- QA

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Crosslinked PVA-g-poly(AMPS) Nanogels for Enhanced Solubility
and Dissolution of Ticagrelor: Synthesis, Characterization, and
Toxicity Evaluation

Usman Saleem, lkrima Khalid,* Liaqat Hussain, Abdulrahman Alshammari, and Norah A. Albekairi

Cite This: ACS Omega 2024, 9, 21401-21415 I: I Read Online

ACCESS | il Metrics & More | Article Recommendations

ABSTRACT: In this study, we synthesized PVA-g-poly(AMPS) nanogels with the
aim of enhancing the solubility and dissolution of ticagrelor (TGR). Ticagrelor, a
noncompetitive, reversible P2Y12 receptor antagonist, is prescribed to treat acute
coronary syndrome. Ticagrelor has restricted oral bioavailability (~36%) because
of its poor solubility and permeability. The free radical polymerization
methodology was employed to synthesize nanogels with varied concentrations
of poly(vinyl alcohol) (polymer), 2-acrylamido-2-methylpropanesulfonic acid
(monomer), and N,N-methylene bis(acrylamide) (crosslinker). The prepared
nanogels were analyzed by swelling studies, % drug entrapment efficiency (DEE),
solubility studies, in vitro drug release studies, zeta sizer, Fourier transform infrared |I:
(FTIR) spectroscopy, powder X-ray diffraction (PXRD), thermogravimetric | T &S B ll
analysis (TGA), differential scanning calorimetry (DSC), and scanning electron '5_.,__"._-_
microscopy (SEM). The optimized formulation (PAS) revealed a particle size of —
45.86 nm, with a polydispersity index (PDI) of 0.41 and a %DEE of 85.1%. FTIR spectroscopy, XRD, and SEM confirmed the
formation of crosslinked nanogels with amorphous and porous structures, and TGA/DSC proved their thermal stability. In vitro
dissolution studies showed 99.91% drug release, and the ticagrelor solubility from the synthesized formulations was significantly
improved up to 8.2-fold. All formulations followed the Korsmeyer—Peppas model with the Fickian diffusion as the release
mechanism. The toxicity studies carried out on rats and the MTT assay on the Caco-2 cell line validated the biocompatibility of the
nanogel formulations. The outcomes of the current study led to the conclusion that the PVA-g-poly(AMPS) nanogels synthesized by
us could be used as dedicated pharmaceutical delivery systems to achieve enhanced solubility and dissolution of ticagrelor.

1. INTRODUCTION can be synthesized from natural or synthetic monomers and
polymers or their combinations.” Various hydrophilic polymers
and monomers such as poly(vinyl alcohol) (PVA), poly-
(vinylpyrrolidone) (PVP), chitosan, gelatin, poly(ethylene
glycol) (PEG), f-cyclodextrin, poloxamer, sodium alginate,
chondroitin sulfate, carbopol, hydroxy-propyl methylcellulose
(HPMC), acrylamido methylpropanesulfonic acid (AMPS),
acrylic acid, lactic acid (LA), and methacrylic acid (MAA) are
commonly used for preparing nanogels.” Nanogels are
networks that are physically (polymer chain entanglement,
ionic interactions, and hydrogen bonding) or chemically
(covalently) crosslinked and have the ability to imbibe, swell,
and retain a large quantity of water and allow the tunable
release of drugs without dissolving their intact structure.’

A significant obstacle to the successful oral delivery of drugs is
their inadequate solubility." The literature reports that a large
proportion of marketed (~40%) and investigational (x75%)
drugs exhibit low aqueous solubility profiles.” The low
solubility of a drug is consistent with low bioavailability and
reduced therapeutic outcomes because these drugs are flushed
away from the absorption site before their adequate
dissolution. Numerous approaches have been investigated to
tackle the problem of poor solubility such as amorphous solid
dispersions, nanogels, solid lipid nanoparticles (SLNs), self-
emulsifying systems (SMEDs and SNEDs), liposomes,
cocrystallization, microneedles, nanoemulsions, nanosuspen-
sions, cyclodextrin-based inclusion complexes, nanocapsules,
dendrimers, cosolvency, and pH modification.”?

Among the above cited techniques, nanogels have emerged
as the most promising delivery vehicles due to nanosizing,
hydrophilicity, high swellability, high drug entrapment
efficiency, stability, biocompatibility, and economical manu-
facturing. Nanogels are nanoscale versions of hydrogels, can
accommodate both hydrophilic and hydrophobic drugs, and
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Generally, chemically crosslinked nanogels have more
mechanical strength and are more stable against environmental
degradation than physically crosslinked nanogels.” Upon
swelling, nanogels mimic body tissues due to their soft and
rubbery nature and can reach the capillaries by penetrating the
deeper tissues through different pathways.” Formulations
based on nanogels may be administered by oral, topical,
nasal, and ocular routes.>'® Nanogels have potential
applications in the fields of pharmaceutical manufacturing,
biomedicine, genetic engineering, agriculture, and food pack-
aging.'" Several previous studies have proven that nanogels are
pivotal drug delivery systems for the solubility enhancement of
active pharmaceutical ingredients.4d9312

According to the World Health Organization (WHO) 2020
report, ischemic heart disease was the world’s leading cause of
death.'® In 2022, cardiovascular diseases were associated with
the highest number of deaths in the United States.'* Acute
coronary syndrome (ACS), an ischemic heart disease,
describes a range of conditions associated with sudden reduced
blood flow to the heart. Ticagrelor (TGR) is prescribed to
reduce the incidence of myocardial infarction, stroke, and
cardiovascular death in patients with ACS."> TGR, a
cyclopentyl-triazolo-pyrimidine, is a novel class of antiplatelet
drugs. It is a reversibly binding, noncompetitive antagonist of
the P2Y12 receptor.'® In comparison to clopidogrel, a
frequently prescribed inhibitor of P2Y12, TGR significantly
reduces the prevalence of cardiovascular death due to ACS, as
reported by the Platelet Inhibition and Patient Outcomes
(PLATO) study.'® TGR does not require metabolic activation
in contrast to its counterparts (i.e., clopidogrel and prasugrel)
and minimizes interindividual variations in therapeutic out-
comes. Additionally, TGR exhibits a rapid offset of the
antiplatelet effect compared to prasugrel, thus reducing the risk
of side effects such as bleeding,'” Because of the aforemen-
tioned reasons, TGR is currently preferred over other
antiplatelets in clinical guidelines.'®'® TGR has been reported
to have low aqueous solubility (10—15 ug/mL) and low
permeability, leading to a low oral bioavailability of ~36%."
Therefore, the development of an adequate drug delivery
system for enhancing the solubility of TGR and, ultimately,
efficient ACS therapy is extremely important.

PVA is a synthetic polymer and potential material for a wide
range of applications due to its hydrophilicity, biocompati-
bility, and biodegradability. PVA also exhibits other properties
such as good film-forming ability, mechanical strength, and
chemical resistance. Hydrogel formulations based on PVA have
exhibited adequate mechanical strength and swelling index,
advocating PVA as a promising ingredient.20 AMPS grafting on
the PVA backbone serves to impart attributes such as
macropores, high porosity, and more swellability to the
synthesized nanogels. AMPS, being a hydrophilic monomer,
plays a crucial role in preparing nanogels due to sulfonic
groups that are completely ionized to sulfonate ions
irrespective of the pH of the medium. On increasing the
AMPS concentration, the swelling index of nanogels increases,
which is ascribed to the electrostatic repulsion §enerated
among sulfonate ions, resulting in elevated porosity.”

A few formulation strategies, such as solid dispersion, self-
microemulsification, nanostructured lipid carriers, and nano-
suspension, have been adopted to augment the solubility and
bioavailability of ticagrelor.”* According to our knowledge, no
formulation based on nanogels has been reported vyet.
Nanogels have garnered enormous interest in terms of
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solubility enhancement, biocompatibility, and ease of manu-
facturing.4dlzad Therefore, the current work is intended to
synthesize and evaluate PVA-g-poly(AMPS) nanogels as
promising delivery vehicles for enhancing the solubility and
dissolution of ticagrelor. The free radical polymerization
process was used to synthesize chemically crosslinked PVA-g-
poly(AMPS) nanogels by utilizing the crosslinker methylene
bis(acrylamide) (MBA). After fabricating the system, nanogels
were subjected to physical and chemical characterization and
toxicity studies to reveal their prospective advantages over
other reported carrier systems by taking the drug release,
solubility, crystallinity, biocompatibility, and economical
manufacturing into consideration.

2. MATERIALS AND METHODS

2.1. Chemicals. Poly(vinyl alcohol) (PVA) (mol wt 9000—
10,000), 2-acrylamido-2-methylpropanesulfonic acid (AMPS),
and N,N-methylene bis(acrylamide) (MBA) were purchased
from Sigma-Aldrich, Darmstadt, Germany. Ammonium
persulfate (APS) was bought from AppliChem, Germany. All
chemicals used were of analytical grade. Ticagrelor was
received as a generous gift from CCL Pharmaceuticals (Pvt.)
Ltd., Lahore, Pakistan.

2.2. Methods. 2.2.1. Synthesis of Nanogels. The process
of free radical polymerization was adopted to synthesize PVA-
g-poly(AMPS) nanogels.”*** Separate solutions were prepared
for PVA, AMPS, MBA (crosslinker), and APS (initiator). A
transparent solution of PVA was prepared in water at 50 °C
with continuous stirring. Aqueous solutions of AMPS and APS
were prepared separately by adding water and solubilizing
under stirring at 200 rpm followed by mixing while
continuously stirring at room temperature. The mixture of
AMPS and APS was then transferred into a PVA solution
(previously cooled) by stirring at 300 rpm at ambient
temperature until a clear solution was obtained. To the as-
prepared solution, a crosslinker (MBA) solution prepared in a
water and ethanol (2:1) mixture was added dropwise at S0 °C
while continuously stirring. For the removal of dissolved
oxygen, nitrogen gas was continuously purged into the mixture
for 15 min. The final mixture was then subjected to reflux
condensation at 80 °C for 3—4 h for gelation. The prepared
formulations were made free from uncrosslinked components
by washing with a mixture of ethanol and water (1:1).
Eventually, the collected formulations were subjected to
sieving and subsequent drying in an oven at 40 °C to attain
a constant weight. Table 1 shows varied compositions of
different formulations. The proposed structure of the cross-
linked nanogels is depicted in Figure 1.

2.2.2. Drug Loading. The drug was incorporated into the
synthesized nanogels by the swelling diffusion method.” For

Table 1. Feed Scheme of PVA-g-poly (AMPS) Nanogels

sr., formulation PVA AMPS APS MBA
no. code (9w /w) (%w/w) (9%w/w) (9%w/w)

1 PAl 0.4 24 0.4 4

2 PA2 0.8 24 0.4 4

3 PA3 1.2 24 0.4 4

4 PA4 0.4 32 0.4 4

S PAS 0.4 40 0.4 4

6 PA6 0.4 24 0.4 8

7 PA7 0.4 24 0.4 12

https://doi.org/10.1021/acsomega.4c01721
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Figure 1. Possible structure of the crosslinked nanogels.
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this, a solution of the drug (ticagrelor) was prepared in a
methanol and water (1:1) mixture. An accurately weighed
quantity of the nanogel was then added to the drug solution
followed by sonication for 20 min. The sonicated drug—
nanogel mixture was placed on a magnetic stirrer at 200 rpm
for 24 h at 25 °C + 1. After a specified time period, nanogels
loaded with the drug were collected, dried at ambient
temperature, and lyophilized. Then, the dried drug-loaded
nanogels were investigated through physical and chemical
characterizations.

2.3. Characterization. 2.3.1. Particle Size Analysis. The
particle size, {-potential, and polydispersity index (PDI) were
recorded for the optimum formulation of the synthesized PVA-
gpoly (AMPS) nanogels by diluting (dispersing) a specific
amount of the formulation in methanol and analyzed through a
particle size analyzer (Malvern Zeta Sizer, UK.).*

2.3.2. Fourier Transform Infrared Spectroscopy. Fourier
transform infrared (FTIR) spectroscopy was performed to
confirm the synthesis of TGR-loaded nanogels, determine
functional groups, and identify the interactions among various
formulation excipients and the drug. For this purpose, spectra
of the polymer (PVA), monomer (AMPS), pure drug (TGR),
and unloaded and TGR-loaded nanogels were recorded at a
resolution of 4 cm™ in the scanning range of 4000—500 cm ™
by using an FTIR spectrometer (Nicolet Nexus) equipped with
the attenuated total reflectance technique.
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2.3.3. Thermal Analysis. The thermal stability of the pure
drug (TGR), polymer (PVA), monomer (AMPS), and
unloaded and TGR-loaded nanogels was determined by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) using a thermogravimetric analyzer (SDT
650 series). Accurately weighed samples (2—3 mg) were sealed
in an aluminum pan, and analysis was performed in the
temperature range of 0—500 °C with a heating rate of 10 °C
min~' under a nitrogen atmosphere, maintaining a flow rate of
10 mL min~" to prevent thermo-oxidative degradation. Finally,
the % loss of sample weight on increasing the temperature and
exothermic and endothermic events were noted.”

2.3.4. Powder X-ray Diffraction (PXRD) Analysis. Powder
X-ray diffraction (PXRD) was performed to determine the
crystalline or amorphous nature of pure ingredients and blank
and loaded nanogels at room temperature with an X-ray
diffractometer (JDX3522, Japan). Specific amounts of samples
were poured onto plastic sample holders, and the surface was
leveled with a glass slide. XRD was carried out in the 26
(diffraction angle) range of 0—50° using 1.540 A wavelength
and Ni-filtered radiation from a Cu ka source.”®

2.3.5. Scanning Electron Microscopy. The topography and
morphology of the synthesized nanogels were observed with a
scanning electron microscope (Hitachi S-2380-N, Tokyo,
Japan). Completely dried nanogels were placed on a metal
stub with double adhesive tape, sputter coated with a gold layer
of 10 nm thickness, and examined under a high-resolution

https://doi.org/10.1021/acsomega.4c01721
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electron microscope. Then, images were recorded at various
magnifications.”’

2.3.6. In vitro Swelling Studies. Swelling studies of the
developed nanogels were carried out in distilled water and
solutions of pH 1.2 (HCI buffer) and pH 6.8 (phosphate
buffer). A literature-reported tea bag method was used.”” To
previously weighed empty tea bags, a known amount of dried
nanogels was filled and submerged in beakers containing
distilled water and solutions of pH 1.2 and 6.8 at 37 & 1 °C.
Tea bags were taken out from beakers after 2, S, 10, 15, 20, 30,
45, 60, 90, and 120 min. The exterior of the bags was gently
wiped with blotting paper and kept in the hanging position
until no droplets were exuding from the bag. Using a weighing
balance, the weight of the swollen particles was noted. Then,
the bags were again soaked in the respective beakers. The same
process of soaking and weighing was continued until a constant
weight was achieved. Finally, the swelling index was calculated
using eq 1

W, - W
wm (1)

where W, and W, are the weights of nanogels at the initially
dried and swollen states, respectively.

2.3.7. Drug Entrapment Efficiency. In order to quantify the
drug entrapped in loaded nanogels, the extraction and
absorption method was used.”® A specified amount of the
nanogel loaded with the drug (TGR) was accurately weighed
and transferred to a mixture of methanol and distilled water
(1:1). This mixture was placed on a magnetic stirrer adjusted
at 200 rpm for 2 h at 25 °C =+ 1. Then, the supernatant was
removed and passed through a membrane filter having a pore
size of 0.45 ym and examined spectrophotometrically at 255
nm (4,,,). From the calibration curve, the drug concentration
was calculated. Finally, the % drug entrapment efficiency (%
DEE) was calculated using eq 2

swelling index =

actual amount of drug in nanogel

%DEE = X 100

theoretical amount of drug in nanogel
(2)

2.3.8. Solubility Studies. Improving the solubility of
hydrophobic drugs in the synthesized nanogels is a key
parameter to be considered during characterization. For this
purpose, solubility studies were executed in distilled water and
solutions of pH 1.2 (HCI buffer) and pH 6.8 (phosphate
buffer). The pure drug (TGR) and TGR-loaded nanogel
formulations were added in small increments of 5 mL each to
distilled water and solutions of pH 1.2 and pH 6.8 in Falcon
tubes separately and vortexed for 5 min until the saturated
solution was obtained. Then, all Falcon tubes were dipped in a
mechanically shaking water bath adjusted at 37 °C for 72 h.
After shaking, all mixtures were centrifuged at 6000 rpm for 30
min, and the supernatant was filtered through a membrane
filter having 0.45 pm pore size. Suitable dilutions of filtrates
were analyzed at 255 nm (4,,,) using a ultraviolet—visible
(UV—vis) spectrophotometer. The drug concentration was
determined from the calibration curve, and the solubility was
calculated.”

2.3.9. In Vitro Drug Release Studies. The dissolution profile
of TGR-loaded nanogel formulations was assessed in distilled
water and solutions of pH 1.2 (HCI buffer) and pH 6.8
(phosphate buffer). Release studies were performed by using
USP Dissolution Apparatus II maintained at 37 + 0.5 °C °C

and a stirring speed adjusted at SO rpm. Precisely weighed
amounts of drug-loaded nanogels were introduced into 500
mL each of distilled water and solutions of pH 1.2 and pH 6.8.
After predefined time intervals, 5 mL of samples were
withdrawn from each medium and replenished with an
equivalent volume of fresh dissolution medium. Each with-
drawn sample was passed through a cellulose membrane (0.45
um pore diameter) followed by spectrophotometric analysis at
255 nm A, to estimate drug release. To compare the drug
release profile of the synthesized nanogel formulations, release
studies were also performed with a commercially available
TGR tablet (Virata).*

2.3.10. Drug Release Kinetic Modeling. The release kinetics
of the drug from TGR-loaded nanogels was explored by
applying mathematical models to the % drug release vs time
data. The drug release data were computed using DD solver,
an Excel add-in module.”’ The drug release behavior of the
synthesized nanogels was analyzed by various kinetic models,
ie.,, zero-order, first-order, Higuchi, and Korsmeyer—Peppas
models, using eqs 3—6, respectively.

Q—t = KOt (3)

where Q; is the amount of drug at time t and K, is the zero-
order rate constant.

log Q, = log Q Kt (4)

where Q; is the amount of drug at time t, Q, is the amount of
drug at time zero, and K| is the first-order rate constant.

Q, = Kyt'"” ()

where Q, is the amount of drug at time ¢ and Ky is the
Higuchi constant.

M,/M, = K t" (6)

where M, and M, are the amounts of drug released at times t
and oo, Ky, is the Korsmeyer—Pappas constant, and n is the
release exponent.

2.3.11. Cell Viability Assay. To determine the cellular
toxicity of the synthesized nanogels, a cell viability assay was
carried out using a previously described thiazolyl blue
tetrazolium bromide (MTT) test on a Caco-2 cell line.*”
Caco-2 is an immortalized human colorectal cell line, which is
commonly used as an in vitro model for assessing drug toxicity.
Caco-2 cells were seeded into 96-well plates at a density of
30,000 cells per well in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
and incubated to reach confluence. After seeding, cells were
cultured in FBS-free DMEM media, treated with 0.5%
dispersions of test samples, and incubated for periods of 6
and 24 h. After a specified duration, cells were carefully rinsed
with phosphate buffer saline (PBS) once. After cleansing, cells
were re-incubated for 1 h in FBS-free DMEM media
supplemented with 500 yL of MTT solution. After 1 h, the
supernatant was removed and fed with 500 uL of dimethyl
sulfoxide (DMSO) to solubilize formazan (converted dye),
and the absorbance was noted at 570 nm. Finally, the %
viability of cells was determined using eq 7

A
cell viability (%) = — x 100
Ag (7)

https://doi.org/10.1021/acsomega.4c01721
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Figure 2. Particle size of PVA-g-poly (AMPS) nanogels (a) and {-potential measurement of PVA-g-poly (AMPS) nanogels (b).

where A; and A4 are the absorbance values of cell cultures
treated with test samples and untreated cell cultures (control),
respectively.

2.3.12. Oral Toxicity Studies. The biocompatibility of the
synthesized nanogels was ascertained by acute oral toxicity
studies. To conduct the toxicity studies, guidelines of the
Economic Co-operation and Development (OECD) were
followed, and the Ethics Review Committee of Government
College University Faisalabad, Pakistan (GCUF/ERC/354),
thoroughly reviewed and approved the experimental protocol.
Nine healthy albino rats weighing in the range of 200—250 g
were procured from the Animal House Facility of Government
College University Faisalabad, Pakistan. Rats were accom-
modated in neat, clean, and well-ventilated wooden cages with
free approach to water and meal. The appropriate temperature
(25 + 2 °C) and relative humidity (65 + 5%) were maintained
in the quarantine area. Before commencing the study, rats were
acclimatized for a duration of 1 week. The rats were distributed
into 3 groups at random, i.e, 3 in each group. Group 1 was
designated as the control and was given normal saline
intragastrically. Groups 2 and 3 were administered suspensions
of unloaded nanogels and TGR-loaded nanogels, respectively,
by the intragastric route. A total dose of 2000 mg/kg body
weight was administered orally. All animals were fasted for 12
h before the dose was administered. The study was continued
for 2 weeks. During the study period, all animals were closely
monitored for mortality, morbidity, and general conditions
including behavioral response, alertness, lacrimation, salivation,
touch response, hair, feces, body weight, and any other
significant clinical manifestations. On the 15th day, rats were
exsanguinated for hematological analysis. The rats were then
humanely euthanized, and vital internal organs were removed
and submerged in 10% neutral buffered formalin (NBF) for
preservation. The slides were made from thin tissue slices of
organs and stained with hematoxylin and eosin dyes. The
stained slides were microscopically observed for histopatho-
logical examination, and high-resolution images were obtained.

3. RESULTS AND DISCUSSION

3.1. Particle Size Analysis. Estimating the particle size of
nanogels is of fundamental importance in terms of drug
dissolution, solubility, and release. Particle size and solubility
are inversely related to each other, as indicated by the
Ostwald—Freundlich equation.” The results of the particle
size distribution are depicted in Figure 2(a). The mean particle
diameter was found to be 45.86 nm, with a PDI value of 0.41.
A lower value of PDI is desirable as it indicates little propensity
of particles to form clusters. A {-potential value between —30
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and +30 mV is considered to be an acceptable criterion for
indicating the physical stability of a nanofluid.”* A {-potential
value of —7.04 mV was recorded for the optimum nanogel
formulation, as shown in Figure 2(b), which confirmed the
colloidal stability of the PVA-g-poly (AMPS) nanogels
synthesized by us.

3.2. Fourier Transform Infrared (FTIR) Spectroscopy.
The FTIR spectra of PVA, AMPS, unloaded nanogels (PAS),
ticagrelor (TGR), and TGR-loaded nanogels (PAS) were
recorded to indicate crosslinking between the monomer
(AMPS) and polymer (PVA) and also to investigate any
interaction among drugs and excipients (Figure 3). The FTIR

PVA
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Unloaded NGs
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3300 2950
1350
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3410 2910
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34097 2910
161115321390
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Figure 3. FTIR spectra of PVA, AMPS, unloaded nanogels, pure drug
(TGR), and TGR-loaded nanogels.

spectrum of PVA exhibited absorption peaks at 3293.51,
2960.78, 1100.40, and 1030.18 cm ™. The pinnacles at 3293.51
and 2960.78 cm™! specified the presence of —OH stretching
and —CH extending vibrations, while the peak at 1100.40 cm™!
pointed toward extended —C—O vibrations. The characteristic
band at 1030.18 cm™! reflected the —C—OH stretching.22C35
The IR spectrum of AMPS showed that the principle
absorption peaks at 2990.70 and 1610.58 cm™' indicated
—CH stretching of —CH, and carbonyl (-C=0) extending
vibrations, respectively. The band at 1520.89 cm™! corre-
sponded to —N—H bending vibrations. The presence of a
sulfoxide (S=O) group is reflected by peaks at 1230.60 cm™"
(symmetric stretching) and 1370.44 cm™' (asymmetric
stretching). The characteristic pinnacles ranging between
1090 and 970 cm™ indicated the —S—O—C— group.”"”’
Figure 3 demonstrates that evident bands of AMPS and PVA
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were slightly displaced in the spectrum of unloaded nanogels
because of electrostatic interactions among different functional
groups present in AMPS and PVA, resulting in the formation
of a crosslinked structure. The peaks of AMPS at 2990.70 cm ™
(—CH stretch) and PVA at 2960.78 cm™' (—CH stretch)
overlapped at 2950.17 cm™'. The bands of PVA at 3293.51
cm™' (—OH stretch), 1100.40 cm™' (extending —C—O
vibration), and 1030.18 cm™' (-C—OH stretch) were slightly
shifted to 3300.26, 1095.58, and 1015.53 cm™, respectively.
The bands observed at 1650.13, 1540.18, 1350.19, and
1070.51 cm™" in the IR spectrum of unloaded nanogels were
due to a minor shifting of the 1610.58, 1520.89, 1370.44, and
1090 cm™" peaks of AMPS, respectively. The FTIR spectrum
of the pure drug (TGR) displayed distinctive pinnacles at
341020 and 3290.61 cm™' specific to —NH and —OH
stretching vibrations, respectively. The peaks at 2910.63 cm™
reflected the presence of an alkyl stretch (—CH). The bands at
1610.58 and 1530.54 cm ™! indicated —N—H stretch, while the
peak at 1440.85 cm™' showed a methyl bend, and the one at
1210.35 cm™' represented —C—OH stretching. The peculiar
peaks at 1105.23 and 1055.08 cm™' suggested —C—O
stretching vibrations.””*® The presence of nearly unchanged
peaks of TGR at 3409.25, 3289.70, 2910.63, 1611.55, 1532.47,
1441.81, 1200.70, and 1050.25 cm™ in the drug-loaded
nanogels confirm that there was no chemical interaction
among drugs and excipients, and the drug was efficiently
loaded in the synthesized nanogels. Our findings showed
consensus with results previously described by Maria et al,
who designed a copolymeric hydrogel by using gelatin, PVA,
and AMPS for prolonged sitagliptin and metformin release.”%*

3.3. Thermal Analysis. The thermal stability of PVA,
AMPS, ticagrelor (TGR), unloaded nanogels (PAS), and
TGR-loaded nanogels (PAS) was evaluated over a temperature
range of 0—500 °C by performing thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC), as shown
in Figure 4. The TGA scan of PVA (Figure 4a) showed 6%
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Figure 4. TGA thermograms of PVA (a), AMPS (b), unloaded
nanogels (c), pure TGR (d), and TGR-loaded nanogels (e).

weight loss at temperatures up to 130 °C, which is attributed
to water evaporation. Degradation started at 130 °C and lasted
up to 295 °C, resulting in a 10% weight reduction. The major
degradation phase extending from 295 to 500 °C contributed
75% reduction in weight. The degradation of PVA is linked
with dehydration, leading to the formation of macromolecules
with a polyene structure, which is further broken down at
elevated temperatures to carbon and hydrocarbons.”” The
thermogram of AMPS (Figure 4b) exhibited three distinct

degradation phases. The first phase between 0 and 195 °C
resulted in a 5% reduction in weight due to the loss of
moisture. The degradation during the second phase ensued
between 195 and 210 °C and contributed 20% weight
reduction due to the decomposition of the sulfonic acid
group. The third degradation phase appeared at 210 °C and
lasted until 500 °C, with 50% wei§ht loss attributed to
decomposition above its melting point.””**' TGA of pure TGR
(Figure 4d) showed 3% weight loss at 301 °C due to the loss
of residual moisture. Degradation at temperatures ranging from
301 to 340 °C and from 340 to 500 °C resulted in 42 and 17%
weight loss, respectively. The TGA profile of unloaded
nanogels (Figure 4c) demonstrated 15% weight loss at 190
°C. The next degradation stage observed at 260 °C resulted in
a 17% weight reduction. Further degradation observed at 330—
500 °C contributed to 46% weight loss. The TGA of unloaded
nanogels exhibited that degradation of unloaded nanogels
started slightly earlier but the decomposition was slower and
lesser than those of PVA and AMPS. This indicated greater
stability of the synthesized crosslinked nanogels than individual
formulation components over the increased temperature range.
In TGA of TGR-loaded nanogels (Figure 4e), weight loss was
observed in three phases, ie, 12% up to 190 °C, 13% at
temperatures ranging from 190 to 282 °C, and further 35%
starting at 282 °C up to 500 °C. The percentage
decomposition of TGR-loaded nanogels is comparable to the
TGA of ticagrelor, but less than that of unloaded nanogels.
Figure 5 depicts the DSC curves of PVA, AMPS, TGR, and
unloaded and TGR-loaded nanogels. In Figure Sa, PVA

50

)
3
1

&

— (e)
« (a)

\_,__——)\/'\ (d)

Heat flow (mW
S
1

—
=
1

>

T T T T 1
100 200 300 400 500

>

Temperature (°C)

Figure S. DSC thermograms of PVA (a), AMPS (b), unloaded
nanogels (c), pure TGR (d), and TGR-loaded nanogels (e).

exhibited small endothermic dips at 85, 197, and 330 °C
corresponding to the glass transition temperature, melting
point, and thermal decomposition, respectively.”® The DSC
thermogram of AMPS (Figure Sb) exhibited an endothermic
peak at 198 °C corresponding to its melting point. Another
endothermic peak at 225 °C indicated thermal degradation.”®
In the DSC curve of unloaded nanogels (Figure Sc), individual
melting point endothermic peaks of AMPS and PVA at 198
and 197 °C, respectively, overlapped at 210 °C. The
disappearance of decomposition endothermic peaks of AMPS
(at 225 °C) and PVA (at 330 °C) confirmed the thermal
stability and amorphous nature of unloaded nanogels. The
DSC scan of pure TGR (Figure Sd) shows an endothermic
peak at 140 °C corresponding to its melting point, and the
exothermic peak at 332 °C reveals its crystalline nature. In the
DSC thermogram of TGR-loaded nanogels (Figure Se), the
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unshifted melting point peak of TGR (at 140 °C) confirmed
the absence of chemical interactions between the drug and the
synthesized nanogels. Also, the absence of an exothermic peak
of TGR (at 332 °C) in the TGR-loaded nanogels confirmed
the amorphous nature of the drug and its successful loading.
Previously, Kifayat et al. reported similar findings when they
prepared poloxamer-407 and AMPS-based nanogels with the
aim of enhancing the solubility of olanzapine.”

3.4. Powder X-ray Diffraction (PXRD) Analysis. The
crystalline or amorphous features of PVA, AMPS, unloaded
nanogels (PAS), ticagrelor (TGR), and TGR-loaded nanogels
(PAS) were assessed by powder XRD analysis, as shown in
Figure 6. PVA exhibited peaks at 26 of 15.5 and 28°.°°**° The

o PVA

15.5° . 275° AMPS
b f \'w-J‘\.,,/'V ‘VMVF“ M /\J‘vaw‘w

Unloaded NGs

24°

13.17° 17.86°

0
13-17% 7 860 24°

TGR-loaded NGs

10 15 20 25 30 35 40 45 50
Angle (20)

Figure 6. Powder X-ray diffraction patterns of PVA, AMPS, unloaded
nanogels, pure drug (TGR), and TGR-loaded nanogels.

AMPS diffractogram displayed intense peaks at 26 (diffraction
angle) values of 11.5, 15.5, 19.5, 23, 26, and 27.5°, revealing its
crystalline nature.’” The diffractogram of pure TGR demon-
strated intense peaks at 26 of 13.17, 17.86, 18.98, 22.37, and
24°, confirming its crystalline nature.””**” The XRD spectrum
of unloaded nanogels exhibited no characteristic sharp peak
relevant to AMPS and PVA, which reflected its amorphous
nature. Because of its amorphousness, the possibility of loading
drugs in the synthesized nanogels was higher. The XRD
spectrum of TGR-loaded nanogels presented all distinctive
peaks of TGR with a remarkably diminished intensity,
indicating the significantly reduced crystallinity and successful
loading of the drug in nanogels. Consequently, it can be stated
that the synthesized amorphous nanogel formulations masked

the crystalline feature of the drug by means of a crosslinked
network leading to efficient loading, enhanced solubility, and
release of the drug. These outcomes conform to previously
described observations by Minhas et al, who synthesized
poly(vinylpyrrolidone) K-30-based nanogels in an attempt to
improve the solubility of olanzapine."*

3.5. Scanning Electron Microscopy. PVA-g-poly
(AMPS) crosslinked nanogels were evaluated by scanning
electron microscopy (SEM) analysis to interpret the surface
morphology. Figure 7 shows the SEM images obtained at
different magnification powers. Micrographs showed that the
synthesized nanogels are irregular in shape and have a pitted,
rough, and spongy appearance. The presence of several
apertures on the entire surface is possibly ascribed to ionizable
and hydrophilic groups of PVA and AMPS. The porous nature
of the synthesized nanogels is favorable for water entrance,
nanogel swelling, and subsequent drug loading and release.
Shoukat et al. mentioned similar observations when they
prepared hybrid nanogels from p-cyclodextrin, poly-
(vinylpyrrolidone), and AMPS to counter the low solubility
of rosuvastatin.

3.6. In Vitro Swelling Studies. Evaluating the swelling
potential of nanogels is essential because it has a direct impact
on the loading and release profile of the drug. The swelling
index of the synthesized nanogels was investigated in distilled
water and solutions of pH 1.2 (HCI buffer) and pH 6.8
(phosphate buffer). Prompt swelling was observed within the
first S min due to hydrophilic monomers and polymers,
nanodimensions, a large surface area, and spongy features of
the particles, which facilitated rapid solution penetration.
Figure 8a—c indicates that all nanogel formulations (PAl1—
PA7) exhibited substantial swelling in distilled water and both
pH media, which is ascribed to the ionization of AMPS.*"*
Study outcomes revealed that the swelling was slightly more in
pH 6.8 than in pH 1.2 and distilled water (Figure 8c). This is
due to the sulfonate ions (—SO;~) present in AMPS, which
were protonated to —SO;H. Sulfonate groups robustly
interacted with each other because of hydrogen bonding,
which additionally crosslinked the nanogel network, resulting
in hampered swelling in an acidic medium. In a basic medium,
some sulfonate groups are ionized to sulfonate ions (—SO;7),
leading to electrostatic repulsion between the anions, which
resulted in the distancing of polymer chains, leading to
increased swelling.41 Further, the swelling index of nanogels as
a function of ingredient concentration was also evaluated. With
an increase in the polymer (PVA) concentration, the swelling
decreased (Figure 8d) due to the formation of a tight network
structure due to the crowding of polymer chains in the

Figure 7. SEM micrographs of PVA-g-poly (AMPS) nanogels.
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Figure 8. Swelling indices of PVA-g-poly (AMPS) nanogels in distilled water (a), at pH 1.2 (b), and at pH 6.8 (c); effect of the w/w % of PVA (d),
AMPS (e), and MBA (f) on the swelling index of PVA-g-poly (AMPS) nanogels.

nanogel, which impeded the mobility and relaxation of the
polymer chains, resulting in reduced water penetration.”” An
increase in swelling was observed by increasing the monomer
(AMPS) concentration (Figure 8e). This is due to the
hydrophilic nature and ionization of AMPS over a wide pH
range, which further enhanced its hydrophilicity.”>* By
increasing the feed composition of the crosslinker (MBA),
the swelling was decreased (Figure 8f) due to excessive
crosslinking, which resulted in intertwingled polymer chains,
leading to a dense and firm network, which imparted some
degree of hydrophobicity that protected the nanogel from
immense water penetraltion.‘m’44

3.7. Drug Entrapment Efficiency. Drug-loaded nanogel
formulations (PA1—-PA7) with varying compositions were
analyzed to estimate the drug entrapment efficiency. As
illustrated in Figure 9, the drug entrapment efficiency (DEE)
values ranged between 56.4 and 85.1%. Being hydrophilic in
nature, the synthesized nanogels swell when they come in
contact with aqueous media and entrap the drug. The
entrapment efficiency decreased from 71.2 to 64.7% as the
PVA concentration was gradually increased while keeping the
AMPS and MBA concentrations constant, which is attributed
to the formation of a dense structure due to the packing of the
network by more polymer chains, which restrained chain
relaxation and swelling.*” When the concentration of AMPS
was increased while keeping the PVA and MBA contents
constant, the entrapment efficiency increased from 71.2 to
85.1%. This might be due to the presence of a large number of
sulfonate ions (—SO;”) formed by the ionization of AMPS.
The electrostatic repulsion between sulfonate ions causes the

100.0
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Figure 9. % Drug entrapment efficiency of different formulations
(PA1-PA7).

widening of channels in the crosslinked network, resulting in
greater porosity and swelling.”> The %DEE was inversely
related to the increasing MBA concentration in the
formulation and decreased from 71.2 to 56.4% while
maintaining fixed concentrations of PVA and AMPS, which
is ascribed to the formation of a highly cross-connected and
impervious network.”> The maximum drug entrapment
efficiency (85.1%) was observed in the formulation with the
highest AMPS concentration (PAS). It is noteworthy that the
results of entrapment efficiency are in line with swelling
studies, as greater swelling leads to increased porosity and a
higher drug entrapment capacity of the polymeric network.
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Similar observations were reported by Sarfraz et al, who
prepared a gastro-protective nanogel delivery system using
carbopol and methacrylic acid for the successful delivery of
ketoprofen.*®

3.8. Solubility Studies. The solubility of the drug (TGR)
in the pure form and from TGR-loaded nanogels (PA1—PA7)
was evaluated in distilled water and solutions of pH 1.2 (HCI
buffer) and pH 6.8 (phosphate buffer). As shown in Figure 10,
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Figure 10. Solubility of drugs from nanogel formulations (PA1—PA7)
in distilled water and buffer media of pH 1.2 and 6.8.

TGR-loaded nanogels substantially boosted the TGR solubility
in comparison to that of the pure drug. The solubility of TGR
in the synthesized nanogel formulations (PA1—PA7) increased
6.5,6.2,5.4,7.2,7.4, 5.6, and 5.2 times, respectively, in distilled
water, while 5.7, 5.5, 5.3, 6.8, 7.1, 5.1, and 4.8 times,
respectively, at pH 6.8. At pH 1.2, the TGR solubility of all

formulations (PA1—PA7) increased by 6.9, 6.8, 5.9, 7.9, 8.2,
5.6, and 5.4-fold, respectively. The significantly improved
solubility of TGR might be credited to the hydrophilicity,
nanodimension, larger surface area, amorphous nature,
porosity, efficient drug loading, and swellability of the
synthesized nanogels and reduced crystallinity of TGR in
nanogels, as also confirmed by XRD and DSC analyses. Our
findings are in accordance with the outcomes of previous
studies intended to improve the solubility of hydrophobic
?;rllri:'4dlgzrlzcgﬁgloy1ng nanogels as drug delivery plat

3.9. In Vitro Drug Release Studies. Dissolution studies
were carried out in distilled water and solutions of pH 1.2
(HCI buffer) and pH 6.8 (phosphate buffer) to investigate
drug release from nanogel formulations (PA1—PA7). To
compare the drug release from the synthesized formulations
with the reference product, dissolution studies were also
conducted for the marketed brand of TGR (Virata). All
synthesized formulations demonstrated a higher drug release,
as shown in Figure 11. This is attributed to the reduced
crystallinity of TGR in nanogels and nanosizing, hydrophilicity,
and amorphousness of the synthesized formulations, which
facilitated the prompt swelling of the crosslinked network and
drug release. After the first S min, drug releases of 20.4—30.2,
17.2—35.3, and 14.5—30.9% were observed in distilled water,
pH 1.2, and pH 6.8, respectively. This rapid release was due to
the dissolution of loosely bound drugs on the outer surface of
nanogels and also the rapid swelling of the polymeric network.
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Figure 11. Percent drug release of nanogel formulations (PA1—PA7) and the marketed product (Virata) in distilled water (a), pH 1.2 (b), and pH
6.8 (c); effect of the % w/w of PVA (d), AMPS (e), and MBA (f) on drug release.
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Table 2. Drug Release Kinetics Modeling of TGR-Loaded Nanogel Formulations (PA1—PA7)

zero-order first-order Higuchi Model Korsmeyer—Peppas model
formulation code pH R R R? R? n

PA1 D.w. 0.9091 0.9830 0.9732 0.9901 0.2466
1.2 0.9136 0.9969 0.9771 0.9893 0.3181

6.8 0.9052 0.9778 0.9725 0.9919 0.2497

PA2 D.w. 0.8919 0.9679 0.9637 0.9862 0.2488
1.2 0.9277 0.9981 0.9828 0.9902 0.3538

6.8 0.9075 0.9674 0.9696 0.9869 0.2618

PA3 D.w. 0.9259 0.9823 0.9818 0.9942 0.2492
12 0.9466 0.9996 0.9912 0.9950 0.3792

6.8 0.9060 0.9670 0.970S 0.9883 0.2617

PA4 D.w. 0.9183 0.9918 0.9778 0.9917 0.2349
12 0.9168 0.9716 0.9757 0.9921 0.2622

6.8 0.9297 0.9840 0.9828 0.9960 0.2213

PAS D.w. 0.9129 0.9945 0.9778 0.9958 0.2386
1.2 0.9097 0.9583 0.9725 0.9914 0.2497

6.8 0.9108 0.9868 0.9754 0.9957 0.2106

PA6 D.w. 0.9198 0.9837 0.9791 0.9916 0.2614
1.2 0.9274 0.9986 0.9845 0.9954 0.2800

6.8 0.8893 0.9653 0.9642 0.9855 0.2722

PA7 D.w. 09115 0.9748 0.9757 0.9900 0.2852
12 0.9275 0.9866 0.9839 0.9926 0.3538

6.8 0.8460 0.9272 0.9384 0.9650 0.3113

After 180 min, the % drug release ranged from 66.6 to 82.7% in
distilled water, from 65.03 to 99.9% at pH 1.2, and from 63.1
to 80.8% at pH 6.8. The higher release of TGR at pH 1.2
might be due to the basic character of the drug, which
dissolved well in acidic pH.**

The effect of increasing the concentration of excipients on
drug release was also evaluated. On increasing the PVA
concentration from 0.4 to 1.2%, the drug release decreased
from 75.2 to 70.1% in distilled water, from 87.7 to 81.2% at pH
1.2, and from 73.6 to 68.5% at pH 6.8, as shown in Figure
11(d). This is attributed to the formation of a more dense
structure by increasing the concentration, which inhibits
polymer chain relaxation for water absorption, resulting in
reduced swelling and consequently leading to less drug
release.”” The drug release was increased from 75.2 to 82.7%
in distilled water, from 87.7 to 99.9% at pH 1.2, and from 73.6
to 80.8% at pH 6.8 when the AMPS concentration was
increased from 24 to 40%, as shown in Figure 11(e). This is
due to the fact that AMPS is ionizable at both pH values, and
the production of a large number of sulfonate ions resulted in
greater repulsion among polymeric chains, causing a widening
of pores in the crosslinked network and facilitating water
penetration and drug release.””® On increasing the crosslinker
(MBA) concentration from 4 to 12%, a trend of decreasing
drug release was noted from 75.2 to 66.6% in distilled water,
from 87.7 to 65.03% at pH 1.2, and from 73.6 to 63.1% at pH
6.8, as shown in Figure 11(f). This is ascribed to the increased
crosslinking density of the polymeric network resulting in
reduced elasticity and porosity, leading to diminished swelling
and drug release.”

The commercially available tablet (Virata) of TGR was also
subjected to release studies. The results of studies show that
the synthesized nanogels presented much higher drug release
as compared to the TGR tablet (Virata). In distilled water,
TGR-loaded nanogels released 82.7% drug in 180 min,
whereas the ticagrelor tablet reached 17.3%, as illustrated in
Figure 11(a). At pH 1.2, TGR-loaded nanogels reached 99.9%
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drug release in 180 min, whereas the ticagrelor tablet reached
20.1%, as depicted in Figure 11(b). At pH 6.8, TGR-loaded
nanogels released 80.8% drug in 180 min, whereas the
ticagrelor tablet released only 16.3% within the same duration,
as shown in Figure 11(c). Similar inferences were made by
Young et al, who synthesized a TPGS/PVA-based nano-
suspension for enhancing the dissolution of ticagrelor.”** This
remarkable difference in dissolution between the synthesized
formulations and the reference product confirmed that our
nanogels are promising delivery systems with respect to the
enhancement of drug dissolution and release.

3.10. Drug Release Kinetics Modeling. The drug release
kinetics were determined by applying the dissolution data to
mathematical models (i.e., zero-order, first-order, Higuchi, and
Korsmeyer—Peppas). The zero-order kinetics explain the
constant fraction of drug release per specific time period
regardless of the initial or remaining concentration in the
delivery vehicle, and when the release of a drug depends on the
concentration present in the delivery system, it corresponds to
first-order release. The results of kinetic models (Table 2)
indicated that all formulations obeyed first-order kinetics of
release. Moreover, dissolution data were obtained through the
Higuchi and Korsmeyer—Peppas models to determine the
mechanism of drug release. The Higuchi model assumes that
the Fickian diffusion is the principle release mechanism, and
the drug release process is dependent on the square root of
time. The drug release from polymeric matrices such as
nanogels is better explained by the Korsmeyer—Peppas model
and is more applicable when the release follows a hybrid
mechanism. The release exponent “n” is of utmost importance,
as its value indicates the release mechanism. A value of n <
0.43 indicates that the Fickian diffusion is responsible for drug
release, whereas a value of 043 < n < 0.85 points toward
anomalous drug release (non-Fickian) diffusion. Super case-1I
transport is the principle release mechanism for a value of n >
0.85. The results (Table 2) disclosed that the Korsmeyer—
Peppas model is better fitted due to the higher coefficient of
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correlation (R*) value. All synthesized formulations (PAl—
PA7) followed the Korsmeyer—Peppas model, with ‘n’ values
less than 0.43, which revealed that the release mechanism was
predominantly based on the Fickian diffusion.”’

3.11. Cell Viability Assay. The cell viability assay is an
essential technique used in the preclinical phases of the drug
development process to examine the general health and
phenotypic characteristics of cells when tested against
pharmaceutical formulations. In the current work, the cell
viability was assessed by an MTT assay, where Caco-2 cell
cultures were treated with both unloaded and TGR-loaded
nanogels. The cells of the control group were cultured using
DMEM alone. The outcomes of the assay confirmed the
noncytotoxic nature of the synthesized nanogels, as 83% of the
cells remained alive when treated with both unloaded and
drug-loaded nanogels for a duration of 24 h (Figure 12).
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Figure 12. Cell viability study of unloaded and TGR-loaded nanogels.

Furthermore, the microscopic examination of cell lines showed
no apparent change in the cellular morphology. Our
observations were in good agreement with results reported
by Igbal et al, who developed nanoparticles using thiolated
chitosan and Eudragit RS100 for the delivery of moxifloxacin
in a controlled manner.**

3.12. Oral Toxicity Studies. The compatibility of the
synthesized nanogel formulations with the biological environ-
ment was assessed by conducting acute oral toxicity studies in
albino rats. The studies were evaluated by clinical, hemato-
logical, biochemical, and histopathological assessments.
According to clinical manifestations, no mortality was observed
in either the control (group 1) or treatment groups (groups 2
and 3). All animals of the control and treatment groups
exhibited similar behavioral patterns and activities. There were
no noticeable differences in the food and water intake,
urination, touch and pain responses, and corneal and righting
reflexes. Common ailments, such as eye lacrimation,
inflammation, vomiting, diarrhea, and edema, were absent.
These findings show that the synthesized formulations are
clinically safe.

After 14 days, all animals were exsanguinated and later
humanely euthanized for biochemical and histopathological
examination. The physiological and pathological states are
reflected by values of hematological markers. Various
hematological parameters such as hemoglobin, erythrocyte
(RBC) count with the mean corpuscular volume (MCV) and
hematocrit (HCT) values, mean cell hemoglobin (MCH),
total leukocyte count (TLC), and platelet count were

determined, as shown in Table 3. The results of other
hematological tests such as serum urea and creatinine,

Table 3. Values of Hematological Parameters of the Control
and Treatment Groups

group 2 (treated  group 3 (treated

sr., roup 1 with unloaded with TGR-loaded

no. parameter gcontrol) nanogels) nanogels)

1 hemoglobin 13.7 14.5 13.8
(g/dD)

2 total RBCs 6.73 7.57 6.87
(x10°/uL)

3 HCT (%) 449 429 458

4 MCV (fl) 667 67.2 66.1

s MCH (Pg) 174 19.1 18.5

6  MCHC (%) 26.1 26.8 252

7 TLC 8.2 9.8 8.5
(x10°/pL)

8 neutrophils 21.3 20.5 18
(%)

9 lymphocytes 65.7 60.4 68.2
(%)

10 monocytes 4 6 S
(%)

11 eosinophils 2 3 2
(%)

12 platelet count 1110 1009 1090

(X10%/uL)

aspartate transferase (AST), alanine aminotransferase (ALT),
bilirubin, cholesterol, and triglycerides (TG) are also reported
in Table 4. All hematological parameters were in the normal

Table 4. Results of RFTs, LFTs, and Lipid Profiles of the
Control and Treatment Groups

group 3 (treated
with TGR-loaded

group 2 (treated

sr,  biochemical (group 1 with unloaded

no. analysis control) nanogels) nanogels)
1  serum urea 18.1 19.2 18.7
(mg/dl)
2 serum 0.6 0.51 0.57
creatinine
(mg/dl)
3 AST (IU/L) 92 87 94
ALT (IU/L) 35 39 37
S bilirubin 0.6 0.7 0.6
(mg/dl)
6  cholesterol 62.3 65.1 64.5
(mg/dl)
7 triglycerides 95.6 94.8 99.1
mg/dl)
8 HDL (mg/dl) 26.7 25.4 29.7
LDL (mg/dl) 583 60.7 58.8

range in the treatment (groups 2 and 3) and control (group 1)
groups. The results of the hematological analysis confirm the
safety of the synthesized nanogel formulations with no
evidence of nephrotoxicity and hepatotoxicity.

The effect of the synthesized formulations on the weights of
vital internal organs was also evaluated. The organ weights of
animals in the control and treatment groups did not differ
noticeably (Table S). Microscopic examination of the tissue
sections of vital organs was also carried out. No signs of
lesions, inflammation, or abnormality were detected in animals
of either the control or treatment groups, as shown in Figure
13. No sign of pathological change was observed within
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Table 5. Weights of Vital Internal Organs of Rats from the
Control and Treatment Groups

body group 2 (treated group 3 (treated
sr., organs roup 1 with unloaded with TGR-loaded
no. (gm) gcontrol) nanogels) nanogels)
1 heart 0.87 + 0.2 0.89 + 0.1 0.88 + 0.2
2 lungs 193 + 0.1 193 + 0.2 191 +£ 02
3 liver 7.72 £ 03 7.81 + 0.1 7.82 + 0.0
4 kidneys 1.88 + 0.0 191 + 0.1 1.86 + 0.3
S stomach 1.97 £ 0.1 2.01 £ 0.2 195 £ 0.2
6 small 0.61 + 0.1 0.62 + 0.3 0.64 + 0.1
intestine
7 brain 2201 £ 0.2 218 +£ 0.3 221 £ 04
8  spleen 0.57 £ 0.1 0.59 + 0.2 0.56 + 0.3

cardiomyocytes. The lungs did not show any alveolar damage,
and hepatic parenchyma was normal, with no damage to
hepatocytes. Microscopic examination of the kidney revealed a
normal glomerulus connected to the Bowman’s capsule. The
gastric mucosa was free of any sign of ulceration. The intestinal
brush border layer was intact, with clearly visible microvilli. On
histological examination of the brain, neurons appeared normal
without any damage to axons, and the spleen showed normal
features with unchanged white and red pulps. On compiling

the results obtained from toxicity studies, it can be concluded
that the synthesized nanogel formulations are well-tolerated,
nontoxic, and biocompatible when administered orally. Similar
toxicity study findings were reported by Qandeel et al, who
synthesized p-cyclodextrin-based nanosponges for the solubil-
ity enhancement of dexibuprofen.*’

4. CONCLUSIONS

Poor solubility is a serious setback to adequate oral
bioavailability and therapeutic outcomes of the majority of
the marketed drugs and drugs under developmental stages. In
the current work, this issue was addressed by developing PVA-
g-poly(AMPS) nanogels using a free radical polymerization
technique for enhancing the solubility of the poorly soluble
drug ticagrelor (TGR). The synthesized nanogels exhibited
particle sizes in the desired range with a high swelling index
and drug entrapment efliciency. XRD analysis indicated the
highly amorphous nature of the synthesized nanogels and
markedly declined crystallinity of TGR, which are of prime
importance in the case of solubility enhancement. FTIR and
thermal analyses confirmed the formation of a stable
formulation without any interaction among drugs and
excipients. The solubility of TGR in nanogels was enhanced
up to 8.2-fold, and the in vitro dissolution was significantly

Brain

Spleen

Group-1
(Control)

Group-2

Group-3

Figure 13. Histological examination of vital organs of rats in the control and treatment groups.
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higher and expeditious compared to that of the marketed
product (Virata). Oral toxicity studies in rats and the MTT
assay confirmed the safety and biocompatibility of the
synthesized nanogels. Hence, the synthesized PVA-g-poly-
(AMPS) nanogels offer prospective pharmaceutical delivery
systems for improving the solubility and dissolution of TGR
and other poorly soluble drugs.
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