulsion (w/o/w) solvent evaporation and nanopre-
cipitation (solvent diffusion) methods were used for the
formulation of CSP nanoparticles. These methods were used to
analyze the influence of formulation variables for desired PS, sur-
face morphology, ZP, PDI, drug entrapment efficiency, and drug
loading content. CSP to PLGA ratio, organic to aqueous phase ratio,
sonication speed/magnitudes/time, type of surface-active agents,
and concentration of surfactants were optimized to get desirable
PS (0-200 nm), PDI (<0.1), ZP (>minus 20), encapsulation efficiency

867

(>40%), drug loading (>5%) and surface characteristics. During the
formulation and development phase, we found that the optimized
drug to polymer and solvent to non-solvent ratio were 1:10, probe
sonication amplitude was 80 with a pulse of 4 sec for 10 min with
stirring speed of 1000 rpm, concentration of sodium cholate (sur-
factant) was 1% w/v, and the concentration of mannitol (lyoprotec-
tant) was 5% w/v. Among the various batches of CSP nanoparticles
prepared, CPGE, which is prepared by modified double emulsion
procedure, and CPGN, which is developed by the nanoprecipitation
technique, was found to have desired PS, ZP, PDI, drug entrapment
efficiency, and drug loading content. Interestingly, we found that
the modified double emulsion method has resulted in smaller PS
and better drug loading content as compared to the double emul-
sion method used previously. Similarly, the modified double emul-
sion method has produced significantly lower PS as compared to
the nanoprecipitation technique. This may be because the modified
double emulsion method makes the CSP NP more hydrophilic,
which increases the penetration of water from the peripheral aque-
ous phase, thus facilitating drug dissolution and leakage from the
NP during formulations. However, we could find any significant
change in ZP, PDI, drug entrapment efficiency, and drug loading
efficiency for CSP NP formulated by the modified double emulsion
in comparison with nanoprecipitation.

The quantification of CSP by the suitable analytical method was
challenging due to a lack of chromophore or detectable ions. One of
the strategies used for the estimation of CSP was derivatization
with diethyldithiocarbamate (DDTC) to produce the CSP-DDTC
complex and thereby estimating total platinum content
(Zahednezhad et al., 2020). However, these methods have numer-
ous limitations in the detection of CSP in nanoparticulate systems
and biological fluids. Therefore, we have developed a sensitive and
accurate HPLC system for the quantification of CSP in the CSP NP
without any derivatization. This assay was validated for specificity,
linearity, and limit of detection. CSP was well-resolved at a reten-
tion time of 5.60 min at detection of 305 nm. Therefore, in our
experiments, we have used this HPLC method for the estimation
of CSP in the nanoparticulate system. In vitro drug release kinetics
study of CSP NP revealed a biphasic release pattern with the ‘initial
burst release effects’ followed by drug delivery in a sustained fash-
ion over an extensive phase of 192 h. In contrast to free CSP (~80%
of drug release at 1 h), ~70% of encapsulated CSP were released
only at 120 h. This drug release model from the CSP NP is useful
in the active delivery of CSP in a controlled manner (Reardon
et al.,, 2017). The CSP release from the PLGA NP system during
the initial phase is determined by CSP solubility and desorption
from the PLGA system (Malinovskaya et al., 2017). However, dur-
ing the later period, drug release is defined by diffusion and degra-
dation (Malinovskaya et al., 2017). The initial burst release effect
may be due to the instant release of CSP remained on the surface
of NP and was dependent on drug encapsulation efficiency and
drug to polymer ratio used in the formulation. CSP NP formulated
with polyvinyl alcohol (PVA) has exhibited a high drug release as
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compared to sodium cholate. This may be due to the better inter-
face of CSP with polymer matrix and the proper blending of drug
and polymer in the oil phase (Shavi et al., 2015). We found that
CSP to PLGA ratio at 1: 10, the drug release rate is optimal, as is evi-
dent from the SEM analysis that nanoparticles had a smooth sur-
face property. Further, the non-linear form of the graph indicates
that CSP nanoparticles go along with ‘Higuchi release kinetics’
and fit with Ritger-Korsemeyer-Peppas mathematical model
(Shavi et al., 2015).
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Fig. 7. Cisplatin nanoparticles enhance the drug uptake in human glioblastoma cells. Human glioblastoma cells (U-343 and LN-229) were treated with free cisplatin
(CSP), cisplatin nanoparticles (CPGE and CPGN), and blank nanoparticles (vehicle control) in the presence of a of DOX for 96 h. At the end of the treatment, cellular uptake and
trafficking of DOX were monitored using a fluorescent microscope. The data is representative of three independent experiments at a magnification of 40X.

Cytotoxic effects of CSP nanoparticles in human GBM cells (U-
343 and LN-229 cells) were evaluated at two different time points
(48 h and 96 h) treatment. We found that CSP nanoparticles
imparted less cytotoxic effects as compared to free CSP at 48 h at
equivalent doses, which follows previous reports (Li et al., 2008).
This may be due to the core-shell structure of PLGA nanoparticles
and controlled delivery of CSP, ultimately resulting in the slow
release of CSP into the culture medium. If cells are treated with
CSP nanoparticles for prolonged periods, the CSP concentration
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Fig. 8. Cisplatin nanoparticles augment drug accumulation in human glioblastoma cells. Human glioblastoma cells (U343 and LN229) in DMEM with 2% FBS were
incubated with free cisplatin (CSP), cisplatin nanoparticles (CPGE and CPGN), and blank nanoparticles (vehicle control) in the presence of DNR for 90 min at 37 °C
(Accumulation phase). Cells were washed with HBSS, and the mean fluorescent intensity (MFI) of DNR was measured using flow cytometry. The overlay histograms are
representative of three independent experiments. Each point in the bar graph represents the mean # standard error of the mean of three independent experiments. The p-
value (*** p<0.0001) indicates statistical significance for cisplatin nanoparticles compared to the cisplatin, determined by One-Way ANOVA followed by ‘Dunnett’s Multiple

Comparison Test’ using GraphPad Prism 5.

may increase owing to the sustained release characteristics (Li
et al., 2008). Therefore, we did an extended treatment of GBM cells
with CSP-NPs for 96 h. Interestingly, at a treatment period of 96 h,
CSP-NPs produced enhanced cytotoxic effects in human GBM cells
as compared to 48 h treatment. This may be explained as time-
dependent properties for 1. polymer degradation, 2. sustained
release of nanoparticles, 3. cell-dependent effects, and 4. intrinsic
effect of CSP (Moreno et al., 2010). The drug release kinetics data
had indicated that only ~ 65% of CSP was released at 96 h. However,
the cytotoxicity assay at long-term treatment (96 h) revealed that
CSP nanoparticles imparted similar IC50 as compared to free CSP.
Thus, these data suggest that CSP nanoparticles exert relatively
more cytotoxicity on cancer cells as compared to free CSP at
96 h, as ~ 35% of the drug remains unreleased from the nanopartic-
ulate system at 96 h. This may be due to the enhanced uptake of
nanoparticles by cancer cells and sustained release properties of
PLGA based nanoparticles. Interestingly, we found that in contrast
to free CSP, CSP nanoparticles failed to impart significant cytotox-
icity in healthy brain neuronal cells (non-cancerous cells) as com-
pared to human GBM cells. The decreased IC50 values for cisplatin
nanoparticles in normal cells at the 96 h of treatment may be due
to the increased amount of cisplatin released from the polymeric
system as compared to 48 h, thus exerting the cytotoxicity. How-
ever, the cisplatin nanoparticles produced significantly higher
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IC50 values in normal cells as compared to cancer cells or free cis-
platin, indicating that nanoparticles have less cytotoxicity on
healthy brain neuronal cells. This may be explained by the effects
of the polymeric system (PLGA is non-toxic and biodegradable),
and they can penetrate and accumulate in the cancer cells with less
cytotoxic effects on normal cells (Moreno et al., 2010; Patel et al.,
2019).

Inducers of apoptosis in cancer cells have attracted a good inter-
est in the development of anticancer agents (Maliyakkal et al.,
2013). Since the cytotoxicity data indicated a similar cytotoxic pro-
file between free CSP and CSP nanoparticles at 96 h, the apoptosis
assay and cell cycle analysis were fixed at 96 h. Hoechst 33342
assay revealed the CSP nanoparticles induced apoptosis, which
was comparable with free CSP treatments. Further, cell cycle anal-
ysis and quantitative estimation of apoptosis (by measuring sub Gg
DNA content) revealed that treatments with CSP nanoparticles pro-
duced a relatively high sub Gq phase (indicating apoptosis) as com-
pared to free CSP. However, we could detect any significant cell
cycle arrest at any phase. The SubGg peak was evident with the loss
of populations from the Go/G; and G,/M phase. Therefore, our
results corroborated that CSP nanoparticles significantly induced
apoptosis in human GBM cells. These enhanced anticancer effects
of CSP nanoparticles may be due to the enhanced drug uptake.
Therefore, we assessed the intracellular accumulation of CSP
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Fig. 9. Cisplatin nanoparticles inhibit multidrug resistance transporter (ABCB1 or p-glycoprotein).Human glioblastoma cells (U343 and LN229) cells in DMEM with 2%
FBS were incubated with Rho-123 for 30 min at 37 °C; after which cells were washed and re-incubated with free cisplatin (CSP), cisplatin nanoparticles (CPGE and CPGN),
blank nanoparticles (vehicle control), and verapamil (positive control) for 60 min at 37 °C (efflux phase). The mean cellular Rho-123 fluorescence in the efflux phase with
cisplatin, cisplatin nanoparticles (CPGE and CPGN), and verapamil were analyzed by flow cytometry. The overlay histograms are representative of three independent
experiments. Each point in the bar graph represents the mean + standard error of the mean of three independent experiments. The p-value (*** p<0.0001) indicates statistical
significance for treated groups compared to the free cisplatin, determined by One-Way ANOVA followed by ‘Dunnett’s Multiple Comparison Test’ using GraphPad Prism 5.

nanoparticles in cancer cells based on the fluorescent microscopy-
based assay. Our data shows that the treatment of cancer cells with
CSP nanoparticles significantly augmented the drug retention in
the presence of DOX. Similarly, the flow cytometry based DNR
accumulation assay also indicated that CSP nanoparticles caused
significant drug accumulations in cancer cells. This enhanced
uptake and intracellular accumulations of CSP nanoparticles may
be due to the characteristics of nanoparticles, such as nanoparticle
size, sustained-release effects, and specific uptake of nanoparticles
by cancer cells through the inhibition of drug efflux transporters
present in the cancer cell membrane (Sharma et al., 2018).

Drug resistance remains a significant obstacle in CSP based
chemotherapy (Ghosh, 2019). CSP resistance is due to the reduced
influx and increased efflux of CSP, which ultimately diminishes
drug retention in cancer cells (Duan et al., 2016). Among the
numerous mechanisms of CSP resistance, the involvement of mul-
tidrug resistance proteins (MRPs), a drug efflux transporter, has
attracted wide interest. MRPs causes the efflux of CSP outside the
cell leading to the diminished intracellular concentration of drugs
(Farooq et al., 2019). Recent reports have demonstrated that platin-
M (CSP prodrug) nanoparticles loaded into PLGA-PEG, allowed
intra-mitochondrial delivery of CSP in neuroblastoma cells to over-
come drug resistance, thereby enhanced drug retention in the
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brain without neurotoxicity (Marrache et al.,, 2014). However,
there is no study reported which investigates the potential of CSP
nanoparticles to inhibit the drug efflux transporters. In our exper-
iments, since the CSP nanoparticles caused enhanced uptake and
accumulations of anticancer drugs (DOX and DNR) in cancer cells,
we have undertaken experiments to assess the potential of these
nanoparticles to reverse the functional activity of MDR trans-
porters. Thus, the ability of CSP nanoparticles to inhibit the func-
tional activities of ABCB1 (p-glycoprotein) and ABCG2 (BCRP)
were assessed using Rho-123 and MX efflux assays (Beeran et al.,
2014). The potential of CSP nanoparticles to reverse these MDR
transporter’s activities in cancer cells were performed in compar-
ison with standards, such as verapamil (inhibitor of ABCB1) and
FTC (inhibitor of ABCG2). Interestingly, our results revealed that
CSP nanoparticles caused significant inhibition of ABCB1 and
ABCG2 in human GBM cells. Further, it was found that nanoparti-
cles produced 60-75% of relative inhibition of ABCB1 as compared
to verapamil. Similarly, as compared to FTC, CSP nanoparticles
have shown 55-78% of relative inhibition of ABCG2 in human
GBM cells. Therefore, it was found that CSP nanoparticles reverse
the MDR in human GBM cells by enhancing drug accumulation,
inhibiting drug efflux mechanisms via ABC transporters, such as
ABCB1 and ABCG2.
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Fig. 10. Cisplatin nanoparticles inhibit multidrug resistance transporter (ABCG2 or BCRP). Human glioblastoma cells (U343 and LN229) cells in DMEM with 2% FBS were
incubated with MX for 30 min at 37 °C; after which cells were washed and re-incubated with free cisplatin (CSP), cisplatin nanoparticles (CPGE and CPGN), blank
nanoparticles (vehicle control), and fumitremorgin C (positive control) for 60 min at 37 °C (efflux phase). The mean cellular MX fluorescence in the efflux phase with cisplatin,
cisplatin nanoparticles (CPGE and CPGN), and fumitremorgin C were analyzed by flow cytometry. The overlay histograms are representative of three independent
experiments. Each point in the bar graph represents the mean + standard error of the mean of three independent experiments. The p-value (*** p<0.0001) indicates statistical
significance for treated groups compared to the free cisplatin, determined by One-Way ANOVA followed by ‘Dunnett’s Multiple Comparison Test’ using GraphPad Prism 5.

5. Conclusion

CSP is a conventionally used chemotherapeutic drug routinely
used in the treatment of solid tumors. However, the clinical effec-
tiveness of CSP in GBM is reduced, owing to the inability to cross
the blood-brain barrier, toxic side effects, drug resistance, and
relapse. We have designed and developed the nanoplatform of
CSP with the PLGA system to improve the delivery of CSP to
GBM, thus reducing adverse effects and toxicities. The present
study demonstrates that this nanoplatform of CSP has excellent
encapsulation efficiency, desired particle size, and sustained drug
release properties. In vitro cytotoxicity assay revealed that CSP
nanoparticles impart cytotoxic effects in human GBM without
affecting normal brain cortical neuronal cells. Further, studies have
corroborated that CSP nanoparticles augmented apoptosis and
enhanced cellular uptake and intracellular drug accumulations,
which enables the effective delivery of the CSP into the human
GBM cells, thus offering its therapeutic outcome. More interest-
ingly, CSP nanoparticles inhibited the MDR transporters such as
ABCB1 and ABCG2, thus enabling the blockade of the drug efflux
mechanism. Chemoresistance remains a limitation for the success-
ful treatment of GBM, and the inhibition of the MDR mechanisms
by CSP nanoparticles could be a favorable alternative for the effec-
tive treatment of GBM. Thus, this study found a promising method
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for the effective delivery of CSP in GBM cells, resulting in enhanced
therapeutic effects and minimizing adverse effects. However, this
nanoplatform warrants further research to depict the relationship
between the physicochemical characteristics of CSP-NPs and the
mechanisms of the actions of MDR. Further in vivo studies using
mouse xenograft models may lead to the biodistribution character-
istics of CSP-NPs, its ability to cross the BBB, drug uptake/retention
mechanisms, in vivo pharmacokinetics, and drug release kinetics
with tumor interactions. Thus, this study enlightens the viability
and benefits of selective targeting of CSP in clinical applications.
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