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Abstract

Introduction: Cancer remains a challenging issue against human health throughout the world; As a result, introducing novel
approaches would be beneficial for cancer treatment. In this research, sodium butyrate (Sb) is one of the effective anti-cancer thera-
peutics (also a potent survival factor for normal cells) that was used for prostate cancer suppression in the platform of modified chitosan
(CS) nano-complex (polyethylene glycol (PEG)-folic acid (FA)-Sb-CS). Methods: Different analytical devices including Fourier trans-
form infrared, dynamic light scattering, high-performance liquid chromatography, scanning electron microscopy, and transmission elec-
tron microscopy were applied for the characterization of synthetics. On the other hand, biomedical tests including cell viability assay,
molecular and functional assay of apoptosis/autophagy pathways, and cell cycle arrest analysis were potentially implemented on human
PC3 (folate receptor-negative prostate cancer) and DUI45 (folate receptor-positive prostate cancer) and HFF-1 normal cell lines.
Results: The quality of the syntheses was effectively verified, and the size range from 140 to 170 nm was determined for the PEG-
CS-FA-Sb sample. Also, 75 + 5% of drug entrapment efficiency with controlled drug release manner (Sb release of 54.21% and
74.04% for pHs 7.4 and 5.0) were determined for nano-complex. Based on MTT results, PEG-CS-FA-Sb has indicated 72.07% and
33.53% cell viability after 24 h of treatment with 9 mM on PC3 and DU 145 cell lines, respectively, which is desirable anti-cancer per-
formance. The apoptotic and autophagy genes overexpression was |5-fold (caspase9), 2.5-fold (BAX), |I-fold (ATGS), 2-fold
(BECLINI), and 3-fold (mTORCI) genes in DU145 cancer cells. More than 50% of cell cycle arrest and 45.05% of apoptosis were
obtained for DU145 cancer cells after treatment with nano-complex. Conclusion: Hence, the synthesized Sb-loaded nano-complex
could specifically suppress prostate cancer cell growth and induce apoptosis and autophagy in the molecular and cellular phases.
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Introduction

Cancer, as the most significant subject related to human being
health, is the leading cause of death around the globe.'
Prostate cancer is the most devastating cancer among men
with poor and challenging management during oncology prac-
tice. Accordingly, its eradication and at least suppression
remain challenging issues throughout the world. Instead, con-
ventional therapeutic approaches such as surgery, chemother-
apy, radiation therapy, thermal therapy, etc, which are applied
to cancer therapy for decades did not serve as a potential
method for prostate cancer inhibition.>” These conventional
techniques in cancer therapy owing to their deficiencies like the
high side effect, nonspecificity, less cost-effectiveness, poor
recovery of patients after treatment, and so on are not efficient.®
On the other hand, sodium butyrate (Na-OOCCH,CH,CHj;: Sb)
as a type of natural root bioactive in cancer suppression can
apply to the inhibition of various cancers like lymphoma, lung,
breast, prostate, kidney, liver, and so forth.” Butyrates are natu-
rally occurring short-chain fatty acids that act as a potential
energy source, differentiation substance, and survival factor for
normal cells®; hence, they are completely biocompatible and bio-
degradable for normal cells. This therapeutic agent can consider-
ably suppress vascular endothelial growth factor (VEGF) through
inhibiting histone deacetylases (HDACs) and decreasing
VEGFR-mediated angiogenesis and consequently, results in
protein kinase B (Akt)-mediated suppression of cell-cycle in the
G2/M phase. In the following, reducing the level of Akt, Bcl2,
IL6, IL17, and other biomolecules which are involved in angio-
genesis and apoptosis can induce programmed cell death in
various cancer cells.”'® By affecting these functional genes
expression, butyrates play a prominent role in the regulation of
cell cycle progression, differentiation, apoptosis, and autophagy.
Butyrates can also induce autophagy in cancer cells by LKB1/
AMPK signaling pathway. Moreover, it has been reported that
butyrate treatment decreases the metastatic capability of cancer
cells via suppression of CD44 and pro-MMP-2.'!:12

As a result, the essential need for finding novel therapeutic
techniques such as using nanomaterials as drug delivery
systems would be more beneficial for efficient cancer therapy.
In the last decades, nanoparticles have been emerging as poten-
tial pharmacological devices due to their specific properties
such as small sizes, physiochemical characteristics, surface
structure, solubility, serum stability, shapes, ease of manipula-
tion, and so forth."*~'® Moreover, nanoparticles can escape
from immune clearance by the lymphocyte-macrophage
system, avoid fast clearance of kidney, and as well as ignore
liver and lung filtrations due to their surface modifications,
size, and structure which, in turn, improve pharmacokinetics
and pharmacodynamics of therapeutic agents in the human
body.!” There are 2 types of nanoparticle-based drug delivery
systems: passive and active. The passive drug delivery system
is based on enhanced permeability and retention (EPR)
effects in which drug-loaded nanocarrier can penetrate cancer
sites through uneven endothelium of blood vessels in tumor
tissue since vasculatures are irregular in shape and leaky.'®

Furthermore, in active drug delivery systems, nanodevices
can uptake in tumor cells via receptor-mediated internalization
which is also known as targeted drug delivery systems.
Ligand-decorated nanoparticles are involved in active therapeu-
tic delivery systems against receptors of specific cancer cells.'

Among various nanomaterials, polymeric nanoparticles such
as chitosan (CS) because of different remarkable characteristics,
including enhancing drug half-life in human serum, high drug
loading capacity, sustained and controlled bioactive release,
avoiding enzymatic degradation, suitable biodegradability and
biocompatibility, ignoring immune system cells, etc are consid-
ered as a promising candidate for efficient bioactive delivery to
tumor cells and cancer therapy.’*?' In addition, functional
surface amino groups of CS nanoparticles lead to providing
an opportunity for potential surface functionalization and mod-
ification which plays a prominent role in improving aspects of
CS nanoparticles such as getting away from immune clearance
by the lymphocyte-macrophage system and clearance of
kidney, and pharmacokinetics and pharmacodynamics.?? For
instance, surface modification of CS with polyethylene glycol
(PEG) biopolymer can further increase various aspects of nano-
carrier like biocompatibility and biodegradability, serum stabil-
ity, EPR effect, controlled drug release, etc. 2324 Furthermore,
the surface amino groups can be potentially involved in the con-
jugation of biomolecules for targeting nanocarriers to cancer
sites. By functionalization of nanoparticles with targeting
agents like an antibody, aptamer, peptide, folic acid (FA), and
so forth, active drug delivery systems can be fabricated which
is in favor of novel nanoparticle-based devices in cancer prog-
nosis, diagnosis, and therapy.”> FA due to its specificity
towards FA-receptors, good conjugating properties, ease to
access, inexpensive, nonimmunogenicity, facilitating EPR
effect, high serum stability, biodegradability, biocompatibility,
and so on, is an efficient biomolecule for site-specific cancer
therapy.?®?” FA-receptors have a high expression on the
surface of various tumors such as breast, liver, kidney, prostate,
etc, which significantly improve targeted internalization of
nano-conjugate to target cells.

Herein, we effectively developed PEG-modified and
FA-functionalized CS-based nano-complex for the targeting
delivery of Sb to various prostate cancer cells. This combination
is new and there aren’t any similar samples. While Sb can have
an effective role in cancer inhibition in combination with tar-
geted and biocompatible structure can be more effective and
safe for in vivo application. After the synthesizing of PEG
and FA conjugated nano-complex and drug loading, several
analytical devices such as Fourier transform infrared (FT-IR),
dynamic light scattering (DLS), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) were
applied to the qualification and quantification of synthetics.
Then, the drug loading efficiency and drug release manner of
the PEG-CS-FA-Sb sample were measured quantitatively by
high-performance liquid chromatography (HPLC).
Subsequently, in vitro biomedical tests, including cell viability,
a molecular and functional assay of apoptosis /autophagy path-
ways, and cell cycle arrest analysis were potentially
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implemented on human PC3 (FA receptor-negative) and
DU145 (FA receptor-positive) prostate cancer cell lines and
HFF-1 as normal cell line for evaluating the prostate cancer
cells” inhibition potency of synthetics.

Materials and Methods

Reagents and Apparatus

CS (Mw: 50 000 to 190 000 Da; Viscosity: 20 to 300 cp; CAS
Number: 9012-76-4), NH2-PEG20K-COOH, HCI salt (Mw:
20 000 Da; CAS number: jka5160), FA (Mw: 441.4 g/mol;
CAS number: 59-30-3), Sb (> 98.5% GC; molecular weight:
110.09 gmol™'; CAS number: 156-54-7) tripolyphosphate
(TPP, CAS number: 7758-29-4), 1-ethyl-3-(3-dimethyl-amino-
propyl) carbodiimide (EDC, CAS number: 25952-53-8),
N-hydroxysuccinimide (NHS, CAS number: 6066-82-6),
di-methyl-sulphoxide (DMSO, CAS number: 67-68-5), and cel-
lulose dialysis membranes were obtained from Sigma Aldrich.
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), the RPMI 1640 medium, Dulbecco’s Modified Eagle
Medium (DMEM), and fetal bovine serum (FBS) were also
bought from Sigma-Aldrich. The DU145, PC3 prostate cancer
cell, and HFF-1 normal cell lines were obtained from the
Institute of Pasteur, Iran.

Spectroscopic evaluations of syntheses were carried out by
applying an FT-IR spectrometer (Perkin-Elmer 843), and
HPLC. The SEM and TEM images were taken through
Philips EM 208S (the Netherlands), and the DLS technique
was performed via NanoBrook 90 Plus (Brookhaven, USA).

Synthesis of PEG-CS

In this step, NH2-PEG-COOH was conjugated to surface-
modified CS by esterification reaction with NHS and EDC
which led to the formation of an amide bond between the
PEG amine group and modified CS. To synthesize
PEGylated-CS, the CS solution was prepared by dissolving

Conjugation efficiency(%) =

Conjugated FA Con. (Total FA con. — Free FA Con.) <10

80 mg of CS in 2 mL of acetic acid 1% under vigorous stir-
ring at room temperature for 5 h. Then, a PEG solution was
provided using EDC/NHS. 7.6 mg of PEG was added to
20 mL of the prepared mixture of EDC (0.4 mM)/NHS
(0.1 mM) solution and stirred at 60 rpm at room temperature
for 4 h. This reaction was implemented at dark and nitrogen
atmosphere conditions. Then, the prepared solutions were
mixed and 1 mM of NaOH was added to the mixture drop
by drop under stirring conditions to obtain PEG-CS
precipitation.

Synthesis of PEG-CS-FA

In this phase, FA as a targeting agent was conjugated to surface-
modified CS by esterification reaction with NHS and EDC
which led to the formation of an amide bond between the FA
and modified CS. This conjugation was carried out as follows
the procedure. Firstly, 280 mg of FA was solubilized in EDC/
NHS solution (1:1 molar ratio) and stirred at 80 rpm for 3 h
under light-protected and nitrogen circumstances. Secondly,
the prepared PEG-CS copolymer solution in 10 mL of acetic
acid 1% was added to the prepared FA solution, and the reaction
was incubated at 70 rpm of stirring and room temperature over-
night. This reaction was also implemented in dark conditions
and a nitrogen atmosphere. Then, the pH of the solution was
neutralized using NaOH. Eventually, to obtain the globular
nano-complex, 1 mL of TPP 0.5% was added to the prepared
PEG-CS-FA solution drop by drop under ultra-sonication con-
ditions. After that the precipitated PEG-CS-FA was ultracentri-
fuged at 15 000 rpm for 20 min. The supernatant containing
free PEG and FA was removed and replaced by a fresh phos-
phate buffer saline (PBS) buffer. The monodispersed nano-
complex would be achieved by ultra-sonication. The absor-
bance of free FA concentration was calculated by measuring
256 nm and the concentration was evaluated by standard
curve. The efficiency of FA conjugation was calculated accord-
ing to the below formula:

0

The conjugation efficiency of FA was about 60 + 10%.

Drug Loading into PEG-CS-FA

In this part, a certain amount of Sb was suspended in the ionized
water and drug loading was performed in an aqueous solution.
Briefly, 30 mg of the Sb was dissolved in 8 mL of deionized
water under stirring at 70 rpm for 3 h to obtain a homogenous
solution. Then, the drug-containing solution was added to
5mL of PEG-CS-FA at room temperature, and the solution
was stirred at 90 rpm for 10 h. Thereafter, 1 mL of TPP was

Total FA Con.

slowly added to the drug-containing solution under ultra-
sonication conditions. Afterward, the drug-loaded nano-
complex was ultracentrifuged at 15 000 rpm for 20 min for
drug entrapment efficiency assessment. The supernatant con-
taining free Sb was lyophilized for considering the Sb concen-
tration by HPLC. For cellular and analytical experiments, the
drug-loaded nano-complex was transferred to a dialysis tube
and free drugs were separated by dialyzing in 1000 mL of the
PBS buffer (pH 7.4) at room temperature on a magnetic
stirrer for 30 min. Dialysis was also repeated with deionized
water 3 times.
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Characterization of Synthetics

Various analytical techniques were applied for the qualification
and quantification of synthetics. FT-IR spectroscopy was used
for the qualification of conjugates. The FT-IR spectra of the
synthesized nanocomposites were conducted utilizing the KBr
pellets strategy at diffuse reflectance mode of 4 cm™" within
the extend 400—4000 cm™!. For more characterizations, the
DLS gadget was connected to find out the hydrodynamic mol-
ecule estimate and the surface charge of the nanocomposites.
These tests were measured at 25 + 1 °C utilizing weakened
specimens. The zeta potential of nanocomposites was evaluated
by a zeta sizer. Each test was exhausted triplicate. In addition,
the molecule measure and dispersity of the nanocomposites
were examined through TEM. The naturally arranged suspen-
sions of the nanocomposites were scattered onto a copper
framework which proceeded by its drying at 25 °C. After the
retention of additional water particles by channel paper, the
specimen’s microphotographs were taken at a quickening

Entrapped Sb con. (Total Sb con. — Free Sb Con.) .

voltage of 120 kV. On the other hand, the surface morphology
and dispersion of tests were overviewed by applying an SEM.
Also, HPLC was employed for the quantification analyses of
specimens.

Drug Entrapment Efficiency

To the measurement of drug-loading rate into PEG-CS-FA
nano-complex, 5 mg lyophilized supernatant, containing
free Sb in the 2.4 section, was dissolved in 1 mL of methanol,
and the Sb values in the solution were ascertained by HPLC.
This measurement was carried out by applying a C18 column
(5 pm, 250 mm X 4.6 mm) and using methanol and 0.1%
acetic acid (88:12) (v/v) as mobile phase. The flow rate was
considered 1.0 mL/min. The ultraviolet detector wavelength
was 480 nm and the injection volume was 30 pL. The entrap-
ment efficiency was calculated according to the below
formula:

100

Entrapment efficiency (%) =

Drug Release Study

The in vitro drug release behavior of PEG-CS-FA-Sb synthetics
was scrutinized in PBS as a simulation of real release medium at
pHs 7.4 and 5.0 under 37°C® Briefly, 2mg of
PEG-CS-FA-Sb nano-complex was suspended in 4 mL of
PBS and spilled in the prepared dialysis membrane.
Thereafter, the dialysis tube was immersed in 100 mL of PBS
at a backer, and the container was placed in an incubator-shaker
set at 60 rpm at 37 °C. Afterward, 150 pL of the release medium
was gathered at regular intervals of time by 64 h, and the
removed release medium was again substituted with fresh
PBS at all times. Then, collected specimens were assessed (n
= 3) according to the free drug calibration curve using an
HPLC device at a wavelength of 480 nm.

Cell Culture

The human PC3, DU145 prostate cancer, and HFF-1 normal
cell lines were purchased from the Pasture Institute of Iran.
These cell lines were separately cultured in the RPMI
medium supplemented with 10% FBS, 2 mM glutamine,
100 pg/mL streptomycins, and 100 [U/mL penicillin for cellu-
lar assessment.

Cell Viability Assay

3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
(MTT) assay is applied to evaluate the cytotoxicity synthetics
including PEG-CS, PEG-CS-Sb, PEG-CS-FA, and

Total Sb Con.

PEG-CS-FA-Sb nano-complexes, on prostate cancer cells
(PC3, DU145, and HFF-1) after 24, 48, and 72 h of treatment.
To achieve this, relatively 1 x 10* cells/well of (96 well plates)
were seeded and incubated at 37 °C and 5% CO, for 24 h. Next,
the nano-complexes were prepared in a serum-supplemented
tissue culture medium which was followed by sterilizing
through a 0.2 mm filter at pH 7.4. After incubation, the
culture medium was substituted via an equal amount of new
medium containing various concentrations (1.125, 2.25, 4.5,
and 9mM) of PEG-CS, PEG-CS-Sb, PEG-CS-FA, and
PEG-CS-FA-Sb  samples. The Sb concentrations in
PEG-CS-Sb and PEG-CS-FA-Sb treatments are 20, 10, 5, 2.5,
and 1.25 mM. After mentioned times, the medium of sample-
treated wells was replaced by 200 pL RPMI without serum,
and 15 pL of sterile-filtered MTT salt was solubilized in PBS
pH 7.4 (5§ mg/mL) and added to each well at 0.5 mg MTT/
mL final concentration. The plate was incubated for 4 h.
Afterward, the suspension liquid was collected and the cells
were re-suspended in DMSO and optical density (OD) was
read at 570 nm using an ELISA reader (Bio-Rad Instruments
Inc., USA). The difference in OD of the treated and nontreated
cells was applied for the calculation of cell viability. All exper-
iments were repeated 3 times.

Gene Expression Study

The quantitative expression of genes involved in apoptosis
(Caspase 9, BAX) and autophagy (ATGS, BECLINI,
mTORC1) were measured via quantitative real-time PCR
(qQRT-PCR) technique. Briefly, prostate cancer cells were
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seeded in 6-well plates (1 X 10° cells/well) and incubated for
24 h at 37 °C and 5% CO,, and the cells were treated with
IC5o concentrations of PEG-CS, PEG-CS-Sb, PEG-CS-FA,
and PEG-CS-FA-Sb nano-complexes which were followed by
further incubation for 24 h. Thereafter, the RNA of the sedi-
mented trypsinized prostate cancer cells was isolated by sub-
merging them in RNX-PLUS solution and 200 puL of
chloroform. After centrifugation of cells and collecting the
supernatant, isopropanol solution was added to the cell-
containing vial, the cells were centrifuged again, and precipita-
tion was immersed in 1 mL of ethanol 75%. Next, 1000 ng of
high-quality RNA was utilized for cDNA synthesis by the
reverse transcription process as the following content: 10 pL
of master mix real-time, 3 uL (10 ng) RNA, and 7 pL double
distilled water. The gqRT-PCR test was performed with a
14 pL of the reaction mixture, 1 pL of cDNA, 7 uL of low
Rox master mix real-time, and 0.5 pL of forwarding primer
(Caspase-9: 5-TGGCTCCTGGTACGTTGA-3'; Bax: 5-TTT
CTGACGGCAACTTCAACTG-3"; ATGS: 5'-CATTCAGAA
GCTGTTTCGTCCT-3'; BECLIN1: 5-GATGATGTCCACA
GAAAGTGC-3'; mTORC1: 5'-CTGATTCTCACAACCCA
GCG-3') and 0.5 pL of reverse primer (Caspase-9: 5'-GAAA
CAGCATTAGCGACCCT-3"; Bax: 5-TCCAATGTCCAG
CCCATGA-3'; ATGS: 5'-CTCAGATGTTCACTCAGCCA
C-3"; BECLIN1: 5-AGTGACCTTCAGTCTTCGG-3"; mTORC1:
5-ATCATCCCGATTCATGCCCT-3") and the PCR temperature
was set up by RT-qPCR device as the following: heating at 95 °C
for 10 min, 45 cycles at 95°C for 15s, annealing at 59 °C
for 25s, and elongation at 72 °C for 30s. Finally, the gene
expression amounts were normalized to glyceraldehyde-3-
phosphate-dehydrogenase (GAPDH) for measuring the fold
change in gene expression relative to the control.

Cell Cycle Arrest Assay

PC3 and DU145 prostate cancer cells (1 x 10° cells/mL) were
grown in a 6-well plate and incubated at 37 °C and 5% CO,
for 24 h.?° Then, cultured cells were treated with ICs, concentra-
tions of PEG-CS-FA-Sb to evaluate the effect of the nano-
complex on the cell cycle distribution. After 24 h of incubation,
the media of plate wells were removed and the PEG-CS-FA-Sb
nano-complex prepared in the culture medium was added to the
wells, and the plate was incubated for a further 5 h. In the follow-
ing, the treated cells were trypsinized, washed with PBS, and
fixed in 75% ethanol for 30 min. The cancer cells were sus-
pended in PBS with 50 pg/mL propidium iodide (PI) and
0.1 mg/mL RNase-A at 4 °C and light-protected conditions for
40 min. Eventually, after washing with cold PBS and shaking
at 37 °C, the cell cycle arrest was analyzed using flow cytometry.

Apoptosis Assay

Flow cytometry was used to examine apoptosis values of the
conjugate in PC3 and DU145 cancer cells. Briefly, 1 x 10°
cells/mL cancer cells were grown in 6-well plates. After 24 h
of incubation at 37 °C and 5% CO,, the cells were treated with

ICsq concentrations of PEG-CS-FA-Sb nano-complex prepared
in a fresh medium. After 5h of incubation, the cancer cells
were detached using trypsin, washed with PBS 3 times (to
remove trypsin and extra PEG-CS-FA-Sb), and then resuspended
in 1 mL of PBS. Next, after centrifugation at 1000 rpm for 2 min
to collect cancer cells, the cancer cells were stained with the
Annexin V-FITC and PI dye and incubated at dark conditions
for 15 min. Ultimately, prostate cancer cells were exposed to
the flow cytometry device to calculate apoptotic cells.

Statistical Analyses

Data are expressed as mean + SD. The statistical analyses were
carried out using one-way ANOVA and T-test (Graph Pad
Prism 8 software). Values of P<.05 were considered signifi-
cantly different from the controls.

Results and Discussion

Characterization of Synthetics

FT-IR Analysis. FT-IR spectroscopy was employed to approve the
quality of CS nano-complex and its derivatives (Figure 1). As
depicted, the absorption peaks of the free CS sample
(Figure 1A) were attained at around 3448, 3423, 3339, 1157,
and 1030 cm™" which are related to -NH, and —OH groups
stretching vibration, O—H and N-H stretching vibrations, asym-
metric stretching of —-C—O-C- bridge, and C-N bond, respec-
tively.>* Moreover, characteristic peaks at around 1423 cm™"
and between 2800 and 3000 cm™' are attributed to the C—H
stretching in methyl groups and CH, CH,, and CHj; stretching
vibrations in the pure CS nanoparticle, respectively. CS also
demonstrated absorption peaks at around 1645 cm™ (C = 0),
1363 cm™ (C-N stretching), and 1085 cm™ (C-O stretch-
ing).lg’3 ' For the PEG-CS sample (Figure 1B), the peaks at
around 1364, 1405, and 3150 cm™' are owing to —C = O
stretch, C = O stretch of carbonyl group, and C-H stretch, respec-
tively. In addition, absorption peaks at about 644 cm™' (CH,
rocking), 1020 cm™" (C-N stretching), and 1647 cm™' (NH-C =
O stretching of amide bond) are indicative of PEG-CS.>* Besides,
the main FT-IR characteristic peaks of FA in the compartment of
PEG-CS-FA conjugate (Figure 1C) were revealed at around 3446
and 3420 cm™" due to N=H stretch of primary amine and amide,
3320 to 3500 cm™" for the presence of alkyl C = H and C-C
stretch, 1695 cm™" owing to aromatic C—C bending and stretching,
and 1460 to 1490 cm™' because of amides bend formation.'®
Besides, the peak at around 1728 cm™ is indicative of the C = O
stretching of Sb in the PEG-CS-FA-Sb nano-complex. The peak
shift in a spectrum of 2850 to 2980 cm™" could also be due to the
C—H stretch of the Sb drug.

DLS, Zeta Potential, and Microscopic Analyses. The particle size
plays a significant role in the efficient delivery of drug agents
to cancer cells since the physicochemical and biomedical per-
formance of nanocarrier such as stability, escaping from the
immune system, drug loading capacity, pharmacokinetics and
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Figure 1. The FT-IR spectra of CS (A), PEG-CS (B), and PEG-CS-FA (C). The absorption peaks are showing the appropriate surface
modification, surface functionalization, and drug loading into CS nanoparticle sand to verify the efficient qualification of syntheses. For pure CS
nanoparticles, the absorption peaks were determined at around 3448, 3423, and 3339 cm™" which is related to ~NH, and —OH groups stretching
vibration, O—H and N-H stretching vibrations, asymmetric stretching of -C—O-C- bridge, respectively. The characteristic peaks at about 1364
and 1405 cm™" are indicative of the —C = O stretch and C = O stretch of the carbonyl group in the structure of PEG-CS. For, PEG-CS-FA
nano-conjugate the peaks at around 3446 and 3420 cm™" are attributed to the N-H stretch of primary amine and amide. Also, Sb bioactive in the
compartment of PEG-CS-FA revealed the absorption peak at around 1728 cm™" due to C = O stretching.

Abbreviations: CS, chitosan; PEG, polyethylene glycol; FA, folic acid; FT-IR, Fourier transform infrared.
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pharmacodynamics, values of drug dosage, and effective thera-
peutic efficiency, are directly relevant to the particle size.**> As a
result, the particle size and topology of nano-complexes were
determined via DLS, SEM, and TEM. According to DLS
results, the hydrodynamic size of pure CS and PEG-CS nano-
complex were earned about 88.0 and 96.7 nm (PDI: 0.27)
which confirms the successful conjugation of PEG to CS and suit-
able size of nanocarrier after its modification. After the conjuga-
tion of FA to PEG-CS nano-complex, the hydrodynamic
diameter reached a size of 99.7 nm (PDI: 0.25). These data
verify the covalent conjugation of PEG and FA and potentially
show the favorable size of nanocarrier for delivery of bioactive
to cancer cells. Additionally, the drug-loaded compartment indi-
cated a sharp growth in diameter (211.0 nm, PDI: 0.29) which
could be owing to the formation of the hydrogenic bond
between the surface functional groups of CS and Sb. On the
other hand, the TEM (Figure 2A) and SEM (Figure 2B)
images were taken to investigate the exact size, shape, dispersion,
and morphology of the main specimen (PEG-CS-FA-Sb). The
zeta potential of PEG-CS, PEG-CS-Sb, PEG-CS-FA, and
PEG-CS-FA-Sb were 15+ 18, 10+ 1.3, 8 + 1.6, and 5 +
2.1 mV, respectively. Based on SEM and TEM results, the nano-
complex has demonstrated a globular shape and narrow particle
size with a spectrum of 100 to 150 nm which is desirable for the
delivery of therapeutics to tumor sites. As reported, the nano-
complexes with a size < 200 nm have appropriate distribution
in cancer tissues because of the lack of unity in the formation
of the vasculatures in cancer tissues which is the result of fast
growth in them.** Furthermore, nanocarriers with a size range
of 70 to 200 nm could easily disperse in the whole human
body through the circulatory system, and effectively facilitate
the EPR effect which is crucial for the cellular uptake of drug-
content nanoparticles.'*

Drug Entrapment Efficiency and Drug Release Study

The entrapment efficiency of Sb in CS nano-complex was
measured according to the standard curve, and it was about

75 + 5%. This value of Sb entrapment is suitable for CS
nano-complex, and the surface modifications of CS had prob-
ably an effect on the efficiency of drug entrapment. This level
of drug entrapment efficiency using a cost-effective prepara-
tion approach for biocompatible and biodegradable CS nano-
complex would be more beneficial since this subject is con-
sidered the main aspect of delivery systems.*® Also, the
drug release manner of synthetics was scrutinized in PBS
under pHs 7.4 and 5.0 at 37 °C (Figure 3). Based on the
HPLC outputs, the nano-complex had controlled release in
normal pH than acidic pH. A 14.75% of Sb release was
observed within the first 3 h in PBS for normal pH while it
was 24.59% for pH 5.0 at the same time. Moreover, total
Sb release was attained at 54.21% and 74.04% for pHs 7.4
and 5.0 at the end of the period, respectively, which
expresses rapid drug in an acidic medium. Rapid drug
release is desirable in cancer sites since their medium has
acidified microenvironment. The endosomes have also acid-
ified pH values and fast drug release can lead to potential
apoptosis-inducing in cancer cells.”® The controlled Sb
release could be due to the presence of intermolecular and
intramolecular interactions like the hydrogen-bonding, elec-
trostatic interactions, and m—z interactions. Besides, CS
nano-complex chains protonate in the acidic pH which
leads to the unfolding of CS and drug release in the acidic
tumor microenvironment.*’*® These data have been exhibit-
ing the potential capability of CS nanoparticles in the effi-
cient delivery of therapeutics to cancer cells without
considerable side effects on body normal cells. Our outputs
are approximately in line with the findings of Xie et al*” in
which they developed a doxorubicin-loaded CS-PEG nano-
complex as a controlled delivery system. According to their
data, CS-based nanocarrier had been demonstrated a more
controlled release manner than our formulation in neutral
pH while the fast release was determined in our and their
works in acidic pH. This comparison has been showing the
appropriate release behavior of CS-based nano-complexes
in cancerous tissues.

Figure 2. SEM (A) and TEM (B) images of PEG-CS-FA-Sb nano-complex. These images are showing the nano-size with globular structures and
shapes. The size range of 100 to 150 nm was attained for the nanocarrier. This size range is suitable for the dispersion of nano-complex in cancer
tissues because of the lack of unity in the formation of the vasculatures in cancer sites.

Abbreviations: CS, chitosan; PEG, polyethylene glycol; Sb, sodium butyrate; FA, folic acid; SEM, scanning electron microscopy; TEM, transmission electron

microscopy.
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Figure 3. The drug release profile of PEG-CS-FA-Sb nano-complex
at pH values of 7.4 and 5.0. Nanocarrier indicates a controlled Sb
release behavior at physiologic pH (7.4) than acidified pH (5.0). The
main cause of release in acidified pH is the protonation of the CS
chains which results in a fast Sb release ratio. This fast drug release is
significantly suitable for cancer therapy since the environments of
cancer cells and as well as endosomal organelles are acidified.
Abbreviations: CS, chitosan; PEG, polyethylene glycol; Sb, sodium butyrate;
FA, folic acid.

Cell Viability Assay

Cell cytotoxicity studies of synthetics (PEG-CS, PEG-CS-Sb,
PEG-CS-FA, PEG-CS-FA-Sb) were carried out applying
MTT assay with the human PC3 (FA-receptor negative) and
DU145 (FA-receptor positive) prostate cancer and HFF-1
normal cell lines. This test was performed with different con-
centrations of samples, including 1.125, 2.25, 4.5, and 9 mM,
at 24, 48, and 72 h of posttreatment. The results have exhibited
that drug-containing samples had a higher cytotoxic effect on
cancer cell lines than others; the surface-modified samples, like-
wise, indicated lower toxicity in comparison to Sb-loaded spec-
imens. Moreover, FA-functionalized nano-complexes have
revealed negligible toxicity due to efficient internalization in
DU145 (FA-receptor positive) cancer cell line than PC3
(FA-receptor negative) cancer cells and HFF-1 cells. As indi-
cated in Supplemental Figure S3A, the momentous cytotoxicity
was observed for the PEG-CS-FA-Sb nano-complex on DU145
cells (20.13% of cell viability) after 48 h of treatment with
9 mM concentration. The cell viability value for 9 mM concen-
tration at 24 h (Figure 4C) and 72 h (Supplemental Figure S3B)
of posttreatment was about 33.53% and 45.22%, respectively,
while it was only 72.07% and 78.17% for PC3 cancer cells
(Figure 4B and Supplemental Figure S2B) and 71.1% and
61.0% for normal cells (Figure 4A and Supplemental
Figure S1) at the same time. These data have been demonstrat-
ing that the PEG-CS-FA-Sb nano-complex can effectively
internalize into cancer cells through FA-receptor and induce
cell death by blocking various critical molecules in cancer
cells such as inhibition of histone deacetylases and protein
kinase B (Akt) in the G2/M phase of cancer cells cycle.?*
In comparison to the PEG-CS-FA-Sb nano-complex, the cell
viability values for the nontargeted sample (PEG-CS-Sb)
were shown slight toxicity, 66.78% and 61.3% cell viability
for DU145 (Figure 4C and Supplemental Figure S3) and

61.08% and 60.18% cell viability for PC3 (Figure 4B and
Supplemental Figure S2) cell lines after 24 and 48 h of treat-
ment with 9 mM concentration, respectively, which further
approves nontargeted delivery of Sb.'®?' Additionally, pure
PEG-CS and PEG-CS-FA nano-complex did not have consider-
able toxicity on DU145, PC3, and HHF-1 cell lines and even
improved the growth of cells as nutrition. This biocompatibility
is mainly due to PEG and FA biomolecules which facilitate the
excellent performance of nanocarriers in drug delivery systems.
Furthermore, the 50% maximal inhibitory concentration (ICs)
of formulations was obtained at 9 mM (after 24 h of treatment)
and 1.125 mM (after 48 h of treatment) for PEG-CS-FA-Sb
nano-complex treated on DUI145 cells (Figure 4C and
Supplemental Figure S3). These outputs have been depicting
that PEG-CS-FA-Sb nano-complexes could be a potential can-
didate for efficient drug delivery to cancer cells. The results are
also inconsistent with research work by Khan et al*’ in which
FA-CS nano-complex has been applied to the targeting delivery
of bioactive to ovarian and breast cancer cells. Compared with
Xie et al*” research in which they used nontargeted CS-PEG
nano-complex for delivery of doxorubicin to cancer cells, our
synthetics have indicated better prostate cancer cell inhibition
performance than their nano-complex which could be due to
FA-receptor-mediated internalization of CS-FA-PEG-Sb nano-
complex therapeutics. Moreover, Sb as a kind of natural anti-
cancer drug could be suppressed cancer cell growth more effi-
ciently; hence, this drug is a promising candidate for the inhibi-
tion of cancer cells, even in vivo investigations. In another work
by Inphonlek et al,*' the CS/carboxymethylcellulose-stabilized
poly(lactide-co-glycolide) nano-complex has been conducted
for effective delivery of curcumin (bio-drug) to HCT 116
cells. Their data same as our findings have revealed suitable
cancer cell growth suppression potency although the perfor-
mance of our synthetics was more reliable for cancer cell inhi-
bition than theirs.

Gene Expression Study

In vitro gene autophagy (ATGS, BECLINI, mTORC1) and
apoptotic (Caspase9, BAX) gene expressions were examined
by the qRT-PCR analysis, and data are demonstrated in
Figure 5. To achieve this, human PC3 and DU145 prostate
cancer cells were treated with ICs, concentration (9 mM) of
PEG-CS-FA-Sb as well as 9 mM concentrations of PEG-CS,
PEG-CS-Sb, PEG-CS-FA nano-complexes. The targeted deliv-
ery of Sb to cancer cells can potentially reduce the level of Akt,
Bcl2, IL6, IL17, and other biomolecules which are involved in
signaling pathways.?® These processes, eventually, affect the
cell cycle and induce autophagy and apoptotic gene expressions
in the cancer cell, and lead to programmed cell death.”’
According to Figure 5SA and B, the expression of caspase9
increased about 15 folds in DU145 cells compared with the
control group while its expression decreased up to 1.5 fold in
PC3 cells (as FA-receptor negative control). The caspase9
gene could induce apoptosis in prostate cancer cells dependent
on mitochondrial cytochrome c release pathways through
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Figure 4. Effects of PEG-CS, PEG-CS-Sb, PEG-CS-FA, PEG-CS-FA-Sb nano-conjugates on cell viability of HFF-1 normal cell lines (A),
human PC3 (B), and DU145 (C) prostate cancer after 24 h of treatment with various concentrations (1.125, 2.25, 4.5, and 9 mM). The significant
prostate cancer cell growth suppression potency is exhibited for the PEG-CS-FA-Sb sample. As shown, the low cytotoxicity is earned for PEG-CS
and PEG-CS-FA nano-complex as biocompatible nanocarriers, which is indicating excellent biocompatibility, biosafety, and biodegradability of
the synthetic nano-complex. In all plots, data are represented as mean + standard deviation (n = 3). Statistical significance was calculated by
one-way ANOVA analysis of variance and Turkey’s multiple comparison test. P-value <.0001 was considered statistically significant between
nano-complexes and mimics.

Abbreviations: CS, chitosan; PEG, polyethylene glycol; Sb, sodium butyrate; FA, folic acid.
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Figure 5. The expression level of apoptotic (Caspase-9, BAX) and
autophagy (ATGS, BECLIN1, and mTORC1) genes after 5 h of
treatment with 9 mM (ICsy) of nano-complexes (PEG-CS,
PEG-CS-Sb, PEG-CS-FA, and PEG-CS-FA-Sb) in human PC3 and
DU145 prostate cancer cells. The outputs depict that PEG-CS-FA-Sb
nano-complex leads to inducing the overexpression of caspase9
(relatively 15 folds compared with control) (A), BAX (2.5 folds) (C),
ATGS5 (11 folds) (E), mTORCI1 (3 folds) (G), and BECLIN1 (2 folds)
(I) genes in DU145 cells (as FA-receptor positive) that confirms the
potency of nano-complex in inducing programmed cell death. In all
plots, data are represented as mean + standard deviation (n = 3).
Statistical significance was calculated by one-way ANOVA analysis of
variance and Turkey’s multiple comparison test. P-value < .0001 was
considered statistically significant between nano-complexes and
mimics.

Abbreviations: CS, chitosan; PEG, polyethylene glycol; Sb, sodium butyrate;
FA, folic acid.

chromatin condensation and DNA fragmentation.*” BAX gene
expression is also raised more than 2.5 folds in comparison to
control in FA-receptor positive DU145 cells (Figure 5C),
whereas its expression does not show any enhancement in
PC3 (Figure 5D) cells. BAX results in apoptosis via puncturing
the outer membrane of mitochondria.*> Moreover, the expres-
sion of these 2 genes did not rise in both cancer cells after treat-
ment with PEG-CS-Sb which further approves the targeted
internalization of the nanocarrier. These data have been present-
ing the effective internalization of PEG-CS-FA-Sb nano-
complex in FA-receptor expressing cells and efficient drug
delivery to prostate cancer cells. Also, expression of ATGS,
BECLINI1, and mTORCI1 autophagy genes in DU145 cancer
cells (Figure SE, G and I) was increased by approximately 11
folds, 2 folds, and 3 folds compared with control after treatment
with PEG-CS-FA-Sb nano-complex while their expression
values were as same as control groups in PC3 cells
(Figure S5F, H and J). Expression of these autophagy genes is
linked to the expression of apoptotic genes which leads to the
localization of autophagy proteins in the membrane of various
vesicles and subsequently, induces the disintegration of
cancer cells. For instance, the expression of BECLIN1 and
mTORCI1 can control the localization of autophagy proteins
in autophagy vesicles and influence the function of various car-
cinogenic and metabolic processes such as autophagy pathways
in cancer cells.** mTORC1 serves as a main regulator of
autophagy and its inhibition is crucial for initiating the autoph-
agy process. mTORCI1 can phosphorylate specific types of
protein in the autophagy process and change their functions,
enhance proteasomal degradation, and regulate acetylation of
proteins that subsequently, lead to autophagy.*> On the other
hand, BECLIN1 acts as a master regulator of autophagy
machinery via activation of Vps34 that modulates through tran-
scriptional regulation, posttranslational modification, and inter-
action with BECLIN1 binding proteins. BECLINI can also
bind to Bcl-2/XL which negatively regulates the autophagy
process. Our autophagy outputs for PC3 cells are inconsistent
with research that has been conducted by Zheng et al*® in
which they applied CS nano-complexes for the delivery of gefi-
tinib and chloroquine to cancer cells while the reverse is true for
DU145 cells (increased values of autophagy gene) which indi-
cates efficient internalization of FA-targeted CS nano-complex
results in autophagy in FA-receptor positive cells. In another
research by Li et al,*” CS/Alginate-Fe;04 nano-complex was
used for the evaluation of the chemosensitization of
multidrug-resistant gastric carcinoma in mice and autophagy’s
role in that process. They indicated that CS-based nanocarriers
can promote the autophagy pathway and upregulate ATGS
expression.

Cell Cycle Arrest Assay

The cell growth inhibitory effects of PEG-CS-FA and
PEG-CS-FA-Sb nano-complexes were further examined via
evaluation of the progression of the cell cycle arrests in
human PC3 and DUI145 prostate cancer cells.** Figure 6
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Figure 6. Cell cycle arrest assay outputs on DU145 (A-C) and PC3 (D-F) cells after treatment with 9 mM of FA-CS-PEG and PEG-CS-FA-Sb

nano-complexes. As shown, the PEG-CS-FA-Sb sample depicts more than 50% of cell cycle arrest compared with control which is due to
FA-receptor-mediated internalization of synthetics and drug release in the cytoplasm of DU145 cancer cells (G). Moreover, PC3 cells as
FA-receptor negative cells do not enter the Sub-G1 phase which approves the targeting potency of FA-decorated nano-complex in FA-expressing
cancer cells (H). On the other hand, FA-CS-PEG formulation does not show considerable cell suppression in cancer cells which verifies the
biocompatibility and biodegradability of the nanocarrier. In all plots, data are represented as mean =+ standard deviation (n = 3). Statistical
significance was calculated by one-way ANOVA analysis of variance and Turkey’s multiple comparison test. P-value < .0001 was considered
statistically significant between nano-complexes and mimics.
Abbreviations: CS, chitosan; PEG, polyethylene glycol; Sb, sodium butyrate; FA, folic acid.

presents the results of this test. According to results, less than
5% and 8% of PC3 cancer cells (Figure 6H) were in the
Sub-G1 phase (indicator to cell suppression and apoptosis)

after treatment

with 9 mM

of PEG-CS-FA,

and

PEG-CS-FA-Sb nano-complexes, respectively, which is due
to a lack of FA-receptor in PC3 cancer cells and low internali-
zation values. The surface modification of CS with PEG biopol-
ymer and FA biomolecule can noticeably increase different
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Figure 7. Apoptosis plots of DU145 (A-C) and PC3 (D-F) prostate cancer cells after treatment with 9 mM of PEG-CS-FA and PEG-CS-FA-Sb
formulations applying Annexin VFITC and PI staining. As presented, the PEG-CS-FA-Sb sample revealed 45.05% apoptosis on DU145 cells (G)
which is higher than that in PC3 cancer cells (15.45%) (H). The live-cell values were 49.8% and 80.0% in DU145 and PC3 cells, respectively.
These data depict efficient cancer cell growth suppression after treatment with FA-decorated and Sb-loaded nanocarrier which is favorable for
targeted cancer therapy. The Q1, Q2, Q3, and Q4 quarters demonstrate the values of necrotic, late apoptosis, early apoptosis, and live cells,

respectively. In all plots, data are represented as mean =+ standard deviation (n = 3). Statistical significance was calculated by one-way ANOVA
analysis of variance and Turkey’s multiple comparison test. P-value <.0001 was considered statistically significant between nano-complexes and

mimics.

Abbreviations: CS, chitosan; PEG, polyethylene glycol; Sb, sodium butyrate; FA, folic acid.

properties of nanocarrier like biocompatibility and biodegrad-
ability, stability, EPR effect, controlled drug release, and so
forth which is in favor of novel delivery systems.*'**
Meanwhile, the PEG-CS-FA-Sb nano-complex depicts more
than 50% of cell cycle arrest compared with the control that
is owing to FA-receptor-mediated internalization of synthetics

and efficient drug release in the cytoplasm of DU145 cancer
cells (Figure 6G). This kind of Sb delivery to cancer cells can
suppress VEGF through HDACs and results in protein kinase
B (Akt)-mediated suppression of cell-cycle in G2/M and subse-
quently triggered cell apoptosis.?” These results are in line with
our MTT assay data and as well as the finding of Kumar et al,*
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in which CS-coated-trans resveratrol and ferulic acid-loaded
solid lipid nanoparticles conjugated with FA are used for inhi-
bition of colon cancer. The results of our research were in line
with the outputs of a study by Kumar et al*’ in which resveratrol
and ferulic acid therapeutics were transported to colon cancer
cells via a modified CS nano-complex. They indicated that
51.9% and 68.6% of cancer cells were in the Sub-G1 phase
after treatment with resveratrol-loaded and resveratrol +
ferulic acid-loaded CS-FA nano-complexes which is similar
to the results of DU145 cancer cells in our study. Also, in com-
parison to Li et al’s work,*” where CS/Alginate-Fe;0, nano-
complex was used for suppression of cancer cells, our formula-
tion has indicated about 1.3 folds better performance than their
sample.

Apoptosis Assay

To further evaluation of the cell growth inhibition capability of
synthetics, the apoptosis assay was performed on PC3 and
DU145 cancer cells with 9mM of PEG-CS-FA and
PEG-CS-FA-Sb nano-complexes, respectively (Figure 7). To
follow this, the double staining assay based on annexin
V-FITC (can bind to phosphatidylserine [PS]) and PI (interca-
lates in the DNA fragmentations) was used. This approach
can follow the translocation of inner plasma membrane phos-
pholipid PSs to the outer layer of the membrane in apoptotic
cells.* According to the results indicated in Figure 7, both pros-
tate cancer cells did not demonstrate considerable apoptosis
(Q2: late apoptosis; Q3: early apoptosis) and necrosis (Q1)
after treatment with PEG-CS-FA sample and about 73%
(DU145) (Figure 7A to C) and 81% (PC3) (Figure 7D to F)
of cells were live (Q4) which due to its biocompatibility and
biodegradability. A low value of live cell DU145 cells com-
pared with PC3 cells could be owing to high internalization
PEG-CS-FA nano-complex which, in turn, can result in over-
does of these cells and cell death. On the other hand, the
PEG-CS-FA-Sb nano-complex exhibited 45.05% apoptosis on
DU145 cells (Figure 7G) which is higher than that in PC3
cancer cells (15.45%) (Figure 7H). The live-cell values were
49.8% and 80.0% in DU145 and PC3 cells. These data have
been potentially indicating that targeted PEG-CS-FA-Sb nano-
complexes can induce programmed cell death in prostate cancer
cells which is a promising nanocarrier for efficient targeted
cancer therapy.'® The results of this assay are inconsistent
with cell cycle arrest and MTT assay and further, confirm the
ability of nano-complex in the suppression of cancer cells.
Our data is also in line with the findings of Jin et al,>® who
developed an FA-functionalized CS nano-complex for targeted
delivery of ursolic acid to breast cancer in vivo. The findings of
our research are also in line with a study by Zheng et al* in
which gefitinib- and chloroquine-loaded and antibody-
conjugated CS nano-complex were used for inhibition of
cancer cells and relatively 54% apoptosis was attained for
co-leaded nano-complex, whereas it was less than 46% (like
our nano-complex performance on DU145 cells) apoptosis for
nanocarriers that loaded with separate therapeutics.

Conclusion

In this research, we have successfully developed the
PEG-modified and FA-decorated CS nano-complex as a prom-
ising drug delivery system for the delivery of Sb to prostate
cancer cells. The synthetics were qualified and quantified via
analytical devices including FT-IR, DLS, SEM, and TEM.
The nanometric size with appropriate drug entrapment effi-
ciency and controlled drug release in the pH of normal micro-
environment  were  observed  for  PEG-CS-FA-Sb
nano-complex which are the most important aspects for
nanoparticle-based drug delivery systems. Then, some biomed-
ical test like MTT assay, gene expression, and cell cycle arrest
apoptosis was applied for scrutinizing the prostate cancer cell
growth suppression ability of nano-complex. Outputs have
noticeably  verified the potential performance of
PEG-CS-FA-Sb nano-complex in the inhibition of cancer
cells. Our outputs suggest that synthesized nano-complex
would be beneficial for practical in vivo studies in the future
since all parts of this nanocomposite are practically assembled
from biodegradable and biocompatible materials that are non-
toxic and efficiently cancerous suppressors. These targeted
nanocomposites can effectively target folic acid receptors and
could be a good candidate for targeted drug delivery of Folic
acid receptor-positive cancers. The limitation of this study is
detecting Sb by HPLC which is time-consuming and expensive.
Moreover, the chitosan nanoparticles have a vast range in diam-
eter and lack long stability. However, PEGylation can over-
come this problem to a large extent.
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