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Background: Ticagrelor (TG), an antiplatelet drug is employed to treat patients with acute 
coronary syndrome, but its inadequate oral bioavailability due to poor solubility and low 
permeability restricts its effectiveness.
Purpose: This contemporary work was aimed to design a novel pH-sensitive nanocomposite 
hydrogel (NCH) formulation incorporating thiolated chitosan (TCH) based nanoparticles 
(NPs) of Ticagrelor (TG), to enhance its oral bioavailability for effectively inhibiting platelet 
aggregation.
Methods: NCHs were prepared by free radical polymerization technique, using variable 
concentrations of chitosan (CH) as biodegradable polymer, acrylic acid (AA) as a monomer, 
N,N-methylene bisacrylamide (MBAA) as cross-linker, and potassium persulphate (KPS) as 
initiator.
Results: The optimum hydrogel formulation was selected for fabricating NCHs, considering 
porosity, sol-gel fraction, swelling studies, drug loading capacity, and TG’s in vitro release as 
determining factors. Outcomes of the studies have shown that the extent of hydrogel swelling 
and drug release was comparatively greater at higher pH (7.4). Moreover, an amplifying 
trend was observed for drug loading and hydrogel swelling by increasing AA content, while 
it declined by increasing MBAA. The NCHs were evaluated by various physicochemical 
techniques and the selected formulation was subjected to in vivo bioavailability studies, 
confirming enhancement of bioavailability as indicated by prolonged half-life and multifold 
increase in area under the curve (AUC) as compared to pure TG.
Conclusion: The results suggest that NCHs demonstrated a pH-responsive, controlled 
behavior along with enhanced bioavailability. Thus NCHs can be effectively utilized as 
efficient delivery systems for oral delivery of TG to reduce the risk of myocardial infarction.
Keywords: nanocomposite, thiolated chitosan, biodegradable, bioavailability, free radical 
polymerization

Introduction
In pharmaceutical drug discovery and development, the poor bioavailability of drug 
moiety due to low aqueous solubility and permeability is a crucial obstacle limiting its 
effectiveness. Oral administration of hydrophobic drugs remains a challenge due to 
susceptibility to variable physiological pH and gastrointestinal enzymes, as well as low 
permeability of the intestinal epithelial membrane. The drugs belonging to 
Biopharmaceutics Classification System (BCS) class II and IV face bioavailability- 
related issues due to retarded absorption. The improvement of the physicochemical 
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characteristics of active pharmaceutical ingredients (APIs) 
possessing limited bioavailability is of paramount importance 
in this regard.1 For this rationale, much effort has been put into 
developing various novel nanotechnology-based drug delivery 
systems to improve oral availability by increasing drug resi-
dence time and enhancing solubility. In the recent era, nano-
technology has evolved as a booming strategy for enhancing 
the bioavailability of BCS class IV candidates. Accordingly, 
various approaches have been investigated to meet such chal-
lenges. Numerous innovative drug delivery technologies that 
have been explored in recent years for this purpose include 
micellar technologies, lipid-based delivery systems, size 
reduction techniques, complexation, hydrotropy, solid disper-
sion systems, porous microparticle, and nanoparticle technol-
ogies, co-crystallisation, microemulsification, supercritical 
fluid (SCF) process, solvent deposition, etc.2 Research trends 
are currently focused on the incorporation of various nanopar-
ticulate systems such as polymeric nanoparticles, ceramic 
nanoparticles, carbon-based nanomaterials, and metal/metal- 
oxide nanoparticles into the hydrogel framework to eventually 
obtain nanocomposite hydrogels (NCH). This hybridization 
can result in a synergetic property enhancement of each com-
ponent, ie the mechanical strength provided by the hydrogel 
and decreased aggregation of the concomitant nanoparticles.3 

Such amalgamation not only helps to increase the solubility but 
ultimately can enhance the bioavailability of the drug.4 These 
hybrid hydrogels act as useful platforms for drug delivery as 
well as gene delivery, being intelligent, promising, and smart 
drug delivery devices. NCHs act as useful vehicles for target-
ing drugs to specific sites along with their capability of drug 
release in a controlled manner. NCHs can serve as a reservoir 
of drug molecules, in local drug delivery, based on the inter-
actions between drug molecules and nano-filler and hydrogel 
matrix. This ability arises from the stimuli-responsiveness of 
these innovative composite systems. Various stimuli such as 
enzymatic, hydrolytic, or environmental often serve to utilize 
them for drug release at the desirable site.5 Stimuli-responsive 
NCHs hold promising potential for drug delivery, as the drug 
can be intelligently released from the gel matrix under external 
stimuli, such as magnetic field, electric field, pH, temperature, 
etc. As a new generation of materials, bionanocomposites 
combine the properties of biopolymers along with the nanos-
tructured materials and are attracting wide interest due to 
having potential in vitro and in vivo biomedical applications 
to meet new challenges such as implants’ design, wound heal-
ing, drug delivery systems, bone regeneration, as tissue engi-
neering scaffolds, and the sustained release of drugs.6 This is 
mainly due to their biocompatible nature, high versatility, 

stress absorbing potentiality, highly tunable properties, and 
similarity of their physical properties to natural tissues.7 

Traditional hydrogels usually hold inferior mechanical quali-
ties as well as lack in multi-functionalities. Nano-sized parti-
cles, both inorganic and organic/polymeric NPs, comprised of 
biodegradable polymers and inorganic clays, etc. have been 
intensively studied as biofunctional substances due to having 
unique chemical, physical, and biological attributes. The nano-
composite is a binary system comprised of a blend of materials 
possessing diverse properties to achieve the desired improve-
ment in characteristics such as electric, catalytic, optical, and 
chemical as well as thermal stabilities. Various innovative 
composite hydrogels have been developed by some other 
researchers as well, and have been summarized in Table 1, 
along with a comparison of activities and applications of newly 
developed nanocomposite hydrogel systems.

Ticagrelor (TG), an anticoagulant drug that acts as 
a reversible antagonist of P2Y12 platelet receptors, has 
been approved for utilization in patients with acute coronary 
syndrome. TG, being a BCS class IV candidate, possesses 
very low aqueous solubility of <10 ug/mL at all physiologi-
cal pH levels and poor intestinal permeability, resulting in its 
low absolute bioavailability of ~36%.8 To overcome such 
issues a nanocomposite hydrogel (NCH2) formulation based 
upon thiolated chitosan containing nanoparticles (TCH-NPs) 
was fabricated.9 Chitosan (CH) is a well-known biodegrad-
able and biocompatible polymer used widely in fabricating 
hydrogels. CH possesses additional advantages of having 
specific activities such as antibacterial, anti-tumor, and 
antioxidant.10 Chitosan derivatives have been investigated 
as absorption enhancers, to overcome problems such as 
CH’s incomplete solubility and effectiveness at neutral pH.1 

Thiolation of CH results in the improved mucoadhesive 
potential that helps it to adhere tightly to mucosal epithelium 
via thiol bisulphide linkages, ultimately enhancing its cellular 
permeation. The physicochemical properties of TG make it 
a suitable candidate to be formulated as a nanoparticle and 
nanocomposite delivery system, which may result in produ-
cing an ameliorated and prolonged anticoagulant effect.11

Various TG formulations have been developed in past 
years such as conventional film-coated tablets (Brilinta, 
Brilique), Self-microemulsifying drug delivery systems,12 

co-crystals of TG with nicotinamide, and nanolipid carriers 
(NLCs) for enhancing the dissolution and bioavailability of 
TG.13 It was reported that NLCs demonstrated a 254.9% 
increase in bioavailability as compared to pure TG. The 
currently developed novel nanocomposite hydrogel formu-
lation will not only increase solubility due to the presence of 
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nanoparticles but will also enhance the permeability of TG 
owing to the presence of thiolated chitosan. The small size 
of the NPs provides a large surface area for prompt dissolu-
tion and absorption of the drug through the intestinal mem-
brane, enhancing the bioavailability and anti-platelet activity 
of TG. An additional advantage of this hybrid nanocompo-
site network might be the sustained and controlled release of 
TG, promoting a reduction in dosing frequency and ulti-
mately increasing patient compliance.14

Materials and Methods
Materials
Ticagrelor (TG) was provided as a gift from CCL 
Pharmaceuticals Pvt. Ltd., Lahore, Pakistan. Low molecular 
weight chitosan (CH) (100 kDa, 20–300 cP viscosity, 75– 
85% deacetylation), acrylic acid, acetonitrile, ammonium 
hydroxide, ammonium acetate, dithio-bis nitrobenzoic acid 
(Ellman’s reagent), ethyl 3-(3-dimethyl aminopropyl) carbo-
diimide hydrochloride (EDAC), ethanol, methylene-bis 

acrylamide (MBAA), methanol, potassium persulphate 
(KPS) and sodium tripolyphosphate (TPP) were purchased 
from Sigma-Aldrich, USA. Glacial acetic acid (GAA), 
sodium hydroxide (NaOH), sodium dihydrogen phosphate 
(NaH2PO4) and, thioglycolic acid (TGA) were purchased 
from Merck Darmstadt, Germany.

Sodium chloride (NaCl) and hydrochloric acid (HCl) were 
purchased from Supelco, USA. Distilled water was acquired 
from the research laboratory of The University of Lahore. All 
the chemicals and reagents utilized were of analytical grade.

Method
Thiolation of Chitosan
Thiolation of CH was carried out by a previously reported 
coupling reaction.10 Briefly, CH (500 mg) was dissolved in 
50 mL of 1% acetic acid solution. 100 mg of ethyl 
3-(3-dimethyl aminopropyl) carbodiimide hydrochloride 
(EDAC), as a catalyst, was added in CH solution (to make 
a final concentration of 125 mM). Thereafter 500 mg of 

Table 1 List of Nanocomposite Hydrogels Along with Their Applications

Sr. No. Nanocomposite Hydrogels Methodology Applications Ref.

1 Alginate hydrogel-polyvinyl alcohol/silk 
fibroin/magnesium hydroxide

Crosslinking magnesium 
hydroxide nanorods (NPs)

Antibacterial, scaffold for use in wound dressing, 
tissue engineering, and drug delivery systems.

[27]

2 Core-shell magnetic nanocomposite 
based on cross-linked chitosan hydrogels

Chemical cross-linking Used for in vitro hyperthermia of cancer therapy, 
Highly stable and porous

[28]

3 Chitosan/pyromellitimide benzoyl 
thiourea hydrogels

Chemical cross-linking Antimicrobial activity, Super porosity [29]

4 Hybrid monodispersed magnetic α- 

Fe2O3 based chitosan nanocomposite 

film

Dispersion of magnetic α- 

Fe2O3 nanoparticles

Industrial and biomedical applications [30]

5 Chitosan/hydroxyapatite composite 

nanofiber

Electrospinning process Removal of heavy metal ions, Industrial 

applications

[31]

6 Nanocomposite based on magnetic 

dopamine nanoparticles

Dispersion technique Purification of α-amylase from the bovine milk [32]

7 Hyaluronic acid-based nanocomposite 

hydrogels

Photopolymerization 

method

Ocular drug delivery applications [33]

Recent Research work

8 Nanocomposite hydrogels based on 

thiolated chitosan nanoparticles

Chemical cross-linking 

(Free radical 

polymerization)

Oral delivery system TG with enhanced 

bioavailability 

Enhanced anticoagulant effect 
Biocompatible and biodegradable drug delivery 

system 

Sustained and controlled drug release 
pH-responsive swelling 

Highly stable and porous networks

Current 

study
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thioglycolic acid (TGA) was added upon proper mixing of 
EDAC, and the pH of the medium was adjusted at 5, using 1 
mM HCl solution to avoid disulfide bond formation among 
polymer chains. This reaction mixture was incubated at room 
temperature in darkness for 4 hours, under constant stirring. 
Afterward, the polymer solution was dialyzed (dialysis mem-
brane of molecular weight cut off 12 kDa) in darkness against 
5 mM HCl for 3 days to remove unbound TGA and to isolate 
polymer conjugates. The polymer solution was again dia-
lyzed against 5 mM HCl containing 1% NaCl for 2 days, to 
eliminate interactions between the cationic polymer and 
anionic sulfhydryl groups. After dialysis, the samples were 
frozen at –50 °C and lyophilized. The freeze-dried samples 
were stored in air-tight containers for further use. Thiolation 
of CH has been demonstrated in Figure 1. Thiolated CH was 
characterized by FT-IR to confirm thiol group substitution 
and the formation of an amide bond. Furthermore, thiol 
content was also estimated by Ellman’s reagent.11

Preparation of TG Loaded Nanoparticles
Both chitosan nanoparticles (CH-NPs) and thiolated chitosan 
nanoparticles (TC-NPs) loaded with TG were prepared 

following ionic gelation technique, using sodium tripolypho-
sphate (TPP) as a crosslinker, as previously reported by Tan 
Vui Nguyan and Reynaldo Esquivel. Various formulations 
were attempted by varying concentrations of CH concerning 
TPP and TG in preliminary screening. CH and TC were 
dissolved in 2% v/v acetic acid solution separately and left 
stirring overnight. TG solution (5 mg/mL) was added drop-
wise in polymer solutions. The pH of the solution was adjusted 
at 4.5 and was left stirring for 20 minutes. Thereafter, TPP 
solution having a concentration of 3 mg per mL (0.3%) was 
added dropwise and constantly stirred until the opalescent 
appearance of the solution. Thereafter samples were ultracen-
trifuged at 12,000 rpm for 0.5 hours. Sedimented nanoparticles 
were frozen and lyophilized at −50 °C and then stored safely in 
capped containers.15

Characterization of TG Loaded NPs
TG-loaded NPs were evaluated by physicochemical char-
acterizations such as FT-IR, SEM, XRD, zeta potential, 
particle size, entrapment efficiency, and loading capacity 
to ensure ample drug loading.13

Figure 1 Reaction scheme of chitosan-thioglycolic acid conjugate (TCH).
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Preparation of Nanocomposite Hydrogels (NCHs)
Various hydrogel formulations were sought in the initial trial 
phase by varying polymer (CH), monomer (AA), and cross-
linker (MBAA) content, adopting the free radical polymer-
ization technique. CH was dissolved in 2% v/v acetic acid 
(AA) solution with continuous stirring at a speed of 250 to 
300 rpm at 70 °C. Potassium persulphate (KPS) was added 
as a polymer initiator in the above solution. Methylene bis 
acrylamide (MBAA), as a crosslinking agent was mixed up 
in an acrylic acid (AA) monomer and added to the above 
solution. Test tubes containing sample solution were incu-
bated at 60–70 °C in a water bath for up to 24 hours. 
Hydrogel discs were cut and washed with 30% v/v ethanol 
solution, after 24 hours to remove any surplus material 
(unreacted monomer) and to neutralize pH as well. 
Hydrogel discs were then dried at 45–50 °C and stored in air- 
tight containers for further characterization and use.16 The 
composition of various hydrogel formulations is presented in 
Table 2 and the scheme for the preparation of nanocomposite 
hydrogels (NCHs) has been displayed in Figure 2.

In Vitro Characterization of Hydrogels
Porosity Measurement 
To determine hydrogel’s porosity, a solvent replacement 
method was adopted. Hydrogel discs of all formulations 
were submerged overnight in ethanol and weighed after 
mopping extra ethanol from the surface. The following 
equation was used to calculate the porosity

Porosity ¼ M2 � M1=ρM2 � M1V � 100 

where, M1 and M2 are the hydrogel mass before and after 
ethanol immersion, respectively, ρ is the density of abso-
lute alcohol, whereas, V is the hydrogel’s volume.17

Determination of Sol-Gel Fraction 
Pre-weighed hydrogel discs of various formulations were 
immersed for 48 hours in distilled water at ambient tempera-
ture. An adequate quantity of distilled water was taken to 
ensure proper submersion. After 48 hours, discs were dried in 
an oven at 45 °C until constant weight. Gel and sol fractions 
were calculated using the below-mentioned equations.

Gel fraction ¼ Wd=Wið Þ � 100 

Sol fraction ¼ 100 � Gel Fraction 

Where Wi is the initial weight of the dried sample and Wd is 
the weight of the dried sample after extraction with water.16

Swelling Studies 
Dynamic and equilibrium swelling studies were performed 
at physiological pH 1.2, 4.5, 6.8 and 7.4, to evaluate the 
pH sensitivity of prepared hydrogel formulations. Swelling 
ratio (q) and percentage equilibrium swelling (%ES) was 
calculated as follow:

q ¼ Ms=Mo 

%ES ¼ Meq � Mo=Meq � 100 

Where Ms is the swollen hydrogel’s mass at the time (t), 
Mo is the initial mass of dried hydrogel disc and Meq is 
the swollen hydrogel’s mass at the time of 
equilibrium.16,17

Drug Loading and Entrapment Efficiency 
Pre-weighed discs were immersed separately for 48 hours 
in 50 mL (1% w/v) TG solution (pH 7.4). After 48 hours, 
discs were removed, washed with deionized water, and 
dried in the oven at 50 °C until constant weight. The 
same procedure was adopted for loading hydrogels with 
TG-containing NPs. Drug loading was determined by both 
the weight method and by extraction method.

For the weight method, the initial weight of the 
unloaded disc was subtracted from the weight of the 
dried loaded disc using the formula:

Amount loaded ¼ Wa � Wb 

Drug loading % age ¼ Wa � Wb=Wb½ � � 100 

Where, Wa and Wb are the weights of dried discs after and 
before drug loading, respectively.

In the extraction method, repeated extraction was done 
using 25 mL fresh deionized water each time, until no 
drug concentration was observed in the last extracted 

Table 2 Composition of Hydrogels (H1–H9)

Formulation Polymer 
(%w/v)

Monomer 
(%w/v)

Cross 
Linker 
(%w/v)

Initiator 
(%w/v)

H1 0.3 15 0.3 0.2

H2 0.5 15 0.3 0.2

H3 0.7 15 0.3 0.2
H4 1 10 0.3 0.2

H5 1 12.5 0.3 0.2

H6 1 15 0.3 0.2
H7 1 15 0.4 0.2

H8 1 15 0.5 0.2

H9 1 15 0.6 0.2

Abbreviation: H1-H9, various hydrogel formulations.
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sample. Drug concentration was spectrophotometrically 
determined at 254 nm (λmax).16,17

FT-IR Spectroscopy 
Fourier transform infrared (FT-IR) spectra of TG, TG 
loaded hydrogel (DLH), nanocomposite hydrogels con-
taining CH-NPs (NCH1) and nanocomposite hydrogels 
containing TC-NPs (NCH2) were scanned by FT-IR spec-
trometer ALPHA (Bruker, Germany). Powdered samples 
were placed on the sample handler and were scanned over 
the range of 4000–500 cm−1 at ambient temperature.17

Morphological Analysis/Scanning Electron Microscopy 
(SEM) 
The surface morphology of hydrogels was observed by 
scanning electron microscope (JSM-6480LV, JEOL, 
Japan). Hydrogel discs were fixed on the platinum stub 
in a vacuum and were examined under an electron micro-
scope at various magnifications.17

Diffraction Scanning Calorimetry (DSC) 
To evaluate energy changes in TG, unloaded hydrogel, TG 
loaded CH-NPs, TG loaded TC-NPs, TG loaded hydrogel 
(NCH2) and physical mixture, thermal analysis was con-
ducted by DSC, utilizing thermal analyzer (Q2000 V24, 
DSC, Seoul, Korea). A 5−10 mg sample was placed in 

each aluminum pan and was covered tightly with a lid. 
The samples were subjected to heating under nitrogen flow 
(20 mL/min), at 30–310 °C. Thermograms were recorded 
adjusting the heating rate at 20 °C per minute.13

Powder X-Ray Diffraction (PXRD) Analysis 
An X-ray diffractometer was used to demonstrate struc-
tural changes in pure TG, TG loaded hydrogel (DLH), and 
nanocomposite hydrogels (NCH1 and NCH2). XRD was 
carried out at an angle of 5° to 80° at 2θ. For continuous 
scan mode, a 0.02°/s step size was set.17

In Vitro Drug Release
In vitro release studies were performed at 37 °C, using 
USP dissolution apparatus II (75 rpm), utilizing USP buf-
fers of pH 1.2 and 7.4 as dissolution media. Each disc was 
immersed in 900mL acidic buffer (pH1.2) for 2 h, and then 
in 900 mL phosphate buffer (pH7.4) for observing drug 
release up to 24 h. About 5 mL samples were withdrawn 
after specific time intervals (0.5, 1, 2, 4, 6, 8, 12, 24 h) and 
replaced with fresh medium every time. TG release was 
determined spectrophotometrically at 255 nm (λmax). DD 
solver software was utilized for data modeling.17

Acute Oral Toxicity Studies
An acute oral toxicity study was conducted as per OECD 
guidelines (423) on albino rabbits which were divided into 

Figure 2 Schematic diagram for preparation of nanocomposite hydrogels (NCHs).

https://doi.org/10.2147/IJN.S330186                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 6350

Shahid et al                                                                                                                                                           Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


three groups (n = 3). Healthy female rabbits weighing 
about 1.5 ± 0.5 kg were selected and kept at ambient 
conditions (room temperature of 25 ± 2 ◦C, relative humid-
ity of 65 ± 5%, and light/dark cycle of 12 h) and provided 
with food and water.18 Group 1 was kept as a control 
group while groups 2 and 3 were administered an oral 
dose of 5000 mg/Kg body weight, as LD50 of TG in 
rabbits is greater than 2000 mg. The animal study was 
approved by the Research and ethics committee of The 
University of Lahore. The NCHs were administered by 
oral gavage after moistening with water. After dose admin-
istration, rabbits were observed for the first 4h and later 
after the 3rd, 7th and 14th day for any signs of toxicity 
(discomfort, activity, morbidity, and mortality). After 14 
days the animals were sacrificed. Blood samples were 
taken in EDTA tubes for hematological evaluation. Vital 
organs such as kidney, heart, lungs, liver, brain, stomach, 
intestines were removed, weighed, preserved in 10% for-
maldehyde solution (buffered) and, later stained slides of 
segmented parts were prepared for histopathology.19

In Vivo Bioavailability Study in Rabbits
Animal Study 
The pharmacokinetic study was carried out in albino 
rabbits to compare the bioavailability of pure TG with 
that of TG-NPs and TC-NPs loaded nanocomposite 
hydrogels, NCH1 and NCH2, respectively. All experi-
mental protocols were conducted in accordance with the 
“Guiding Principles in the Use of Animals in 
Toxicology” employed by the Society of Toxicology 
(Reston, USA). The study was approved by the 
Pharmacy Research Ethics Committee (PREC), 
University of Lahore, Pakistan Vide ref. no. IREC- 
2017.142A. Fifteen albino rabbits, weighing about 1.5– 
2 kg were divided into three groups and were adminis-
tered an oral dose of 10 mg/kg each. Group A was 
administered pure TG (10 mg/kg), groups B and C were 
administered NCH1 and NCH2, respectively, by oral 
gavage at an equivalent dose. Blood samples were col-
lected from the orbital sinus at 0.5, 1, 2, 4, 6, 8, 12 and 
24 h intervals, in microfuse tubes which were then ultra-
centrifuged. Plasma samples were frozen at −80 °C in an 
ultra-low freezer (Arctiko, Denmark) for further 
analysis.13

Plasma Sample Analysis 
The 0.5 mL plasma samples were diluted with 1 mL 
methanol, vortexed and ultracentrifuged (15,000 rpm) for 

10 min. The supernatant was dried at 45 °C, reconstituted 
with 0.5 mL mobile phase, filtered by 0.45 μm membrane 
filters and, analyzed by HPLC.14

HPLC Analysis 
For analysis of samples by high-performance liquid chro-
matography (HPLC), a previously reported method was 
slightly modified. A composition of 55:45 was used for the 
mobile phase, comprising acetonitrile and 50 mM ammo-
nium acetate buffer. The mobile phase was filtered (0.45 
µm membrane filter), degassed and pH was adjusted to 8 
using 6M NH4OH solution. The flow rate of 1 mL/min, 
lambda max of 254 nm, and injection volume of 20 µL 
was adjusted. The developed method was further validated 
following ICH guidelines.20

Pharmacokinetic Profiling 
A calibration curve was constructed using spiked plasma 
samples with a known drug concentration of 0.2–50 µg/ 
mL. PK-solver software was used to quantify pharmaco-
kinetic parameters such as t1/2 (h), Cmax (ng/mL), Tmax (h) 
and AUC0–∞ (ng/mL*h). Relative bioavailability (RBA) of 
the NCH1 and NCH2 was calculated as follow:

RBA %ð Þ ¼ 100
� AUC 0 � 1ð Þof NCHs=AUC 0 � 1ð ÞofTG 

Statistical Analysis
Data were statistically analyzed by the ANOVA (analysis 
of variance) using SPSS-16 software.

Statistical analysis was performed, represented as mean 
± SD (n = 5). A p-value <0.05 was considered significant 
statistically.13

Results
Characterization of Thiolated Chitosan 
(TCH)
FT-IR Spectroscopy
Chitosan was successfully modified in the form of TCH. 
FT-IR spectra of TCH indicated successful modification as 
indicated by the presence of a peak at 1646 cm−1 showing 
the presence of stretching amide (-N-H stretch) whereas 
peaks at 1246 cm−1 and 2495 cm−1 confirmed the presence 
of thiol groups (C-SH stretch) as represented in Figure 3.

Quantification of Thiol Content
The amount of thiol moieties has been quantified from the 
standard curve of TGA solutions prepared in water in 
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a concentration range of 0.25 to 2 millimoles (mM). The 
modified CH (TCH) displayed 465 mM of thiol groups 
present per gram of polymer.11

Characterization of CH-NPs and TC-NPs
Findings of basic characterization done on chitosan and thio-
lated chitosan nanoparticles, CH-NPs and TC-NPs are repre-
sented in Table 3. Entrapment efficiency (EE) was determined 
by HPLC by quantifying the free drug concentration in the 
supernatant solution obtained after centrifugation. FT-IR 

spectrum and DSC thermogram of TC-NPs have been demon-
strated in Figures 4 and 5, respectively.

Characterization of Hydrogel 
Formulations
Porosity
The porosity of all nine formulations was determined by the 
solvent replacement method. The results presented in 
Figure 6 indicated that porosity increased by increasing 
both the monomer (AA) and polymer’s (CH) concentrations. 

Figure 3 FT-IR spectra of chitosan and thiolated chitosan. 
Abbreviations: FT-IR, Fourier transform infra-red spectroscopy; CH, chitosan; TCH, thiolated chitosan.
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It possibly occurred due to an increase in viscosity by 
increasing AA and CH content that resulted in the formation 
of porous interlinked channels. Whereas, it decreased by 

increasing MBAA (crosslinker) concentration, due to 
enhanced entanglements between AA and CH, increasing 
crosslinking density which ultimately reduced pore forma-
tion and hence decreased porosity.

Sol-Gel Fraction
Gel contents and sol contents were determined for all 
formulations as presented in Figure 7 below. Sol fraction 
decreased but gel fraction increased by increasing CH, 
AA, and MBAA concentrations. An increase in gel frac-
tion can be attributed to the fact that by increasing polymer 
(CH), monomer (AA), and cross-linker (MBAA) contents, 
improved crosslinking occurs bringing an increase in gel 
strength. Similar findings have been reported by Ranjha 

Table 3 Particle Size, PDI, Zeta Potential (ζ), EE (%) and LC (%) 
of CH-NPs and TC-NPs

Formulations Particle 
Size 
(nm)

PDI Zeta 
Potential 
(mv)

EE 
(%)

LC 
(%)

CH-NPs 147.3 0.364 22.6 84.1 42.05
TC-NPs 190.3 0.375 16.1 91.3 38.0

Abbreviations: PDI, polydispersity index; EE, entrapment efficiency; LC, loading 
capacity; CH-NPs, chitosan nanoparticles; TC-NPs, thiolated chitosan 
nanoparticles.

Figure 5 Differential scanning calorimetry (DSC) thermograms of tTicagrelor (TG); chitosan nanoparticles (CH-NPs); thiolated chitosan nanoparticles (TC-NPs); 
nanocomposite hydrogel formulation (NCH2); physical mixture (PM); and unloaded hydrogels (UH).

Figure 4 Fourier transform infra-red spectroscopy data. (A) TG, (B) TC-NPs, (C) DLH, (D) NCH1, and (E) NCH2. Abbreviations: FT-IR, Fourier transform infra-red 
spectroscopy; TG, ticagrelor; TC-NPs, thiolated chitosan nanoparticles.
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et al indicating a decrease in porosity but an increase in gel 
content upon increasing MBAA content.

Swelling Studies
Effect of pH on Swelling Behavior 
A pH-dependent swelling behavior was observed by all 
hydrogel formulations (H1–H9), upon dynamic and equi-
librium swelling studies performed for 72 hours (–figure 
10). USP buffer solutions of various pH 1.2, 4.5, 6.8, and 
7.4 were employed to observe swelling behavior towards 
varying physiological pH. Dynamic swelling (swelling 
ratio, q) was studied at pH 1.2 and 7.4. For equilibrium 
swelling studies additional pH media were selected (pH 
4.5 and 6.8).

Effect of CH Concentration Upon Swelling Behavior 
CH concentration was progressively increased in the first 

three formulations (H1–H3) from 0.3% w/w to 0.7% w/w. 
An increased swelling behavior was observed by increas-
ing CH concentration at low acidic pH (1.2), but not 
significantly, ie from 51.2% to 58.8% ES. It was due to 
the ionization of -NH2 groups of CH in the network.

Effect of AA Concentration Upon Swelling Behavior 
Upon incrementing AA content, improved swelling 
behavior was observed in the alkaline medium as com-
pared to that displayed in the acidic medium. Both 
swelling ratio (q) and %ES increased slowly by increas-
ing monomer (AA) content as displayed in Figures 9B 
and 10B.

Effect of MBAA Concentration Upon Swelling Behavior 
Three formulations (H7–H9) were fabricated comprising 
varied cross-linker (MBAA) ratios. An inverse 

Figure 6 Porosity determination of CH-co-AA formulations (H1–H9). 
Abbreviations: CH-co-AA, chitosan-co-acrylic acid; H1–H9, various hydrogel formulations.

Figure 7 Sol-gel fraction of chitosan-co-acrylic acid formulations. 
Abbreviation: CH-co-AA, chitosan-co-acrylic acid.
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relationship between MBAA concentration and swelling 
efficiency was observed ie by increasing crosslinker con-
tent, swelling ratio, q, and %ES was decreased as shown 
in Figures 9C and 10C. Higher crosslinker (MBAA) 
content increases the cross-linking density of the poly-
meric network. Increased cross-linking tightens the 

structure of hydrogel that impedes diffusion and hence 
decreases the swelling potential.

Drug Loading
The drug loading capacity of various formulations of CH- 
co-AA is presented in Table 4.

Figure 8 Swelling behavior of chitosan-co-acrylic acid hydrogels. (A) pH 1.2 and (B) At pH 7.4 Abbreviation: CH-co-AA, chitosan-co-acrylic acid.

Figure 9 Swelling ratios (q) of CH-co-AA formulations. (A) varying CH concentration (H1–H3) (B) varying AA concentration (H4–H6), and (C) varying MBAA 
concentration (H7–H9). Abbreviations: CH-co-AA, chitosan-co-acrylic acid; H1–H9, various hydrogel formulations; CH, chitosan; AA, acrylic acid; MBAA, methylene 
bis acrylic acid.
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FT-IR Spectroscopy
To assess structural modifications and confirm the pre-
sence of specific functional groups in cross-linked hydro-
gels, NCHs along with pure TG and TG-loaded TC-NPs 

were subjected to FT-IR spectroscopy. The FT-IR spec-
trum obtained from pure TG displayed major peaks at 
3288, 2930, 2853, 1604, 1558, 1455, 1274, 1210, 1110 
and 1091 cm−1. –NH and –OH stretch were confirmed by 
the presence of absorption bands at 3288 cm−1, while 
specific peaks at 1604 and 1558 cm−1 displayed the pre-
sence of –NH stretch (Figure 4).

Morphological Analysis (SEM)
Both unloaded hydrogels and drug-loaded nanocomposites 
(NCH1 and NCH2) were subjected to scanning electron 
microscopy (SEM) to study the surface morphology of 
formulated hydrogel networks. SEM micrographs demon-
strated a rough surface morphology of unloaded and 
loaded hydrogels. Moreover, surface morphology revealed 
porous surfaces comprised of voids and interpenetrating 
channels in all hydrogel formulations possibly due to the 
presence of ionic or hydrophilic groups throughout the 
hydrogel framework. SEM micrographs illustrated evenly 
embedded nanoparticles throughout the composite net-
work. SEM images of NCH formulations have been dis-
played in Figure 11.

Figure 10 Percent ES of chitosan-co-acrylic acid formulations. (A) Varying CH concentration (H1–H3), (B) varying AA concentration (H4–H6), and (C) varying MBAA 
concentration (H7–H9). Abbreviations: H1–H9, various hydrogel formulations; CH, chitosan; AA, acrylic acid; MBAA, methylene bis acrylic acid.

Table 4 Drug Loading Capacity in All Formulations of CH-co- 
AA Hydrogels

Formulation 
Code

By Weight Method 
(mg/g Disc)

By Extraction 
Method (mg/g Disc)

H1 482.3 495.1
H2 521.0 527.8

H3 593.2 601.2

H4 381.7 389.0
H5 587.2 593.4

H6 611.3 615.7

H7 583.0 587.1
H8 497.1 499.0

H9 356.4 362.9

NCH1 543.1 547.2
NCH2 583.3 585.6

Abbreviations: CH-co-AA, chitosan-co-acrylic acid; H1 to H9, hydrogel formula-
tions; NCH1 and NCH2, nanocomposite hydrogel formulations.
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DSC Analysis
Thermal analysis was performed to investigate the crystal-
line nature of pure TG, unloaded hydrogel matrix, thio-
lated chitosan nanoparticles (TC-NPs), physical mixture, 
and nanocomposite hydrogel (NCH2) as shown in 
Figure 5. In the physical mixture, TG’s endothermic peak 
along with other small peaks was observed. In the case of 
TG-loaded nanoparticles (TC-NPs), a broadened and early 
endothermic peak was observed at 124.9 °C indicating 
possible interactions among CH and TG along with the 
reduction in the crystalline nature of enclosed TG.

PXRD Analysis
X-ray diffraction analysis was performed to evaluate 
crystallinity or amorphicity of pure TG, TG loaded copo-
lymers (DLH), and nanocomposite hydrogels (NCH1 and 
NCH2). Each diffractogram exhibited a distinctive pattern 
and peak intensity. XRD of pure TG displayed intense 
peaks at 5.35°, 6.65°, 13.35°, 19°, 22.5°, and 24.2°, 
conforming to its crystalline nature. Moreover, NCH1 
and NCH2 displayed less intense peaks as compared to 
that of pure TG and CH-NPs. NCH1 displayed major 
peaks at 5.4°, 5.8°, 8.35°, 11.35°, and 15.1°, whereas, 
NCH2 displayed major peaks at 5.3°, 6.05°, 16.75°, 
17.45°, 19.35°, 20.3°, 21, and 21.3° (Figure 12).

In Vitro Release Studies
Release kinetics were studied for 2 hours in acidic buffer 
(pH 1.2) and then for a further 22 hours in USP phosphate 
buffer (pH 7.4). Release profiles of formulations having 
varying concentrations of CH, AA and MBAA are pre-
sented in Figure 13. All formulations demonstrated a pH- 

Figure 11 Scanning electron microscopy images. (A and B) unloaded hydrogels, (C and D) NCH1, (E and F) NCH2. Abbreviations: NCH1 and NCH2, nNanocomposite 
hydrogel formulations.

Figure 12 Powder X-ray diffraction patterns. (A) TC-NPs, (B) TG, (C) DLH, (D) 
NCH1, and (E) NCH2. PXRD, Powder X-ray diffraction. 
Abbreviations: TC-NPs, thiolated chitosan nanoparticles; TG, ticagrelor; DLH, 
drug loaded hydrogels; NCH1 and NCH2, nanocomposite hydrogel formulations.
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dependent release behavior. The cumulative % drug 
release (%DR) observed from all formulations was less 
in pH 1.2 as compared to that in pH 7.4. All formulations 
displayed a %DR of less than 10% in the first two hours in 
an acidic medium. This behavior was also seen in the case 
of swelling studies. The rate of drug release is dependent 
on the EE of the hydrogel matrix, as more drug release 
was exhibited by those formulations having a high EE.

Evaluation of Drug Release Kinetics
Drug release data of TG was evaluated for all formula-
tions by applying various models such as zero order, 
first order, Higuchi, Korsmeyer-Peppas, and Hixson- 
Crowell, using DD solver software. Results of kinetic 
assessment are presented in Table 5, along with values 
of the regression coefficient (R2) and rate constants (k) 
for all models.

Figure 13 In vitro release profiles of chitosan-co-acrylic acid formulations. (A) Varying CH ratio, (B) varying AA ratio, (C) varying MBAA ratio, and (D) comparative in vitro 
profiles of DLH, NCH1 and NCH2. 
Abbreviations: CH-co-AA, chitosan-co-acrylic acid; H1–H9, various hydrogel formulations; CH, chitosan; AA, acrylic acid; MBAA, methylene bis acrylic acid; DLH, drug 
loaded hydrogels; NCH1 and NCH2, nanocomposite hydrogel formulations.
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Acute Oral Toxicity Study
At an administered dose of 5000 mg/kg body weight, no 
signs of toxicity were observed in treatment groups G2 
and G3 for 14 days. Likewise, no mortality was observed 
due to acute oral toxicity in both treatment groups similar 
to the control group, G1. Treatment groups displayed 
normal behaviors like that of the control group. No 
signs of diarrhea, vomiting, edema, fatigue, weight loss, 
or eye lacrimation were observed. Results of histopatho-
logical inspection of vital organs are presented in 
Figure 14.

In Vivo Bioavailability Study
Pharmacokinetic parameters were evaluated for nanocom-
posite formulations, NCH1 and NCH2, and were com-
pared with that of pure TG after administering equivalent 
oral dose (10 mg/kg) to rabbits. Plasma level time curves 
were drawn to calculate pharmacokinetic parameters such 
as maximum systemic concentration (Cmax), time to reach 
maximum systemic concentration (tmax), area under the 
curve (AUC0–∞), and half-life (t1/2) and are presented in 
Table 6. Both Cmax and Tmax were observed to be higher as 
compared to that of TG (Figure 15).

Discussion
Cardiovascular diseases such as myocardial infarction, 
cardiac failure, and stroke are emerging as massive chal-
lenges in recent years. TG is an effective drug employed 
for treating stroke and myocardial infarction in patients 
with acute coronary syndrome, but its short duration of 
action and low oral bioavailability hinder its effectiveness. 
To overcome such issues related to TG’s insufficient solu-
bility and permeability, an innovative NCH formulation 
was fabricated incorporating TCH nanoparticles utilizing 
TCH as a mucoadhesive polymer. NCHs amalgamate the 
advantages of both nanoparticles and hydrogel matrices 
that result in their enhanced biological and mechanical 
characteristics holding promising applications in the bio-
medical field.

The initial step was a modification of polymer and pre-
paration of nanoparticles (NPs) containing TG. Chitosan (CH) 
was successfully modified by thiolation as confirmed by FT-IR 
spectroscopy (Figure 3) and the presence of thiol content (465 
mmol/g). Thiolation of CH will promote mucoadhesion and 
being an absorption enhancer will result in efficient absorption 
due to disulfide bond formation between its thiol groups and 
cysteine-rich glycoproteins of the mucus membrane. This 

Table 5 Correlation Coefficients (R2) and Release Rate Constants of CH-co-AA and NCH Formulations

H1 H2 H3 H4 H5 H6 H7 H8 H9

Zero-order

R2 0.945 0.956 0.968 0.954 0.981 0.983 0.985 0.980 0.967

k0 4.592 4.771 5.053 4.206 4.748 5.038 4.728 4.423 3.967

First-order

R2 0.817 0.827 0.846 0.852 0.889 0.887 0.907 0.901 0.892

k1 0.112 0.121 0.132 0.089 0.105 0.118 0.102 0.091 0.077

Higuchi

R2 0.913 0.920 0.932 0.936 0.958 0.958 0.969 0.965 0.960

kH 18.49 19.21 20.24 16.76 18.59 19.77 18.42 17.32 15.67

Korsmeyer- Peppas

R2 0.982 0.979 0.991 0.990 0.988 0.998 0.993 0.996 0.984
kKP 6.251 6.994 5.367 5.234 4.664 5.898 3.912 3.807 3.545

N 0.505 0.504 0.518 0.538 0.596 0.618 0.613 0.592 0.559

Hixson-Crowell

R2 0.930 0.944 0.960 0.936 0.972 0.976 0.977 0.969 0.953
kHC 0.032 0.035 0.038 0.025 0.030 0.034 0.029 0.026 0.021

Abbreviations: CH-co-AA, chitosan-co-acrylic acid; NCH, nanocomposite hydrogels; H1 to H9, hydrogel formulations.
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linkage is stronger as compared to non-covalent interactions 
between the anionic mucus layer and cationic CH. Likewise, 
CH-NPs and TC-NPs were favorably fabricated by ionic 
gelation and were characterized efficiently. CH-NPs and TC- 
NPs displayed nano-sized particulate carriers having a size 
less than 150 nm and 200 nm, respectively, along with entrap-
ment efficiency (EE) of >80% and >90%, respectively. The 
ratio of polymer (CH) to crosslinker (TPP) and TG 

concentration had a great impact on NP formation, particle 
size, zeta potential, and loading capacity. Preliminary studies 
demonstrated a reduction in particle size by increasing poly-
mer concentration (CH) with respect to the drug (TG) and 
TPP. Zeta potential that reflects the repulsion or attraction 
among adjoining particles, demonstrated an increased value 
by increasing CH concentration, possibly due to neutralization 
of charges between negatively charged TPP and positive 

Figure 14 Histopathological observations of tissues from organs of groups G1, G2, and G3 including heart, lungs, kidney, liver, brain, and stomach as observed in an acute 
oral toxicity study. Abbreviations: G1, group 1; G2, group 2; G3, group 3.

https://doi.org/10.2147/IJN.S330186                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 6360

Shahid et al                                                                                                                                                           Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


amine groups of CH. Previous studies have also reported that 
NPs, having a size of <200 nm, display efficient stability, 
cellular uptake for site-specific delivery, and prolonged circu-
lation time.19

Various hydrogel formulations (H1–H9), having vary-
ing polymer (CH), monomer (AA) and crosslinker 
(MBAA) contents were effectively developed by free radi-
cal polymerization technique as presented in Table 2. H6 
was selected as an optimized formulation for loading CH- 
NPs and TCH-NPs based upon the results of porosity, sol- 
gel fraction, swelling response, and drug release pattern. 
Physical properties of the NCHs such as swelling ratio, 
mesh size, porosity, swelling/deswelling nature, and diffu-
sion coefficient, which may affect the release behavior of 
TG from the hydrogel matrix, can be adjusted and refined 
by controlling the hydrogel network’s chemical structure. 
Nanocomposite hydrogels (NCHs) were successfully fab-
ricated and loaded passively by TG containing CH-NPs 
and TCH-NPs.

It was observed that the porosity of hydrogels 
increased by increasing monomer (AA) and polymer 
(CH) concentration whereas it decreased by increasing 
crosslinker (MBAA) content. It has been reported that 

suitable porosity for hydrogel formulations should be 
around 90%, for the majority of required applications. 
High porosity allows efficient uptake of fluids and gaseous 
exchange for cell attachment and sufficient drug loading. 
Sol fraction reflects unreactive reactants, ie, monomer, 
polymer, and crosslinker having aqueous solubility, 
whereas gel fraction displays grafting magnitude and 
crosslinking density. Likewise, gel fraction increased by 
increasing CH, AA, and MBAA concentrations, due to 
high crosslinking density.

Swelling studies demonstrated significant swelling 
behavior at higher alkaline pH (6.8 and 7.4) as compared 
to that at acidic pH of 1.2. At acidic pH (1.2), carboxylic 
acid groups found in AA chains were intact and protonated 
due to which there were reduced repulsive forces, hydro-
gen bonding predominated resulting in less water diffusion 
that ultimately decreased swelling. Swelling increased by 
increasing pH due to electrostatic repulsive forces pertain-
ing among the anionic groups (-COO) of AA chains due to 
deprotonation of COOH groups. Due to the absence of 
hydrogen bonding and loose structure, more diffusion 
occurred resulting in increased swelling of hydrogel sys-
tems. At higher pH values, greater swelling behavior was 

Table 6 Pharmacokinetic Parameters After a Single Oral Dose of Pure TG, NCH1, and NCH2 in Rabbits. Data Expressed as Mean ± 
SD (n = 5) (p < 0.05)

Samples Cmax (ng/mL) Tmax (h) t1/2 (h) AUCo–∞ (ng/mL*h) RBA (%) Against Pure TG

Pure TG 88.98 2 7.737 1034.72

NCH1 584.33 6 11.60 9789.42 946.09

NCH2 642.1 6 13.09 11,620.74 1123.08

Abbreviations: TG, ticagrelor; NCH1 and NCH2, nanocomposite hydrogel formulations; Cmax, maximum plasma concentration; Tmax, time for maximum concentration; 
t1/2, half-life; AUC, area under the curve; RBA, relative bioavailability.

Figure 15 Plasma concentration-time profile of TG after administering the equivalent oral dose of 10 mg/kg in rabbits for pure ticagrelor and nanocomposite hydrogel 
formulations. 
Abbreviations: TG, ticagrelor; NCH1 and NCH2, nanocomposite hydrogel formulations.

International Journal of Nanomedicine 2021:16                                                                                   https://doi.org/10.2147/IJN.S330186                                                                                                                                                                                                                       

DovePress                                                                                                                       
6361

Dovepress                                                                                                                                                           Shahid et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


observed by increasing polymer (CH) concentration, due 
to the availability of more grafting sites for polymeriza-
tion. At alkaline pH repulsive forces dominated due to the 
presence of anionic groups. Formulation H3 (0.7% CH) 
displayed a higher swelling ratio, q, and %ES as shown in 
Figures 9A and 10A. CH is a weak polyelectrolyte with 
a pKa of about 6.5. The primary NH2 group of the polymer 
CH undergoes protonation at pH 1.2 while it gets depro-
tonated at pH 7.4, respectively. At low pH (1.2), primary 
amino groups of CH get protonated by H+ ions and form 
NH3

+ groups that allow CH to form ionic linkages with 
sulfonate groups of KPS. Similarly, in an acidic environ-
ment, a screening effect of counter ions shields positively 
charged ammonium cations, preventing repulsion among 
them and ultimately reducing swelling capability. Both 
swelling ratio, q, and %ES increased significantly upon 
incrementing AA content, from H4 to H6, as represented 
in Figures 9B and 10B. This might be attributed to the fact 
that by increasing the concentration of AA acid, electro-
static forces of repulsion increased due to deprotonation of 
pendant COOH groups of AA that weakened hydrogen 
bonding, resulting in increased hydrogel swelling due to 
increased hydration. Moreover, by increasing AA concen-
tration, enhanced water absorbency has been noted as it 
increases the diffusion of KPS across the pure CH back-
bone. Hence, it can be said that increasing concentration 
from 10% to 15% is optimal for achieving the maximum 
swelling ratio in the currently developed polymeric net-
work. Similar results were reported by Wang et al for 
delivery of meloxicam and amoxicillin, where swelling 
of the co-polymer increased upon increasing monomer 
(AA) content. These results comply with the sol-gel frac-
tion analysis that displayed a high gel content upon the 
incremental increase in the MBAA ratio. Hence, these 
copolymers emerged as stimuli-responsive as they dis-
played pH-responsive swelling and drug release. The pH- 
responsive behavior will be beneficial if less drug is 
released at low gastric pH, while more drug is released 
at high intestinal pH in a sustained and controlled manner, 
increasing the drug’s residence time leading towards 
enhanced permeation and absorption. Similar findings 
were reported previously by Malik et al (2020) who pre-
pared CH/Xanthan gum-based hydrogels to deliver an 
antiviral drug and observed increased swelling at higher 
pH values owing to reduced ionic repulsions.16,21

The IR pattern of TG displayed characteristic absorption 
peaks at 3403, 3288, 2933, 2854, 1605, 1558, 1505, 1455, 
1316, 1274, 1256, 1210, 1110, 1091, and 761 cm−1 as 

presented in Figure 4. The absorption bands at 3403 and 
3288 cm−1 specified the presence of -NH stretch and -OH 
stretch, while the peaks at 2933 and 2854 cm−1 pointed to the 
presence of alkyl stretch (-CH). The absorption bands at 1605 
and 1558 cm−1 reflected the presence of –N-H stretch, whereas 
the peaks at 1455 cm−1 indicated a methyl bend, at 1256 and 
1210 cm−1 showed –C-OH stretch. The intense peaks at 1110 
and 1091 cm−1 signaled the presence of –C-O stretch. 
Hydrogel formulations reflected distinctive peaks at 1710, 
1566, 1550, 1408, 1323, 1061, 1018, and 893 cm−1 indicating 
structural modifications during hydrogel formation. The peak 
at 1710 cm−1 refers to carbonyl stretching (C=O), whereas 
absorption bands at 1566 and 1550 cm−1 corresponded to the 
amide stretch (-N-H). The peak at 1323 cm−1 displayed –SH 
stretch while at 1061 and 1018 cm−1 showed –OH stretching. 
Moreover, characteristic absorption bands as observed in thio-
lated chitosan (TCH) have also been seen in NCH2 containing 
TG-NPs. No other chemical interactions were observed 
between TG and polymer, reflecting efficient loading of TG 
entrapped CH-NPs and TC-NPs in NCH1 and NCH2, respec-
tively. Similar shifts and overlaps have been reported by Wang 
et al, indicating grafting of monomer on the CH network 
through intermolecular as well as electrostatic interactions 
among various constituents.21

Morphological analysis revealed that unloaded hydrogels 
elaborated a porous and rough surface, whereas, SEM micro-
graphs of NCH1 and NCH2 showed characteristic surface 
morphology with porous channels and cavities, and thus 
confirmed the distribution of extremely small-sized TG 
loaded nanoparticles throughout the hydrogel matrix 
(Figure 11). As reported earlier, increased content of CH, 
the structure-forming component, increased the roughness 
scale of the hydrogel surface and promoted the porosity of 
the hydrogel network. This porous architecture and intercon-
nected channels, as observed in NCH networks, is extremely 
benefic playing a pivotal role in swelling-deswelling kinetics. 
Furthermore, this porous structure will help in adhering and 
distributing the drug throughout the hydrogel network facil-
itating the uptake of biological fluids due to amplified capil-
lary effect and increased surface area. This will ultimately 
facilitate the release of incorporated TG from the interpene-
trating channels as well. Unlike conventional hydrogels, the 
porous hydrogel network having sponge-like characteristics 
can rapidly squeeze and expand, and absorb water in a wet 
state. Due to their porous nature and hydrated structure, 
hydrogels mimic native tissue surroundings. Mahmood et al 
revealed similar outcomes upon SEM analysis of 

https://doi.org/10.2147/IJN.S330186                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 6362

Shahid et al                                                                                                                                                           Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


nanocomposite hydrogels displaying voids and distribution 
channels throughout the developed hydrogel matrix.22

In XRD patterns of DLH, NCH1 and, NCH2, the peak 
intensities demonstrated by TG were greatly reduced indicat-
ing their amorphous nature (Figure 12). The characteristic 
diffraction peaks demonstrated by thiolated chitosan-based 
TC-NPs containing TG reflected the crystalline nature of 
formed nanoparticles, but with reduced peak intensities. TG 
displayed high-intensity peaks indicating its crystalline nat-
ure as depicted by its retarded dissolution. However, in the 
PXRD analysis of all hydrogel formulations, prominent 
structural changes have been depicted from a reduction of 
peak intensities. The sharp diffraction peaks were substituted 
by denser low-intensity peaks, demonstrating a decline in 
crystalline nature, possibly due to monomer and polymer 
conjugation. Furthermore, upon the comparison of peak 
intensities among the three hydrogel formulations, NCH2 
depicted slightly higher peak intensities in the range of 18° 
to 23°, as compared to those of DLH and NCH1. DLH and 
NCH1 displayed an overlapping peak pattern comprised of 
low-intensity peaks. No other interfering peaks correspond-
ing to impurities were detected in the nanocomposite formu-
lations. A similar consequence was observed by Shabir et al, 
for XRD of CH-co-AA and CH-co-MAA hydrogels.23

DSC thermogram of pure TG displayed a sharp 
endothermic peak at 142 °C, corresponding to its melting 
point (MP) and reflecting its crystalline nature due to 
a high MP. A second exothermic peak was depicted at 
320 °C reflecting crystallization of TG (Figure 5). 
Moreover, NCH2 displayed merging of TG’s melting 
peak indicating structural transformation from crystalline 
character towards amorphous configuration. NCH2 dis-
played the first endothermic peak near 120 °C indicating 
possible interactions among CH and TG and the second 
broadened endothermic curve was observed near 200 °C 
followed by several small endothermic peaks that were 
also observed in the physical mixture. Morphological 
modifications occurred due to the polymerization of CH 
with other components resulting in an entirely different 
structural profile. Overall, thermal decomposition and 
weight loss of the NCH network was less as compared to 
pure TG and other components, significantly enhancing 
the stability of originated NCH networks. These results 
were in agreement with those obtained from the XRD 
analysis. A shift towards elevated glass transition tempera-
ture as displayed by NCH reflected excessive thermal 
stability of the composite network along with its biocom-
patibility and toughness and rigidity, predominantly due to 

high intermolecular interactions. Tummala et al, reported 
the same findings upon DSC analysis reflecting better 
biocompatibility among various components.24

It was observed that drug entrapment efficiency and 
loading capacity of hydrogels increased with increasing 
concentration of CH from 0.3% to 1% and AA from 
10% to 15%. The reason behind this might be the 
enhanced efficiency of the polymer (CH) to encapture 
more drug molecules thus improving the loading capacity. 
However, a decrease in the amount of drug-loaded in 
hydrogels has been observed when the concentration of 
cross-linker MBAA has been increased. The possible rea-
son might be the greater cross-linking density that reduced 
the polymeric structure’s elasticity, restricting TG move-
ment into the newly developed hydrogel network, leading 
towards reduced drug entrapment efficiency.

Figure 13 demonstrates the drug release behavior of 
various hydrogel formulations. It was observed that %DR 
was modified by varying ratios of polymer (CH), monomer 
(AA) and cross-linker (MBAA). By increasing CH concen-
tration from 0.3% to 1%, drug release was observed to be 
enhanced over 24 hours. H1, H2, H3, and H6 showed an 
increasing trend of TG release from 80.12, 84.21, 90.32, to 
92.95% respectively. Similarly, by increasing the AA (mono-
mer) ratio in H4 to H6, %DR was seen to be increased. %DR 
of H4, H5, and H6 for 24 hours was found to be 74.23, 86.92, 
and 92.95% respectively. Moreover, formulations having 
varying concentrations of MBAA, %DR was noticed to be 
decreased by increasing cross-linker (MBAA) content. H7, 
H8, and H9 displayed a cumulative release of 88.05, 80.39, 
and 71.4% respectively. It might be due to increased cross- 
linking density due to high MBAA content that eventually 
decreased the polymer network’s elasticity. Among various 
formulations, H6 showed a maximum release of 92.95% 
probably due to its high CH and AA content that resulted in 
maximizing pH sensitivity and swelling ratio. %DR was 
observed to be 72.3% and 76.5% after 24 hours for NCH1 
and NCH2, respectively and is represented in Figure 13D. 
Hence, the reason for slow and sustained TG release might be 
that in the case of NCH, the drug has to overcome two 
different barriers resulting in a prolonged effect much better 
than that of hydrogels or NPs alone. Gao et al developed 
thermosensitive hydrogels carrying norcantharidin NPs and 
doxorubicin and displayed similar drug release behavior by 
nanocomposites.25

Kinetic modeling was established by comparing the 
value of R2 and it was found that data fits best in the 
Korsmeyer-Peppas model. This model describes the drug 
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release mechanism ie Fickian or non-Fickian diffusion. As 
observed from the analysis, a value of n greater than 0.43 
but less than 0.89 (0.43 < n < 0.89), indicated anomalous 
drug release by both diffusion and selling. Hence, the 
value of n indicated drug release following non-Fickian 
drug diffusion. Hence, drug release was observed to be in 
a controlled manner that occurred mainly through diffu-
sion. CH/Xanthan gum hydrogels fabricated by Malik et al 
exhibited similar kinetics as displayed by currently devel-
oped hydrogel networks.16

A histopathological investigation of vital organs’ tissue 
sections displayed no significant variation in their histo-
pathology among all groups as no signs of inflammation, 
abnormality or lesions were detected. Neurons were intact 
and no sign of neuronal or axonal damage was noticed. The 
lungs showed normal alveolar epithelial cells with no signs 
of fluid accumulation or inflammation. No signs of cardiac 
ischemia were discerned. Moreover, the size of cardiomyo-
cytes was found to be normal. Hepatocytes were normal with 
slight ballooning of cytoplasm as an indicator of cellular 
stress, no abnormality of sinusoidal places, macrophages 
were present in the sinusoidal spaces. Overall liver tissue 
showed no abnormality. On examination of the kidneys, 
glomerulus was found normal and connected with the bow-
men capsule. Accumulation of immune cells was not 
detected along with no indication of tubular or ductal 
abnormality. Stomach tissue was normal, no sign of gastric 
ulceration was spotted. Epithelial cells were normal as there 
was no sign of hyperplasia. Intestinal Brush Border cells 
were intact. No sign of hyperplasia or cellular damage, 
immune cells accumulation, or ulceration was observed. 
Conclusively, no vital differences upon histopathological 
investigation were discerned between the treatment groups 
and control group attributing reason to the safe use of NCHs 
for TG delivery. Hence, an oral dose level up to 5 g/kg body 
weight of the developed nanocomposite network was well 
tolerated in the whole 14 day study period, indicating that the 
developed nanocomposite hydrogels are non-toxic. Acute 
oral toxicity studies were also conducted previously upon β- 
CD-g-MAA and montmorilonite nanocomposite hydrogels 
by Mahmood et al, PVA and itaconic acid-co-MAA hydrogel 
networks by Abdullah et al, and upon CH and Xanthan gum- 
based hydrogels by Malik et al. Results displayed by NCHs 
were comparable to those reported by these researchers. 
Thus, NCHs can be used safely for oral delivery of TG due 
to their non-toxic nature.16,22,26

The pharmacokinetic evaluation revealed that Cmax of 
both NCH1 and NCH2 showed a 6.5 and 7.2 fold increment, 

respectively. Tmax increased from 2 hrs (pure TG) to 6 hrs for 
both NCH formulations. Similarly, half-life and AUC0–∞ of 
NCH1 and NCH2 was observed to be increased remarkably 
when compared with that of pure TG. The half-life of NCH1 
increased up to 11.6 hrs and that of NCH2 prolonged for up to 
13.09 hrs, whereas t1/2 of pure TG was found to be equivalent 
to 7.73 hrs. AUC0–∞ of NCH1 and NCH2 was observed to be 
9789.42 and 11,620.74 ng/mL respectively, very significant 
as compared to pure TG’s area under the curve (1034.72 ng/ 
mL). Moreover, relative bioavailability (%RBA) was 
enhanced considerably in both NCH formulations, probably 
due to enhanced mucoadhesion, improved permeability, and 
hence prolonging contact time that ultimately resulted in 
ameliorated oral bioavailability. Nanoparticles might have 
played a positive role in increasing the transcellular and 
paracellular transport of TG due to their extremely small 
size. Son et al fabricated TG-loaded nano lipid carrier sys-
tems for enhancing the oral bioavailability of TG. NLCs 
demonstrated a relative bioavailability of 254.9% upon com-
parison with pure TG based upon increased AUC, but Tmax 

was noticed to be reduced (1.2 h) as compared to pure TG’s 
Tmax (2.6 h). Whereas, NCHs displayed a slow and sustained 
release as displayed and confirmed from prolongation of 
half-life and prolonged duration of action as depicted by 
increment in the Tmax value (6 h).14 Na et al prepared self 
micro emulsifying drug delivery system for oral delivery of 
TG and displayed a reduction in Tmax to 0.75 h and elevated 
%RBA of TG to 637%.12

Similar drug delivery systems based upon nanocomposite 
networks have been reported by some other researchers as 
well. Gao et al designed an in situ thermoresponsive hydrogel 
network by thin-film dispersion method for delivery of nor-
cantharidin based NPs and doxorubicin for intratumoral 
administration. These NCHs exhibited biodegradability 
along with safe and effective drug delivery.25 Dos Santos 
et al, formulated transparent CH/PLGA nanoparticles com-
posite hydrogels encapsulating an enriched flavonoid fraction 
of Cecropia glaziovii Snethl by directly incorporating NPs at 
different concentrations (1% to 10% w/w) to gelling aqueous 
CH solutions.34 Eivazzadeh-Keihan et al fabricated a nano 
biocomposites scaffold by incorporating polyvinyl alcohol, 
sodium alginate, silk fibroin, and Mg(OH)2 nanorods, pos-
sessing vast applications such as a scaffold for being used in 
tissue engineering and wound dressings, as well as an effi-
cient drug delivery system due to having substantial biologi-
cal activities.27 In the current study, TG was efficiently 
loaded in the form of CH-NPs and TC-NPs and formulated 
in the form of nanocomposite hydrogels that displayed 
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a sustained release due to prolongation of half-life along with 
enhanced oral bioavailability, ameliorating the advantages of 
both hydrogels’ stability and biocompatibility as well as the 
nanoparticles’ effective and safe drug delivery. Some other 
additional advantages displayed by NCH formulation are its 
biodegradability, pH responsiveness, non-toxic nature, and 
prolonged duration of action. Hence NCHs can be effectively 
utilized for orally administering TG to enhance its effective-
ness and antiplatelet activity.

Conclusion
Nanocomposite hydrogels (NCHs) were successfully fabri-
cated and loaded with TG containing chitosan and thiolated 
chitosan-based nanoparticles, CH-NPs, and TC-NPs, respec-
tively. Both NCH formulations NCH1 and NCH2 displayed 
pH-dependent swelling followed by controlled drug release 
for 24 hours. Hence, both NCH formulations showed promis-
ing results for pH-responsive delivery of TG. In vivo bioavail-
ability studies demonstrated a higher relative bioavailability 
by NCH2 containing TC-NPs as compared to NCH1 contain-
ing CH-NPs. Moreover, TG’s half-life and Tmax were promi-
nently prolonged. Similarly, Cmax and AUC were also seen to 
be augmented. Therefore, nanocomposite hydrogel formula-
tions can be effectively used for enhancing TG bioavailability 
and anticoagulant effect for a prolonged time and can help to 
increase patient compliance as well by reducing dosing 
frequency.
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