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Disulfide Bridged Nanoparticles of Thiolated Sodium Alginate and
Eudragit RS100 for Oral Delivery of Paclitaxel: In Vitro and In Vivo
Evaluation
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ABSTRACT: Most biopharmaceutics classification system (BCS) D S
class IV drugs have limited oral bioavailability due to poor o
solubility and poorer permeability. This work aims to investigate
the possibility of utilizing disulfide bridged nanoparticles to
improve BCS IV drug solubility and oral absorption. Disulfide
bridged nanoparticles were made using thiolated sodium alginate
(TSA) and thiolated eudragit RS100 (TERS100). This study used
paclitaxel (PTL) as a model drug to create PTL-loaded
nanoparticles using the air oxidation approach. PTL-loaded
nanoparticles boosted the solubility of PTL by over 11 times
(~S9 pg/mL). The nanoparticles had particle sizes of 103 nm,
polydispersity indices of 0.034, and zeta potentials of —21 mV,
respectively. Nanoparticles demonstrated 75.34% and 89.18% entrapment and loading efficiency of PTL, respectively. The PTL
release data from nanoparticles had good sustained release properties. The effective permeability of PTL from nanoparticles was
2.19-fold higher than that of pure PTL suspension. The relative bioavailability of PTL with disulfide bridged nanoparticles was
237.11%, which was much higher than that of PTL suspension, according to the pharmacokinetic data. These results show that
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disulfide bridged nanoparticles have a wide range of clinical applications.

1. INTRODUCTION

Numerous researchers have recently expressed concern in the
creation and improvement of colon-targeted drug delivery
systems, which provide possible treatments for a variety of
illnesses, like colorectal cancer.' Colon medication delivery
systems reduce any adverse effects, allowing for successful drug
administration to the area affected by colon disease. Addition-
ally, this method offers a lengthy retention period for colon
drug localization, which will enhance absorption of drug into
the systemic circulation.” The oral route is used for colon drug
delivery since it is flexible and improves patient compliance. It
is also the most convenient administration route.’

Natural polysaccharides like sodium alginate (SA) have
strong bioadhesion, biocompatibility, and swelling properties.
Drugs loaded with polysaccharides have a delayed release and
are difficult to inactivate.* Consequently, polysaccharides are
used as a drug carrier in the majority of bioadhesive colon
focused drug delivery systems. In contrast to the stomach and
small intestine, which are acidic environments, the colon is
alkaline, and SA dissolves there, where it binds to the colon
walls. As a result, alginate is frequently employed as a
medication delivery system for colon-specific drugs.” Over
the past ten years, the importance of ERS100, a synthetic
polymer with a pH verge of more than 7, has grown in the field
of medicinal formulations.® Some of the features that make
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ERS100 a reliable choice for treating colorectal malignancies
are gut targeting and value in sustained drug release. We have
the possibility to improve the efficacy of drug therapy and
transition to an oral route of drug administration by combining
ERS100 with SA nanoparticulate systems.

Numerous populations of microorganisms can create
reducing environments for various compounds, including azo,
nitro, and disulfide bonds, in the human colon. Due to their
stability in extra-cellular fluids as opposed to intracellular fluids
with glutathione (GSH), which decreases the environment for
disulfide couplings, polymers with disulfide bonds are
extensively studied. The concentration of GSH is 7—10
times higher in cancer cells than in healthy cells. Therefore,
adding disulfide cross-links to polymers can be a workable
alternative technique in research looking at drug delivery for
colon cancer. However, due to the generally low reductive
environment, disulfide bond low reduction processes can still
take place in normal cells. The best way to overcome this
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difficulty is to utilize cross-linked nanoparticles with disulfide
bonds as the core, which will prevent early drug release and
toxicity in normal cells.”

Paclitaxel (PTL), a natural anticancer chemotherapeutic
agent, has limited solubility and permeability that compromise
its pharmacological benefit.” The nonpolar, lipophilic, and
nonionizable nature of PTL negatively impacts its solubility.
PTL is within the biopharmaceutical classification system
(BCS) IV drug, which is the most difficult to administer orally.
By emphasizing delivery of medications to the target locations
to reduce accumulation of drug at nonspecific sites, nano-
technology has also emerged as a viable method for enhancing
treatment outcomes. To get beyond the current constraints in
the colon-targeted medication delivery system, new systems
and technologies need to be created and investigated.
Modifying the properties of nanoparticles can increase the
efficacy of drug carriers and reduce side effects.”

The purpose of this study is to prepare SA-ERS100
nanoparticles by disulfide-bond formation TSA and
TERS100 for the treatment of colorectal cancer. The
technique has an advantage over the traditional ionic gelation
process since it produces smaller particles with a narrower size
distribution. Scanner electron microscopy (SEM), differential
scanning calorimetry (DSC), Fourier transform infrared
(FTIR) spectroscopy, thermogravimetric analysis (TGA),
and other methods are used to analyze the physiochemical
properties of nanoparticles. On the human Caco-2 cell line, a
cytotoxicity investigation was evaluated. The model drug used
to examine drug permeability, pharmacokinetics, and release
characteristics is PTL.

2. MATERIALS AND METHODS

2.1. Materials. Thiourea and thioglycolic acid was acquired
from Sigma-Aldrich Gmbh Germany. Sodium alginate (SA),
acetonitrile, ethanol, and methanol were acquired from Merck,
Germany. Eudragit RS100 (ERS100) and S,S-dithiobis (2-
nitrobenzoic acid) (DTNB) were bought from BDH Wharf-
Road, London. Monopotassium phosphate was bought from
Dae-Jung, Korea. Paclitaxel (PTL) was gifted by a Pharmasol
company.

2.2, Thiolation of Sodium Alginate (SA). An ester-
ification method was used to prepare thiolated sodium alginate
(TSA) with the help of TGA. For sample preparation, first we
heat the water (20 mL) at 80 °C and mix it with 1 g of SA and
make it a homogenized solution with continuous stirring. Then
add TGA (98%) with the previously prepared SA but with the
different ratios, i.e., 1:1, 1:1.25, 1:1.50, 1:1.75, and 1:2 of TGA
and SA. After that this solution was put on water bath at 80 °C
for 3 h and add already prepared 7 N HCI (1 mL) solution was
added in it drop by drop with the span of 10 min. 30 mL of
methanol was used to get precipitation of TSA and to
eliminate the free unbound thiol completely washed the
solution with pure methanol twice and put it in at 25 °C to dry
for 24 h. The mathematical equation (eq 1) was utilized to
calculate the percentage yield.®

Practical yield

Percentage yield = X 100

Theoratical yield (1)

2.3. Thiolation of Eudragit RS100 (ERS100). First, we
prepared 50 mL of a 1% solution of ERS100 in phosphate
buffer with a pH of 7.4 and SO mL of a thiourea (0.1M)
solution in distilled water. The mixture was then placed for 2
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min in an oven at 40 °C. The mixture was taken out of the
oven, hydrolyzed with 20 mL of NaOH solution, and then
returned to the oven for another 1.5 min at 40 °C. After being
removed from the oven and given time to cool, the mixture
was neutralized by adding 20 mL of HCI (0.1M) solution.
White precipitates were produced after the addition of ethanol
(10 mL), separated, washed three times with acetone, and
dried at 45 °C.”

2.4. Preparation of Nanoparticles. The preparation of
nanoparticles involved the air oxidation process. When
compared to the ionic gelation process, the air oxidation
method produces nanoparticles with smaller particle sizes. The
method described by Igbal et al. was slightly modified in order
to synthesize the nanoparticles.” By varying the ratios of TSA
and TERS100, the five different nanoparticle formulations
were made (NSEI to NSES) as shown in Table 1. TERS100

Table 1. Composition of Prepared Disulfide Bridged
Nanoparticles with Different Ratios of TSA and TERS100

code TSA TERS100
NSE1L 1 2
NSE2 2 1
NSE3 1 3
NSE4 1 1
NSES 3 1

was dissolved in phosphate buffer with a pH of 7.4, and TSA
was dissolved in distilled water in a specific amount before
being mixed. Place this mixture on a magnetic stirrer for 12 h.
After 12 h, centrifuge the excess reactants for 15 min at 15,000
rpm to remove them. With deionized water, the pellets were
centrifuged three times, lyophilized, and kept at 4 °C.

2.5. Drug Solubility. PTL was dissolved in phosphate
bufter pH 7.4 and agitated for 24 h at 200 rpm at 25 °C to test
its solubility in free form and in disulfide bridged nanoparticles
with PTL loaded on them. The samples were placed for 40 min
at 14000 rpm in a centrifuge. PTL concentration was
calculated at 240 nm using a UV—vis spectrophotometer
after the supernatant was removed. (Analytical curve of PTX
standard in phosphate buffer at pH 7.4, range 5—90 ug/mL, y
= 0.0103x — 0.0129, R? = 0.9995).

2.6. Determination of Thiol Contents. Using Ellman’s
reagent and spectrophotometry, the thiol contents of TSA,
TERS100, and disulfide bridged nanoparticles (NSE1 to
NSES) were calculated. S00 mL of both thiolated polymers
and Ellman’s reagent should be mixed in a 1:1 ratio before
being dissolved in 1% acetic acid. We separately dissolved TSA,
TERS100, and the nanoparticle in phosphate buffer at a pH of
7.4. After 10 min of incubation, measure the absorbance at 412
nm with a UV-—visible spectrophotometer for all reaction
mixtures.

2.7. Loading and Entrapment of PTL. We dispersed 0.01
g of developed nanoparticles in 4 mL of distilled water, and
0.01 g of PTL was added. The mixture was mixed for 24 h
before the PTL-loaded nanoparticles were separated by
centrifugation at 10,000 rpm. This mixture’s supernatant was
taken in order to ensure the effectiveness of medication
loading. Drug loading was carried out three times in triplicate.
Through the use of high performance liquid chromatography
(HPLC), the amount of PTL in the supernatant solution was
calculated.

https://doi.org/10.1021/acsomega.3c00400
ACS Omega 2023, 8, 9662—9672
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%Entrapment efficiency
_ Amount of PTL loaded in nanoparticles

= 100
Total amount of PTL loaded initially

)

2.8. Release of Paclitaxel from Nanoparticles.
Phosphate buffer (pH 7.4) was used to check release of PTL
from synthesized nanoparticles of the formulations, and the
paddle Apparatus (Pharma-test Germany) was used to
compare the PTL release in the presence and absence of
GSH. A basket containing 900 mL of dissolution media was
filled with 50 mg of nanoparticles and S mL of phosphate
buffer (pH 7.4) in a dialyzing membrane and held at a
temperature of 37 + 0.5 °C for 24 h. To keep the sink
condition in working order, the same buffer of pH 7.4 was
replenished, while the 5 mL sample was taken out at defined
intervals and filtered via a 0.2 ym filter and analyzed by HPLC
for PTL analysis.

2.9. Release Kinetics. Mathematical models (zero-order
(eq 3), first-order (eq 4), Higuchi (eq 5), Hixon Crowell (eq
6) and Korsmeyer Peppas model (eq 7)) for the approx-
imation of kinetics of PTL from the NSEl to NSES
formulations were used.

E =Kt ®3)
In(1 - F) = K¢t 4)
F= Kt (s)
1/3 1/3 _
Wy — WP =kt (6)
Mt n
—L =Kt
M, )

In eqs 3—7, F, is the fraction of PTL released at time t, K, is
the rate constant for zero order, F is fraction of PTL released,
K; is rate constant for first order, K, is the Higuchi constant,
W, is the initial amount of PTL in nanoparticles, W, is the
remaining amount of PTL in the nanoparticles, k is the rate
constant incorporating the surface volume ratio, M; and M, is
the amount of drug released at t and infinity, respectively, and
n is the diffusion constant.

2.10. Characterization. The 'H NMR of the SA, TSA,
ERS100, and TERS100 solutions was performed using 'H
NMR spectroscopy (Bruker Alpha, Germany). The quantity of
sample was 20 p1g/mL, and the calibration spectra were created
at chemical shift (§). The data were analyzed using the
software Mes Res Nova 14.1.0. FTIR spectra of PLT, SA, TSA,
ERS100, TERS100, NSE4 (blank), and NSE4 (PTL loaded)
nanoparticles were recorded at 400—4000 cm™' using the
FTIR spectrophotometer Bruker Alpha, Germany. XRD of
PLT, SA, TSA, ERS100, TERS100, and unloaded and PTL
loaded nanoparticles were performed using diffractometer. For
DCS and TGA analysis, 5 + 0.5 mg samples of PLT, SA, TSA,
ERS100, TERS100, and unloaded and PTL loaded nano-
particles were kept in aluminum crucibles, heated at a
temperature range of 50—600 °C with a rate of 10 °C/min,
and pass through a stream flow of nitrogen gas at 40 mL/min
using DSC (Shimadzu, Germany). Malvern Zeta Sizer (Nano
Series ZS90) estimated the particle’s size and zeta potential.
The homogeneity at a temperature of 25 °C is reflected by the
polydispersity index of particle diameter. Three times each
measurement was recorded. For a month, these nanoparticles
were maintained at pH 7.4 and 25 °C. To ensure the stability,
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these nanoparticle measurements were made before and after a
month. The SEM, JEOL 6700 F was used for the estimation of
the NSE4 PTL loaded nanoparticles morphology.

2.11. Biological Studies. 2.71.1. Cell Viability Assay. Cell
viability was done by 3-(4,5-dimethylthiazol-2-y1)-2,5- diphe-
nyltetrazolium bromide (MTT) assay.'® Briefly, Caco-2 cells
were seeded up to 90% confluence into 96-well plates in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum (FBS). After that, the cells were incubated with
0.5% dispersions of SA, TSA, ERS100, TERS100, NSE4 blank,
and PTL-loaded nanoparticles for 6 and 24 h in a medium
without FBS. After incubation, the samples were removed and
carefully washed three times with phosphate-buffered saline
(1%, pH 7.4). After that, each well received 500 uL of medium
containing MTT (1 mg/mL final concentration) and was
incubated for an additional hour at 37 °C. The transformed
dye was solubilizing with 500 uL of dimethyl sulfoxide
(DMSO) after the supernatants were removed. The optical
density was detected at 570 nm using a microplate reader
(Thermo Fisher Scientific, Inc.). Equation 8 was used to
measure the % age of cell viability:

Absorbance of sample dispersion
Absorbance of DMEM dispersion

Cell viability(%) =

X 100 (8)

2.11.2. Hemolysis Test. The impact of the NSE4 PTL
loaded nanoparticles on rabbit red blood cells (RBCs) were
evaluated by the standard hemolysis assays."" In a total amount
of 5 mL, 2.5 mL of the RBC suspension and different
concentrations of the NSE4 nanoparticles were combined.
Saline solution was added to the negative control group,
whereas deionized water was added to the positive control
group. All the above suspensions were incubated at 37 °C for 1
h. In order to remove intact RBCs, all suspensions were
centrifuged for 10 min at 3000 rpm. A UV-2450 spectropho-
tometer (Shimadzu) was used to analyze the collected
supernatant for the release of hemoglobin at 541 nm. The
hemolysis (%) was estimated using eq 9:

Abs — Abs,
Abs,,, — Abs,

Hemolysis(%) = X 100

(9)

where Abs, Abs,,, and Abs; are the samples absorbance, 100%
hemolysis solutions, and 0% hemolysis solutions, respectively.
By utilizing a sample solution devoid of RBCs as a blank
control, the turbidity of the samples was countered.

2.11.3. Intestinal Permeability Study. The in situ intestinal-
perfusion process was employed to measure the intestinal
absorption of PTL-loaded nanoparticles.'” Rats were starved
for 12 h before the studies but had free access to water. The
abdominal cavity was opened, and a small intestinal portion
was exposed with saline solution. Its contents were removed
using a flow-pump after a 20% (w/v) urethane injection at a
dose of 1 g/kg was given. A pledget covered in saline solution
was utilized to surround the surgical area, and a heating light
was employed to maintain the rat’s normal body temperature.
Krebs-buffer Ringer’s (KRB) was pumped through the piece of
intestine for 10 min with a flow rate of 0.2 mL/min. The drug
perfusion solution was then infused at a flow rate of 0.2 mL/
min, and the time was set to 0 just as the perfusion started. The
perfusion solution contained 30 yg/mL PTL with 20 pug/mL
phenol red for each tested sample in KRB. The length of each
segment of the intestine was measured together with the

https://doi.org/10.1021/acsomega.3c00400
ACS Omega 2023, 8, 9662—9672
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Figure 1. Chemical scheme for the thiolation of SA and ERS100 an

Di-sulphide bridged nanoparticles

d formation of disulfide bridged nanoparticles.

perfused samples, which were collected every 15 min up to 120
min after steady-state was reached. We next combined 0.8 mL
of methanol with 0.2 mL of perfusate, centrifuged at 10,000
rpm for 10 min, and analyzed the supernatant by HPLC for
PTL. A UV spectrophotometer was used to quantify the
concentration of phenol red at 558 nm with a mixture of 0.1
mL of perfusate and 0.9 mL of NaOH (0.1 M) and effective
permeability was determined using eq 10. In eq 10, Q is flow
rate of perfusate (0.2 mL/min), r is radius of intestine (0.17
cm), L is intestinal segment length in cm, C;, and C,, are in-let
and out-let perfusate concentration of PTL respectively, and
PR;, and PR, are the in-let and out-let phenol red
concentrations, respectively.
o
(10)

2.11.4. Quantitative Real-Time Polymerase Chain Reac-
tion (gRT-PCR). qRT-PCR was done for determining the
expressionof genes such as E-cadherin, Slug, Twist and a-SMA.
Total RNA was extracted from cultured cells by TRIzol
method and quantified via NanoDrop spectrophotometer
measuring absorbance at 260 and 280 nm. RNA samples
were transcribed to cDNA using the Thermo Scientific cDNA
kit. Glyceraldehyde-3-phosphate dehydrogenase (GADPH)

C

out

C

in

Q

2nrL

PRin
PRout

Effective permeability = —

was used as a house keeping gene. Primers (E-cadherin,
Slug, Twist, @-SMA and GADPH) were designed via use of
Gene Bank and primerblast (Table S1). The qRT-PCR was
subjected to 40 cycles of thermal cycling, each consisting of
denaturation at 95 °C for 15 s, annealing at 60 °C for 20 s, and
extension at 72 °C for 20 s. QqRT-PCR was used to determine
the mRNA expression levels of the genes using Mesa Blue
gPCR Master Mix Plus for SYBR assay (Eurogentec) and the
Master cycler Realplex2 (Eppendorf). The quantity of the
enhanced PCR product in relation to the reference gene
(GAPDH) was calculated using cycle threshold (Ct) values.
2.11.5. Pharmacokinetic Study. To evaluate the pharma-
cokinetics of PTL-loaded nanoparticles, 12 albino rats (250—
450 g) were split into two groups. The Government College
University Faisalabad’s ethical committee granted permission
for the study, and the ICH rules were followed. On the first
day, the rats fasted for 24 h. Rats in group 1 and 2 received 10
mg/kg of the NSE4 formulation (test) and PTL suspension
(reference) respectively. The rats tail vein was used to collect
0.25 mL of blood at predetermined intervals (0, 1, 2, 4, 6, 8,
10, 12, 24, 36, and 48 h). These blood samples were
centrifuged at 4500 rpm for 15 min. The plasma was separated,
and then deproteinizer was added. It was then subjected to
centrifugation for 15 min at 4500 rpm. The supernatant was
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remove, filtered through 0.22 pm filter and injected into HPLC
for analysis. Ty, Cpaw AUMC, MRTm and AUC were
estimated employing Kinetica-R-version 4.1.1 by Thermo-
Electron Corporation, USA.

2.12. Statistical Analysis. SPSS version 17 (SPSS Inc,
Chicago, IL, USA) was used to examine the pharmacokinetics
data. The parameters between the control and test groups were
calculated using the Student’s t test, with a 95% confidence
interval.

3. RESULTS AND DISCUSSION

3.1. Thiolation of Polymers and Preparation of
Nanoparticles. The nanoparticles (NSE1 to NSES formula-
tions) were effectively produced utilizing the air-oxidation
method. Figure 1 shows the chemical formula for the design of
nanoparticles using TERS100 and TSA. TSA and TERS100
contained 0.17 and 0.13 mmol/mg free thiol groups
respectively. Free thiol levels of 0.05—0.13 mmoL/mg were
found in nanoparticles. Ho et al. in 2010 studied the similar
contents of thiol in the thiolated polymers."

3.2. Solubility and In Vitro Release of PTL. The water
solubility of free PTL and PTL-loaded nanoparticles was
determined. PTL had extremely low water solubility (~4.5 ug/
mL). It is interesting to note that PTL-loaded nanoparticles
boosted the solubility of PTL by over 11 times (~59 ug/
mL)."* NSE4 formulation demonstrated 75.34% and 89.18%
entrapment and loading efficiency of PTL, respectively. The
TSA, TERS100, and PTL ratio in the formulation had an
impact on the effectiveness of drug loading and entrapment.
Due to the formulation’s equal quantity of polymer, entrap-
ment efficiency was increased. The release of PTL was assessed
with and without the GSH, because in a malignant situation,
the gut formed a reductive environment. As shown in Figure 2,
the PTL release from NSEI to NSES ranged from 69.18% to
95.39% when GSH was present, whereas this release ranged
from 34.89% to 45.43% when GSH was not present. In
cancerous cell, the level of GSH is 7—10 times more than the

A 100+

-o- NSEl
= 80 -8 NSE2
bl - NSE3
2 -¥ NSE4
s
= -~ NSES
[+
BN
B -o- NSEI
= -8 NSE2
= -A- NSE3
2 -¥ NSE4
=
= -~ NSES
(=7
BN

Time (h)

Figure 2. Evaluation of in vitro release profile of PTL from disulfide
bridged nanoparticles in phosphate buffer ph 7.4 in the absence (A)
and presence (B) of GSH (n = 6).
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normal cells. In the presence of GSH, the disulfide bridged
nanoparticles are degraded and release of PTL in a controlled
mode.’ These results are comparable with the results of
Abouelmagd et al. in 2015."* These findings suggested that the
release of PTL depends on the reductive environment created
by cancer in the colon. In either the presence or absence of
GSH, Igbal et al. investigated the moxifloxacin release from
developed formulations of nanoparticles.” In zero-order
kinetics, R* values were 0.991—0.997, and R® in first-order
kinetics ranged from 0.823 to 0.918. The formulations,
according to the results, followed zero-order kinetics. The
Higuchi model’s R* value ranged from 0.995 to 0.999,
indicating that diffusion was responsible for the release of
PTL from nanoparticles. The fact that the value of n in the
Korsmeyer Peppas model was <0.5 suggested that the release
of PTL from nanoparticles was fickian-diffusion. The similar
findings for the release kinetics of PTL was observed by
Hasanbegloo et al. from the developed nanoformulations.”

3.3. Characterization. 3.3.7. "H NMR. The alkene protons
were shown in the range of 3.5—4.5 in the "H NMR spectra of
SA, which displayed proton peaks at 3.79, 4.1, and 4.4 ppm
contributed to the H of alginate (Figure 3A). On thiolation
with TGA, the interaction between the hydrogen atom of SA
and the —OH group of TGA causes the proton to exhibit
signals at 2.54 ppm, demonstrating that the SA has been
efficiently thiolated as shown in the "H NMR spectra of TSA
(Figure 3B). Khalid et al. in 2020 studied the similar behavior
of thiolation of SA with TGA.* 'H NMR of ERS100 exhibited
peaks at 3.69 and 4.98 ppm correlates to the H of aromatic C—
H group (Figure 3C) and 3.24—3.15 and 7.1 ppm peaks were
observed in TERS100” as shown in Figure 3D. There was a
nucleophilic substitution reaction between ERS100 and
thiourea. This reaction replaced ester linkage with amide
formation.

3.3.2. Fourier Transforms Infrared Spectroscopy (FTIR).
FTIR spectra of PTL showed characteristic peaks at 3452,
2935, and 2277 cm™! due to —OH bond, alkane —CH, and
—C=0O0 vibrations, respectively,'® as shown in Figure 4A. In
SA, the —OH stretching of carboxylic groups was observed at
3123 em™."” Carboxylate anions showed symmetric and
asymmetric stretching vibration peaks at 1587 and 1452 cm™,
respectively. The adsorption bands of cyclic CH bending and
COC cyclic ether stretching were found at 815 and 1022 cm™,
respectively. The successful thiolation of SA through ester
bonding between carboxyl and hydroxyl group of TGA and SA,
respectively, was evidenced by a peak of the thiol group in TSA
that was seen at 2279 cm™"."® Due to —C=0 stretching and
CH aliphatic stretching, ERS100 had peaks at 1737 and 2937
cm ™!, respectively,'” as shown in Figure 4A. The presence of a
thiol group at 2553 cm™" in TERS100 validates the thiolation.”
The ester linkage of ERS100 was replaced with amide group of
thiourea during the process of thiolation. FTIR spectra of
NSE4 blank nanoparticles showed peak at 1611 cm™" which
confirms the formation of disulfide bond (—S—S—) between
TSA and TERS100. The PLT loaded NSE4 formulation
showed characteristic band peaks of PTL, TSA, and TERS100
polymeric materials and disulfide bond (1611 cm™) indicated
the successful entrapment of PTL in the nanoparticles. There
were no significant chemical interactions between the PTL and
the thiolated polymers utilized in the formulation, as evidenced
by the retention of all pure drug peaks in the formulation’s
FTIR spectrum.
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Figure 3. '"H NMR spectra of the sodium alginate (A), thiolated sodium alginate (B), eudragit RS100 (C), and thiolated eudragit RS100 (D).

3.3.3. X-ray Diffraction (XRD). PTL had crystalline
behavior, exhibiting diffraction peaks at 26 of 1°, 7°, 10°
and 15° as well as numerous peaks between 14° and 31°.°° SA
showed many characteristics peaks of diffraction at 20 of 10°,
15°, and 16° indicated the presence of hydrogen binding and
polar inter- and intramolecular interactions”' as shown in
Figure 4B. The XRD diffractogram of TSA showed peaks at 20
of 15° 16° 31°, and 32° which confirm the more crystalline
nature of TSA. The change in the peaks of TSA suggested that
thiol groups bound to SA, altering crystallinity and causing
changes in the atomic density of the polymers at the molecular
level. ERS110 showed two peaks at 12° and 19°* and the
TERS100 showed peaks but the intensity of peaks were low
confirmed the process of thiolation. NSE4 blank nanoparticles
displayed several peaks, but their low intensity revealed that
the particles were amorphous. The absence of PTL peaks in
the NSE4 formulation indicates that the drug’s crystalline
shape was successfully changed to an amorphous form,
increasing its solubility and bioavailability.

3.3.4. Differential Scanning Calorimetry (DSC). The DSC
curves of PTL, SA, TSA, ERS100, TERS100, and nanoparticles
of NSE4 (blank) and NSE4 (PTL loaded) are shown in Figure
SA. The PTL showed one endothermic peak at 233.50 °C and
second exothermic peak at 247.50 °C indicated the crystalline
nature of drug.”® An endothermic peak of SA was observed at
100 °C may be caused by the loss of moisture and water
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content. The SA showed exothermic peak at 255.63 °C,** and
TSA showed an endothermic peak at 220 °C and an
exothermic peak 243.75 °C, confirming the process of
thiolation.”® Kassem et al. investigated the DSC thermograms
of SA and TSA and found that the heat of fusion of SA
decreased following thiolation.'"® The ERS100 showed an
endothermic peak at 409.54 °C,*> and TERS100 showed two
endothermic peaks at 76.34 and 379.38 °C as shown in Figure
S. A decrease in the endotherm of TESRIO00 confirms the
thiolation of ERS100.° NSE4 blank nanoparticles showed
exothermic and endothermic peaks at 354.58 and 377.30 °C
respectively. The breakdown of the polymeric components
may have caused the exothermic peak to arise in NSE4 blank
nanoparticles. Previous research has shown that the degrada-
tion of the polymeric materials of nanoparticles to develop
exothermic peaks at temperatures higher than 200 °C.*° The
thermogram of NSE4 (PTL-loaded) demonstrates unequiv-
ocally that PTL and other used polymers lack their typical
exothermic and endothermic peak values. The PTL was
converted from a crystalline to an amorphous state during
manufacture and/or the drug being dispersed in the polymer
matrix, the PTL exothermic and endothermic peaks dissipated
in the nanoparticles.”’ It verifies PTL’s entrapment inside the
polymeric conjugate as well as the drug’s molecular dispersion
in the polymer matrix.
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Figure 5. DSC (A) and TGA (B) of PTL, SA, TSA showed decrease
in endotherm, ERS100, TERS100 presents decrease in endotherm,
NSE4 blank, and NSE4 PTL loaded nanoparticles.

3.3.5. Thermogravimetric Analysis (TGA). The TGA curves
of PTL, SA, TSA, ERS100, TERS100, and nanoparticles of
NSE4 (blank) and NSE4 (PTL loaded) are shown in Figure
SB. The weight loss of PTL was started at 261 °C and
continued until 600 °C. The free and interlayer water in PTL
were lost before 200 °C.** The sample of PTL showed good
thermal stability below 260 °C. The weight loss of SA started
at 33 °C, and 18% weight loss was at 230.31 °C, and after
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286.10 °C the loss of weight was slow.”” In case of TSA 8%
weight loss was observed at 192 °C, and after that rapid weight
loss was observed and continued until 600 °C. The weight loss
of TSA was rapid as compared to sodium alginate. The TGA
curve of ERS100 showed slow weight loss initially but at 350
°C the rapid weight loss was observed.’’ In TERS100, the
curve showed rapid weight loss at 138 °C, and no weight loss
was observed until 355 °C and weight loss happened quickly at
360 °C. The NSE4 blank and PTL loaded nanoparticles
showed slow weight loss until 315 °C indicated the thermal
stability and effective entrapment of PTL in the formulation.
Due to their compact size, prepared nanoparticles were able to
withstand high temperatures and demonstrated slower weight
loss.”

3.3.6. Particle Size Analysis and Zeta Potential. The
stability, drug release, and pharmacokinetics are all directly
impacted by the particle size, making it a crucial parameter.
According to photon correlation spectroscopy (PCS), the
produced nanoparticles’ mean particle sizes ranged from 103 to
145 nm, and all of their size distributions were monodispersed
(0.034—0.351).** The best size of nanoparticles, which was
chosen for further analysis, was 103 nm shown by the NSE4
(Figure 6A). As previously reported for the nanoparticles of
nebivolol using Eudragit RS100, there were no notable changes
between the diameters of nanoparticles generated with varied
drug-polymer ratios.”> The stability of nanoparticles is
intimately correlated with the zeta potential. The zeta potential
of nanoparticles with values > +30 mV or < —30 mV suggest a
high degree of ionization and, consequently, a larger
electrostatic repulsion between the nanoparticles. Aggregation
can be decreased under these conditions, enhancing the
electrical stability of the systems. In this study, the nano-
particles” ZP measurements revealed a significant amount of
negative charge (—21 mV) as shown in Figure 6B.
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Figure 6. Particle size (A) and zeta potential (B) values of NSE4
formulation.

3.3.7. Scanning Electron Microscopy. As illustrated in
Figure 7, SEM pictures of the PTL-loaded NSE4 formulation

Figure 7. SEM image showed rod shape nanoparticles of NSE4
formulation.

revealed rod shape was seen at 200 nm resolutions. The
diameter of the nanoparticles ranged from 103 to 200 nm and
had a rough surface. The rod-shaped nanoparticles had longer
residence duration than the round-shaped particles.**

3.4. Biological Studies. 3.4.1. Cell Viability, qPCR, and
Hemolysis Study. The inhibition of Caco-2 cells proliferation
was observed when these cells were incubated with PTL-
loaded nanoparticles of NSE4 as depicted in Figure 8A.
Compared to the conventional dose form, our PTL-loaded
NSE4 formulation demonstrated a considerable inhibitory
effect on EMT in which a significant upregulation of E-
cadherin and downregulation of Slug, Twist, and a-SMA was
observed by qPCR as shown in Figure 8B. This might be due
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to the cationic surface charge of prepared nanoparticles which
improved their cellular penetration due to their electrostatic
interaction with the plasma membrane, which has a negative
surface charge due to its double-layer phospholipids
chains.'"** To determine if the nanoparticle formulation was
harmful to RBCs, an in vitro RBCs lysis test was conducted.
Triton X-100 was used as a positive control with 100% RBCs
lysis. Compared to the blank formulation of NSE4 nano-
particles, the PTL-loaded nanoparticles induced a very little
RBCs lysis suéggests that they are suitable for systemic
administration® (Figure 8C).

3.4.2. Intestinal Permeability of PTL. Based on intestinal
permeability of PTL in rat intestine segments, the intestinal
absorption of NSE4 nanoparticles was assessed. When
compared to pure PTL suspension, NSE4’s effective
permeability of 2.08 cm/s was significantly (2.19-fold) higher
than that of 0.95 + 0.35 cm/s (Figure 8D), indicating that
nanoparticles clearly improved intestinal absorption of PTL.
Our results of intestinal permeability are comparable to the
findings of Qu et al. in 2018 for PTL."”

3.4.3. Pharmacokinetics of PTL. The pharmacokinetic
properties of investigational PTL nanoparticles were deter-
mined using the validated HPLC technique. For both pure
PTL and PTL loaded nanoparticles (NSE4), a comparison of
the mean plasma concentration with time was displayed in
Figure 8E. Both profiles displayed the typical biphasic pattern
of a phase of fast distribution followed by a phase of
elimination. After 12 h, PTL concentration for pure drug
was found to be below the HPLC quantification limit, but PTL
from NSE4 continued to be detectable for 24 h. The different
pharmacokinetic parameters displayed by nanoparticles of
NSE4 in contrast to pure PTL are shown in Table 2. In both
the distribution phase and the elimination phase, the measured
concentrations of PTL supplied as pure drug were substantially
lower than those of PTL loaded nanoparticles. Jan et al. in
2002 studied the similar findings of distribution and
elimination phase of fluvoxamine.”” The AUC,_,;h value of
the NSE4 nanoparticles was 4—5 times greater than that of
pure PTL. Additionally, PTL half-life (t,,,) increased by 3—6
times after exposure to NSE4. These could be the cause of the
medicines’ reduced clearance as nanoparticles. Zabaleta et al.
in 2012 studied the pharmacokinetics of PTL after oral
administration and calculated the similar findings of
pharmacokinetic values.”® The amount of plasma elimination
rate constant (K,;) displayed by PTL from NSE4 also indicated
that the medications would remain in the body’s systemic
circulation for a longer period of time. Kamiya et al. in 2018
observed the findings of longer circulation time of drug in
rats.”” The findings demonstrated that the use of nanoparticles
of NSE4 successfully eliminated the absorption-related
problems associated with PTL. Therefore, PTL loaded
nanoparticles may successfully destroy tumor cells with enough
retention time, and PTL is thought to have improved
anticancer treatment efficacy.

4. CONCLUSION

By using the air oxidation approach, disulfide bridged
nanoparticles were successfully synthesized, ensuring pro-
longed delivery of PTL to the target site. In the reductive
environment of the colon, this carrier efficiently transported
the medications. The created nanoparticles were capable of
precise drug release at the target site and efficient targeting.
PTL loaded NSE4 nanoparticles induced very minimal RBCs
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Figure 8. Cell proliferation as well as mRNA expression of EMT associated genes, hemolysis, permeability and pharmacokinetic study (A) Cell
proliferation is inhibited, and (B) the expression of mesenchymal markers (Slug, Twist and @ SMA) were lower, while those of epithelial marker E
cadherin was higher in Caco-2 cells following treatment with NSE4 (Drug loaded) as determined by reverse transcription quantitative polymerase

chain reaction (C) in vitro hemolysis assay for NSE4 (Bland) and NSE4

(Drug loaded) is below 5% (D) the effective permeability of PTL

suspension and NSE4 (Drug loaded) in mice intestine and (E) pharmacokinetics of PTL from NSE4 PTL loaded nanoparticles.

Table 2. Parameters of Pharmacokinetics of Pure PTL and
PTL-Loaded NSE4 Nanoparticles

parameters pure PTL PTL-loaded NSE4
Cpna (ng/mL) 239 + 26234 1023 + 60.786
Tpou (h) 2 + 0.050 12 + 1.023
AUC,_; (ng-h/mL) 2827 + 56.786 12405 + 78.876
AUC,_,, (ngh/mL) 2983 + 53.123 13129 + 87.654
Ky 0.072 + 0.001 0.234 + 0.031
ty, (h) 8.76 + 1.098 40.98 + 3.910

lysis and had a stronger inhibitory effect on EMT. Additionally,
the pharmacokinetic characteristics showed that NSE4 had a
longer circulatory residence and slower clearance rate
compared to control. The NSE4 is a good candidate for
therapeutic uses, according to the pharmacokinetic studies.
The findings of our study, taken together, may open the door
to the logical design of nanoparticles with the appropriate
pharmacokinetic properties, capable of improving the in vivo
efficacy of treatments. The disulfide bridged nanocarrier has
the potential to be a promising carrier with clinical uses in the
future. Nanocarriers that have been developed could offer a
new option for treating CRC with PTL. A novel approach to
treating CRC is the PTL medicines in nanoparticulate form.
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