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Introduction: The objective of current project was to formulate a system for
controlled delivery of Tramadol HCL (TRD), an opioid analgesic used in the
treatment of moderate to severe pain.

Methods: For this purpose, a pH responsive AvT-co-poly hydrogel network was
formulated through free radical polymerization by incorporating natural polymers
i.e., aloe vera gel and tamarind gum, monomer and crosslinker. Formulated
hydrogels were loaded with Tramadol HCl (TRD) and evaluated for percent
drug loading, sol-gel fraction, dynamic and equilibrium swelling, morphological
characteristics, structural features and in-vitro release of Tramadol HCL

Results and Discussions: Hydrogels were proved to be pH sensitive as remarkable
dynamic swelling response ranging within 2.94g/g-10.81g/g was noticed at pH 7.4
as compared to pH 1.2. Percent drug loading was in the range of 70.28%-90.64%
for all formulations. Thermal stability and compatibility of hydrogel components
were validated by DSC analysis and FTIR spectroscopy. Controlled release pattern
of Tramadol HCl from the polymeric network was confirmed as maximum release
of 92.22% was observed for over a period of 24 hours at pH 7.4. Moreover, oral
toxicity studies were also conducted in rabbits to investigate the safety of
hydrogels. No evidence of any toxicity, lesions and degeneration was reported,
confirming the biocompatibility and safety of grafted system.
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1 Introduction

Over the past few years, most researchers have taken an
interest in developing novel drug delivery systems. At present,
many researchers are prioritizing the development of dosage
forms by using natural biomaterials since they are less toxic
and biocompatible. Novel drug delivery systems not only provide
enhanced patient compliance, which is achieved by decreasing
the dosing frequency, but also enhance the therapeutic efficacy of
active ingredients by minimizing fluctuations in the plasma level
(Brahmareddy et al., 2015). Many pH-responsive drug delivery
systems have also been fabricated. Delivery systems such as
cationic liposomes, comprised of hydrophilic and hydrophobic
moieties such as hydrocarbon chains or a cholesterol derivative
(Sarker et al., 2013) and affected by surface charge, lipophilicity,
hydrophobicity, as well as the size (Sarker et al., 2014), have been
investigated to deliver bioactive peptides into the cytosolic space
of live cells (Sarker et al., 2020). Commercially available cationic
liposomes are usually used for the delivery of siRNA (Sarker and
Takeoka, 2018). Studies on the structure-activity relationship of
cationic lipids have been performed by many research groups
(Sarker et al., 2012). However, in order to control the flaws of
conventional drug delivery systems, the current research area is
expanding its work in the development of modified dosage
systems. Hydrogels are under consideration among other
novel drug delivery systems. These polymeric networks reduce
the limitations of conventional dosage forms and also support a
more stable, appropriate, and biocompatible drug delivery
system (Karna et al., 2015; Khan et al., 2016). Hydrogels are
three-dimensional polymeric networks (Chopra et al., 2022b)
that have the capability to absorb water without being dissolved
(Chopra et al.,, 2022a). Hydrogels are comprised of interlinked
chains that impart specific mechanical strength. Crosslinking in
hydrogels can be achieved physically or chemically, which
prevents these grafted networks from dissolving despite
absorbing larger quantities of water or biological fluids. It also
helps in the release of active moiety at a pre-defined rate by
holding them together (Peppas et al., 2000). Bonds in chemically
crosslinked hydrogels are generated slowly but are stronger
(Sharma et al., 2022). Hydrogels help in the regulation of site-
specific drug delivery, which enhances patient compliance by
reducing the need for frequent dosing (Ranjha et al., 2010; Singh
etal., 2010). The most common applications of hydrogels include
their use in tissue and regenerative medicines, separation of
biomolecules, biosensors, protein adsorption, agrochemicals,
and drug delivery systems (Murali Mohan et al., 2006).
Hydrogels in wound dressing have the advantage of possessing
the features of moist wound healing with good fluid absorbance
(Shawan et al., 2019). The major domain of research in hydrogels
is hydrogel-based drug delivery systems, which include
sustained-release drug delivery systems, dental applications,
injectable polymers, implants, stimuli-responsive systems, and
topical applications (Mudassir and Ranjha, 2008). Polymers of
natural as well as synthetic origin are being utilized in the
pharmaceutical and food industries (Singh et al, 2011). In
most cases, one polymer alone is usually unable to regulate
the drug release. In order to overcome this drawback, the
development of interpenetrating networks presents a better
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approach for a controlled drug delivery system (Jana et al,
2016). The aloe vera plant, a member of the Liliaceae family,
has been found to confer beneficial effects on skin burns, wounds,
diabetes, and obesity (Rahman et al., 2017; Minjares-Fuentes
et al.,, 2018). A variety of compounds, including amino acids,
carbohydrates, long-chain polysaccharides, vitamin E, vitamin A,
and ascorbic acid, are found within aloe vera gel. These bioactive
components have effective antioxidant, anti-inflammatory, and
antibacterial effects (Salehi et al., 2021). It has a significant action
in enhancing the swelling of hydrogels (Guancha-Chalapud et al.,
2022) and absorption of the drugs (Haasbroek et al., 2019).
Tamarindus indica is mostly found in the South East Asian
India, Pakistan,
Tamarind seed polysaccharide (TSP) is a galactoxyloglucan in
composition (Burgalassi et al., 1996). Its unique properties, such

region, especially in and Bangladesh.

as tolerance to changes in pH, mucoadhesive ability, thermal

stability, and biocompatibility, make it a fascinating
polysaccharide to be incorporated into drug delivery systems.
It is capable of swelling in hot water and forms a thick viscous
solution. Tamarind gum has already been evaluated for hydrogel
applications, tablets,

microsphere and nasal,

controlled-release mucoadhesive

synthesis, buccal, and ocular
applications (Joseph et al, 2012; Prajapati et al., 2013).
Tramadol (TRD) is an opioid drug studied for its potent
analgesic activity and is being used for pain treatment (Bravo
et al., 2017; Subedi et al., 2019). The drug was approved in
1995 by the Food and Drug Administration (FDA) for relief
and management of moderate-to-severe pain (Bloor et al., 2012;
Vazzana et al., 2015). Tramadol hydrochloride is preferable over
classical opioid drugs because of its distinguished
pharmacological reputation for exhibiting lower drug abuse
potential and lower incidence of side effects (Andurkar et al.,
2012; Modi et al., 2013). Due to fast metabolism in the human
body, the biological activity of drugs can be relatively short.
Therefore, repeated administrations are required in order to
maintain the effective drug plasma concentration. The present
work was designed to incorporate TRD in biodegradable pH-
sensitive AvT-co-poly (MAA) networks synthesized by the free-
radical polymerization method. Varying proportions of
polymers, monomers, and crosslinkers were used for the
synthesis of hydrogels. The study aimed to achieve oral
controlled delivery of TRD that will reduce its dosing

frequency and enhance patient compliance.

2 Materials and methods

2.1 Materials

All chemicals used in the research work were of analytical
grade. TRD was purchased from Searle (Pvt.) Ltd., Karachi,
Pakistan. Aloe vera gel was extracted from plant leaves.
Tamarind seed powder was purchased from BDH, England.
Methacrylic acid, potassium dihydrogen phosphate, potassium
chloride, and ethanol were purchased from Merck, Germany.
Ammonium persulfate, methylene-bis-acrylamide, hydrochloric
acid, and sodium hydroxide were purchased from Sigma-Aldrich,
United States.
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2.2 Methods

2.2.1 Extraction of aloe vera gel

Fresh leaves of Aloe barbadensis were taken from the plant and
peeled off, and the gum latex obtained was washed with sufficient
quantity of n-hexane for 30 min in order to remove fatty oils from
the gel. It was then followed by draining the supernatant n-hexane.
The procedure was repeated thrice. Washed aloe vera gel chunks
were shifted to Petri dishes and dried at 45°C in a hot-air oven. After
drying, the gel was scrapped off from the petri dishes, ground in
pestle and mortar, and stored in well-closed plastic containers for
further use (Haseeb et al., 2016).

2.2.2 Synthesis of AvT-co-poly (MAA) hydrogels

An AvT-co-poly (MAA) network was synthesized by using
varying concentrations of aloe vera, tamarind, methacrylic acid,
and crosslinker, optimizing the free-radical polymerization
technique. Both the dried aloe vera gel and tamarind seed
powder were separately weighed and soaked in 5-6 ml distilled
water for 2 h. Centrifugation of tamarind seed powder (TSP) was
carried out at 4000 rpm for 10 min. The supernatant was collected
and mixed thoroughly with aloe vera gel dispersion using a magnetic
stirrer (VELP Scientifica, Milano, Italy) for 10 min. Methacrylic acid
was added drop by drop to the abovementioned mixture with
continuous stirring. Solutions of ammonium persulfate (APS)
and methylene-bis-acrylamide (MBA) were prepared separately
in 5ml of distilled water. Both solutions were sonicated and
incorporated into the abovementioned mixture. During mixing, it
was ensured that the mixing of MBA should be accomplished after
APS, and the temperature of the reaction mixture was kept at 50°C
for 1 h. Nitrogen purging was carried out to remove air bubbles.
Afterward, the reaction mixture was transferred into test tubes
which were covered with aluminum foil and were kept in a water
bath at 65°C for 24 h. Test tubes were then removed from the water
bath, and formed hydrogels were recovered by breaking the test
tubes. The cylindrical shape was cut into disc shapes with the sharp
blade and washed with ethanol and water solution (70:30) to remove
unreacted monomers and free radicals. Discs were placed in an oven
for drying at 40°C-45°C, which were then stored in well-closed
containers, and further studies were executed (Olad et al., 2018)
Table 1.

2.3 Characterization

2.3.1 Drug loading

TRD was incorporated into hydrogel discs by the swelling-
diffusion method. A 1% drug solution in phosphate buffer
(pH 7.4) was prepared, and pre-weighed dried hydrogel discs
were dipped in the drug solution for 48 h or until they attained
constant weight. Discs were then taken out from the solution
followed by their washing with distilled water to wash away any
drug from the surface of the hydrogels. Drug-loaded discs were dried
by keeping them in an oven at 40°C until completely dried and
weighed after drying (Shabir et al., 2017).

Percent drug loading was calculated by Eq. 2:

Amount of drugloaded = WD - Wd, (1)
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Percent drug loading = [ (WD - Wd)/ Wd] x 100. (2)

Here, W, is the dry weight of the hydrogel disc after drug loading,
and Wy is the dry weight of the hydrogel disc before loading.

2.3.2 Sol—gel fraction

Sol-gel fraction was determined to find out sol and gel contents of
the prepared hydrogel. Sol fraction indicates unreacted contents during
the polymerization reaction, whereas gel fraction represents the reactant
contents of the crosslinked network. Dried hydrogel discs were weighed
and placed in distilled water for 72 h. Interval shaking was carried out to
isolate water-soluble contents from the hydrogel. After 72 h, the water-
insoluble part of the hydrogels was dried in an oven and carefully
weighed (Pandey, Mohd Amin et al., 2013).

The gel and sol contents were then measured as follows:

w1
ion (%) = [ — )X 100,
Gel fraction (%) ( O) 00 (3)
Sol fraction (%) = 100 — Gel fraction, (4)

where ‘W0’ is the weight of the dried disc before wetting and ‘W1’is
the weight of the dried disc after 72 h of wetting in deionized water.

2.3.3 Determination of swelling ratio

Dried copolymer discs of each formulation were weighed and
then soaked in buffer solutions of pH 1.2 and 7.4 (100 ml) at room
temperature. Copolymer discs were taken out at regular time
intervals, blotted with filter paper, weighed, and soaked again in
the respective media (Ranjha et al., 2015). Dynamic swelling (q) was
calculated as

q=Ws/Wd, (5)

where ‘q’ is the dynamic swelling ratio, “Ws” is the weight of swollen
gel at time t, and “Wd” represents the initial weight of the sample.

Percent equilibrium swelling (ES) was measured by the
following equation:

ES (%) = (Meq — Mo)/Meq x 100, (6)

where ‘Meq’ is the mass of the swollen hydrogel at equilibrium and
‘Mo’ is the mass of the dried sample.

2.3.4 On—off responsiveness of the AvT copolymer

The stimuli sensitivity of the copolymer was assessed by the
swelling and de-swelling behavior of the AvT hydrogel using the
gravimetric method. For this purpose, swelling of the hydrogel was
noted in a basic buffer (pH 7.4) for 1 h and then de-swelling in an
acidic buffer (pH 1.2) alternately. The study was conducted for
6 consecutive hours (Ashraf et al., 2017).

2.3.5 Scanning electron microscopy analysis

The AvT-co-poly (MAA) network was investigated for its
surface morphology by conducting scanning electron microscopy.
Analysis was performed by using a scanning electron microscope
(JEOL JSM-5910, Japan) at different magnifications (x250-x10000).
The hydrogel disc was crushed into fine size and then mounted on
an aluminum stub, and a thin layer of gold was coated with a gold
sputter coater. Scanning was performed under a high-energy
electron beam, and photomicrographs were taken which were
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FIGURE 2
Gel fraction of AVT1-AvT12.

further observed for surface morphology evaluation (Hebeish et al.,
2013).

2.3.6 Powder X-ray diffraction analysis

The amorphous or crystalline nature of pure TRD, aloe vera,
tamarind gum, and the TRD-loaded copolymer was elucidated by
performing powder X-ray diffraction analysis. For this, an X-ray
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analytical X’Pert powder diffractometer was used. Samples were
exposed to Cu-Ka radiation, and diffractograms were recorded at an
angle 260 between 0° and 80° by setting the scan rate at 1° per minute
(Farhadnejad et al., 2018).

2.3.7 Thermal analysis

Differential scanning calorimetric analysis was performed to
determine the thermal degradation pattern of TRD, polymers alone,
and the drug-loaded hydrogel disc. The analysis was carried out by
operating a thermal analyzer (SDT Q600 TA United States) at a
heating range of 0°C-800°C on an aluminum stub under a nitrogen
bath (Wang et al., 2019).

2.3.8 Fourier transform infrared spectroscopy

The compatibility of components and formation of the
crosslinked polymeric network were determined by performing
FTIR spectroscopy (Agilent Cary 630) of pure individual
components and the drug-loaded network. It was accomplished
by mixing the analyte with KBr powder, and transmittance (cm™)
was recorded over a scanning range of (4000-500 cm™') (Larrafeta
et al., 2018).

2.3.9 In vitro release study of the drug

A drug release study was performed in USP dissolution
apparatus-II, using the acidic and basic buffers (pH 1.2 and
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pH 7.4). TRD-loaded hydrogel discs were placed in each bucket
containing 900 ml of buffer solution, and the apparatus was run at
50 rpm at 37°C + 0.5°C. Samples of 5ml were drawn with the
replacement of the respective buffer and analyzed using a UV
spectrophotometer at the wavelength (Amax) 322nm (Qu et al,
2018). The percent drug release was calculated by the following equation:

Drugrelease (%) = (sampleabsorbance | standardabsorbance)
x 100. 7)

2.3.10 Kinetic modeling

The mode of release of TRD from the grafted network was
investigated by applying the kinetic models. The best-fit model was
confirmed by the value of “R*” while the value of “n” described the
release mechanism of TRD. Fickian diffusion was proved by the
value of n < 0.45, non-Fickian was defined when 0.45 < n > 0.89, and
case-II relaxation or super case-II transport was highlighted

by n > 0.8.

2.3.10.1 Zero-order kinetics
Zero-order kinetics was determined by using the following

equation:
Qt = Q0 + KOt. )]

Here, K, is the TRD release rate constant, Q, is the initial
quantity of TR in formulation, and Q, represents the TRD release
within the time “t.”
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2.3.10.2 First-order kinetics
For the determination of first-order kinetics, the following

equation was used:
logW = logWO-kt [ 2.303. 9)

Here, W is the amount of drug present in the network, k is the
first-order rate constant, Wg, is the initial amount of drug in the
hydrogel, and t is the time.

2.3.10.3 Higuchi model
The Higuchi model was determined with the help of the
following equation:

Ft = K2t1/2. (10)

Here, F, is the amount of undissolved drug and K, is the Higuchi
constant.

2.3.10.4 Korsmeyer—Peppas model
This can be expressed using the following equation:

Ft [ FO = k3tn. (11)

F/Fy is the fraction of TRD release at time “t,” K; is the

« »

Korsmeyer—Peppas constant, and “n” represents the release exponent.

2.3.11 Acute toxicity studies

An acute toxicity study was performed according to the
Organization for Economic Cooperation and Development
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On-off switching of hydrogels.

(OECD) guidelines on animal models (Khan et al., 2021; Badshah
etal, 2023). The study was performed in the Faculty of Pharmacy,
the University of Lahore. Ethical approval was given by the
institutional research ethics committee under reference
number IREC-2021-11. Six healthy rabbits having an average
weight of 1499 g were purchased from an animal farm,

transported to the university animal house, and acclimated for

10.3389/fbioe.2023.1190322

7 days with a proper diet. Rabbits were divided into two groups,
i.e., the control group (CG) and the test group (TG). AvT-co-poly
(MAA) discs in a pulverized form (2g/Kg dose) were
administered to the tested group. Animals in both groups
were keenly observed for physical activity, any common sign
of illness, salvation, diarrhea, skin irritation, mortality, and body
weight for 14 days. On the 14th day, animals were weighed again,
and the blood samples were withdrawn from the ear marginal
vein. These samples were transferred into EDTA tubes,
centrifuged at 5000rpm for plasma separation, and
investigated for hematological examination, lipid and renal
profiles, and AST and ALT levels. Rabbits were sacrificed after
administration of 1 ml/kg dose of anesthesia [ketamine and
xylazine (70:30)] for the removal of vital organs. After
washing with tap water, a histopathological examination of the
internal vital organs (heart, spleen, liver, kidney, small intestine,
and lungs) was carried out to detect the toxic effects of the grafted
network (Gong et al., 2009).

4 Results and discussion

4.1 Physical appearance

The formulated AvT hydrogels appeared milky peach in color
with a smooth and elastic texture which turned reddish brown upon

drying.

FIGURE 5
SEM photomicrographs of TRD-loaded and unloaded hydrogels.
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4.2 Percent drug loading

Loading of TRD in hydrogel discs was performed by swelling
and the diffusion-controlled method. All formulations
(AvT1-AvT12) resulted in 70.28%-90.64% of drug loading, as
presented in Figure 1, and it was affected by varying the amounts
of polymers, monomers, and crosslinkers. By consequent
increasing of tamarind gum and aloe vera contents in
formulations AvT1-AvT3 and AvT4-AvT6, the percent
loading of TRD was increased from 80.67% to 90.64%, and
79.72%-88.65%, (AVT7-AvT9)
with increasing concentrations of MAA showed a decrease
in drug loading that ranged from 81.81% to 73.85%. In the
AvT10-AvTI12 having
contents of MBA, a decrease in drug loading from 77.85% to
70.28% was observed. That decline was due to the formation
of a more dense and compact structure by crosslinkers, resulting

respectively. Formulations

case of formulations increased

in low penetration of fluid inside the crosslinked matrix.
Bajpai and Giri reported that the KNO;
decreased with an increase in the content of MBA (Bajpai
and Giri, 2003). AvI3 and AvT6 formulations having
maximum concentrations of aloe vera and tamarind gum
were found to be optimum, depicting 90.64% and 88.65%
of drug AvT7  and
AvT10 containing optimum monomer and crosslinker
contents were exhibiting 81.81% and 70.28% of TRD loading,
respectively.

release rate

loading, while formulations
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4.3 Sol-Gel fraction (%)

The gel content of the AvT-g-poly (MAA) network was
determined in order to analyze the consumption of the reactants
during polymerization reactions. The gel fraction of all formulations
(AvT1-AvT12) was in the range of 80.95%-96.52%, as shown in
Figure 2. Based on the results, the gel fraction of formulations was
increased by subsequent increases in the concentrations of the
monomer and crosslinker, while no significant effect on gel
fraction was observed by increasing the polymer contents.
Formulations (AvT1-AvT3) with variable aloe vera contents
exhibited a slight decrease in gel fraction of 83.02%-80.95%,
while 84.75%-85.37% of gel fraction was shown by formulations
(AvT4-AvT6) with increased tamarind gum contents (Shah et al.,
2019). However, upon increasing the monomer and crosslinker
contents in formulations AvI7-AvI9 and AvT10-AvT12, the
percent gel content was found to be increased from 85.51% to
92.39% and from 87.50% to 96.52%, respectively. Crosslinking was
promoted by increasing the concentrations of the monomer and
crosslinker in the formulations, which resulted in a denser structure
with improved network strength. Ranjha et al. (2014) reported a
similar increase in the gel fraction of hydrogels on increasing the
monomer and crosslinker contents in their study.

4.4 Determination of the swelling behavior
of the AvT-g-poly (MAA) hydrogel (water
absorbency)

The swelling studied to investigate the
pH responsiveness of hydrogels. Dynamic and percent equilibrium

response was

swelling were determined in acidic (pH 1.2) and basic (pH 7.4) buffers.
Enhanced swelling was noticed at pH 7.4, while at pH 1.2, all
formulations showed minimal swelling. Variations of polymers,
monomers, and crosslinker ratios in formulations (AvT1-AvT12)
also affected the dynamic and equilibrium swelling of hydrogels.

4.4.1 Effect of varying concentrations of polymers
on dynamic swelling

At pH 7.4, dynamic swelling values for AvT1, AvT2, and AvI3 were
7.75, 9.86, and 10.81 g/g, while at pH 1.2, the obtained values were 1.2,
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FIGURE 8

FTIR spectra of TRD (A), aloe vera (B), tamarind gum (C), methacrylic acid (D), and the TRD-loaded hydrogel (E).

1.89, and 2.43 g/g, respectively, after 24 h (Figure 3). From formulations
AvT4-AvT6, swelling ratios were 4.67, 6.67,and 9.14 g/g at pH 7.4, while
0.86, 1.16, and 1.5 g/g were observed at pH 1.2. An increase in both
polymer contents in formulations resulted in an enhanced pore volume
due to OH groups imparted by the polymers, ultimately facilitating the
penetration of water inside the network, contributing to the enhanced
swelling ability of hydrogel (Kausar et al., 2021).

4.4.2 Effect of varying concentrations of
monomers on dynamic swelling

Formulations (AvI7-AvT9) with increasing concentrations of
methacrylic acid concentrations (5-7 g) depicted a decrease in
swelling response. The dynamic swelling of formulations ranging
from AvT7 to AvT9 at pH 7.4 was 7.80, 6.50, and 4.26 g/g, and at
pH 1.2, it was 0.93, 0.81, and 0.68 g/g, respectively, after 24 h
(Figure 3). The increase in monomer concentration might be
associated with the promotion of inter- and intra-molecular self-
crosslinkages, resulting in the formation of a low-porous structure,
thus hindering the movement of the solvent into the polymeric
matrix (Jindal et al., 2011).
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4.4.3 Effect of varying concentrations of
crosslinker on dynamic swelling

By increasing the concentration of MBA from 0.5 to 0.7 mg in
formulations ranging from AvT10 to Avtl2, dynamic swelling
was decreased and found to be 8.18, 4.16, and 2.93 g/g at
pH 7.4, and 0.82, 0.79, and 0.59 g/g at pH 1.2 after 24 h.
Decreased swelling with increased crosslinker content was
attributed to improvement in the crosslinking density of the
interpenetrating networks, resulting in the development of a
more compact and dense structure (Sadeghi and Heidari,
2011; Badshah et al., 2023).

4.5 On and off switching of the AvT hydrogel

Swelling and de-swelling experiments were performed at
pH 7.4 and pH 1.2, respectively, in a repetitive cycle. All
formulation discs showed significant swelling when placed in a
basic buffer (pH 7.4), and de-swelling was exhibited by these swollen
discs when immersed in an acidic buffer (1.2), as represented in
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FIGURE 9

TRD release from formulations at pH 1.2 and pH 7.4.

Figure 4. These swelling and de-swelling behaviors were due to the
stimuli-responsive nature of the AvT-g-poly (MAA) network
system. At basic pH, deprotonation of COOHLI groups
imparted by MAA in hydrogel chains resulted in repulsion
within functional units, thus facilitating the pore opening and
swelling response, whereas at acidic pH, these functional groups
became protonated, causing the de-swelling of hydrogels due to
reduced repulsive forces of polymeric chains (Ashraf et al.,
2017).

4.6 Scanning electron microscope analysis

The formulated pH-responsive hydrogels were evaluated for
surface morphology through scanning electron microscopy.
Photomicrographs obtained at various resolutions showed
rough outer surfaces that might be due to cutting of hydrogel
discs and also showed adherence to the drug over the surface.
Moreover, the surface images account for the presence of pores
and cracks within polymeric structures, as shown in Figure 5. The
porous structure is significantly feasible for maximum solubility
and dissolution of drugs (Badshah et al., 2021). The presence of
pores facilitates the movement of water and other biological
fluids into and out of the hydrogel network. By increasing
crosslinking density, pores were decreased in the network
mesh and vice versa. Porous structures accompanied by ionic
and hydrophilic groups of hydrogel constituents are responsible
for the elaborative swelling of IPN. Cracks may be formed during
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drying due to partial collapse of the polymeric gel network.
Similar morphology having rough surfaces with pores and
cracks on tamarind gum-based mucoadhesive beads was also
found in a previous study (Nayak et al., 2014).

4.7 Powder X-ray diffraction

Distinct characteristic peaks of TRD were presented at 20 =
10.6°, 18.6°, 20.95°, and 30.95° on a powder X-Ray diffractogram,
which clearly indicated the crystalline nature of the drug.
Diffractograms of aloe vera and tamarind gum displayed fused
curves having no sharp peaks, thus describing the amorphous
nature of both polymers. In the case of TRD-loaded hydrogels,
all intense peaks of the drug were converted into fused curves
demonstrating the amorphous dispersion of the drug within the
network (Figure 6). These results revealed the improved solubility of
the drug when incorporated into polymeric networks, as indicated
by the merged peaks of the drug displayed on drug-loaded hydrogels
(Sarfraz et al., 2018).

4.8 Differential scanning calorimetry

DSC analysis of pure drugs, polymers, and fabricated
networks was conducted to investigate their thermal nature
(Figure 7). The thermogram of pure TRD displayed an
endothermic peak between 180-185°C, indicating the melting
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FIGURE 10

Histopathological examination of vital organs of control and tested groups.

point of the drug (Jeevana and Sunitha, 2009). In the case of aloe
vera, a slight endothermic peak appeared at 100°C, which was due
to the loss of moisture content from the polymer. Another broad
endothermic peak at 300°C-400°C was attributed to the thermal
degradation of cellulose and lignin in aloe vera (Aghamohamadi
et al., 2019; Andonegi et al., 2020). The DSC thermogram for
tamarind gum has revealed an endothermic peak from about 30°C
to 70°C, showing moisture loss from the polymer. Other peaks
displayed at 305°C and 450°C on the thermogram were depicting
the melting range and thermal decomposition of the polymer,
respectively. TRD-loaded hydrogels were also investigated for
thermal analysis, showing an endothermic peak at 200°C-205°C,
an exothermic peak at 250°C, and transformation of some major
peaks of drug and polymers into minor ones. Shifting of peaks on
the DSC thermogram of drug-loaded hydrogel confirmed the
amorphous form as well as the thermal stability of the polymeric
blend.

4.9 Fourier transform infrared spectroscopy
Structural and compositional features of the grafted network

were confirmed by performing Fourier transform infrared (FTIR)
spectroscopy of drugs, polymers, monomers, and TRD-loaded

Frontiers in Bioengineering and Biotechnology

hydrogels. The FTIR spectra of all components are displayed in
Figure 8. The FTIR spectrum of pure TRD showed characteristic
evident peaks at 1433.46 cm™', 1610.04 cm™, 2933.03 cm™', and
3302.03 cm™' describing CHj stretching, conjugated C=0, CH
asymmetric stretching, and Ar-NH,, respectively (Choudhury,
2020). For aloe vera gel, some prominent peaks were observed at
1024 cm™, 1398.02 cm™, 1588 cm™, and 2922.06 cm ™" on the FTIR
spectrum that were corresponding to C-O stretching for ether, CN
stretching, NH bending, and CH stretching of aliphatic alkanes,
respectively. Moreover, another absorption band at 3246.40 cm™
was associated with NH-stretching vibration (Swami Hulle et al.,
2014; Dey et al, 2015). The FTIR spectrum of tamarind gum has
displayed intense peaks at 1035cm™ (CH-OH) stretching),
1633 cm™ (carbonyl group (-HC = O) stretching), 2402 cm™,
and 2928.05cm™" (intramolecular and intermolecular hydrogen
Another 3274.05cm™  was
confirming the presence of a -OH group within the polymeric
chains of tamarind gum (Abd El-Mohdy et al, 2016).
Characteristic bands of MAA were presented at 1638 cm™’,
1700 cm™, and 2984 cm™ on the FTIR spectrum that were
associated with C=C stretching vibrations, carboxylic acid groups,

bonding). extended peak at

and methyl C-H asymmetric stretching, respectively. In the case of
the FTIR spectrum of the TRD-loaded hydrogel, prominent peaks of
drug and polymers were observed with slight variations in intensities
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TABLE 1 Composition of different formulations of AvT-co-poly (MAA) hydrogels.

10.3389/fbioe.2023.1190322

Formulation Tamarind Methacrylic Methylene-bis Ammonium
code gum (g) acid (g) -acrylamide (g) persulfate (g)
AvT1 0.2 0.15 4 0.4 03
AVT2 0.4 0.15 4 0.4 03
AVT3 0.6 0.15 4 0.4 03
AvT4 0.15 0.2 4 0.4 03
AVT5 0.15 0.4 4 0.4 03
AVT6 0.15 0.6 4 0.4 03
AVI7 0.5 0.15 5 0.4 03
AVTS 0.5 0.15 6 0.4 03
AVT9 0.5 0.15 7 0.4 03
AvT10 0.5 0.15 4 0.5 03
AVT11 0.5 0.15 4 0.6 03
AVT12 0.5 0.15 4 0.7 03

*The bold values show the concentrations of ingredients varied during the formulation of hydrogels.

TABLE 2 Kinetic modeling on TRD release data.

Formulation Zero order 1st order Higuchi Korsmeyer-Peppas

R? R? R? R? n
AVT1 0.9969 0.9576 0.8798 0.9994 0.900
AVT2 0.9973 0.9745 0.8911 0.9989 0.870
AVT3 0.9881 0.9682 0.8947 0.9987 0.859
AvT4 0.9930 0.9721 0.8703 0.9973 0917
AVTS 1.000 0.9586 09194 0.9977 0.788
AvT6 0.9933 0.9400 09351 0.9971 0.748
AVT7 0.9758 0.9656 0.9067 0.9977 0.823
AVT8 0.9809 0.9762 0.9001 0.9980 0.841
AVT9 0.9982 0.9536 0.9013 0.9983 0.840
AVT10 0.9843 0.9697 0.8995 0.9969 0.846
AvT11 0.9898 0.9603 0.8651 0.9918 0.933
AVT12 0.9790 0.9283 0.7977 0.9840 1124

and positions. Evident peaks of TRD at 1433 cm™" and 2933 cm™
due to CHj stretching and CH asymmetric stretching were displaced
to 1452 cm™ and 2928 cm™' on the spectrum of the drug-loaded
hydrogel, confirming the encapsulation of the drug within the

! was

matrix. Similarly, the tamarind gum peak at 3274.05cm”
shifted towards a higher wave number, ie., 3500 cm™, on the
grafted network. These displacements and variations in the
intensities of certain peaks on the spectrum of drug-loaded
hydrogels were proving the complexation and compatibility of

developed network components.
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4.10 In vitro release studies

In vitro release of TRD from the grafted network was performed
at acidic and basic pH (1.2 and 7.4), and the effects of aloe vera,
tamarind gum, MAA, and MBA concentrations on the release of
drug were determined (Figure 9). A gradual increase in the release of
TRD was observed by sequentially increasing the aloe vera and
tamarind gum  concentrations in  formulations  from
AVT1-AvT3 and AvT4-AvTé6, ranging within 81.46%-92.22%
and 79.13%-87.27%, respectively. The pore volume of the
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TABLE 3 Clinical findings of animals during toxicity studies. in formulations from AvT7 to AvT9, a decrease in the release of the

drug from 91.81%-83.02% was noticed. The decline in drug release

Tested grou
S was attributed to stronger inter- and intramolecular forces within

Observations Controlled group

the matrix by the monomer, thus reducing the porous network and

Not observed Not observed

Signs of illness

limiting the passage of fluid inside the hydrogel network. Likewise,
Body weight (Kg) the release of TRD was also decreased, ranging within 89.01%-
78.43% for formulations AvI10-AvT12 having an increased

concentration of crosslinker content. Optimum results were

Pre-treatment 1472.67 + 107.15 1456 + 117.63

Day 1 1466.18 + 100.87 1456.03 + 91.87 . .

R § 8 obtained by formulations AvT3, AvT6, AvI7, and AvT10,
Day 7 1469.91 + 103.15 1469.84 + 112.43 showing 92.22%, 87.27%, 91.81%, and 78.43% of drug release at
Day 14 1470.15 + 98.54 1471.05 + 99.16 pH 7.4.

Water intake (ml)

4.11 Kinetic modeling

Pre-treatment 203.1 £245 204.59 + 3.38
Day 1 197.54 £ 0.95 20135 % 107 Release kinetics was further studied by the application of
Day 7 196.08 + 1.76 198.06 + 1.34 different kinetic models, i.e., the zero-order, first-order, Higuchi,
and Korsmeyer-Peppas model, through the DD-solver built-in
Day 14 196 + 1.15 197.16 + 2.15 o .
application. For all formulations (AvI'1-AvT12), zero order was
Food intake (g) noted to be the best-fit model, as defined by the R* value (Table 2).
Pre-treatment 7416 + 135 2711 + 138 The mode of TRD release was revealed from the value of “n,” which
was super case-1I transport for most of the formulations.
Day 1 76.59 + 136 78.01 + 1.63
Day 7 77.03 + 142 79.48 + 1.46 o
4.12 Acute oral toxicity
Day 14 79.04 + 1.68 80.88 + 1.61
Dermal toxicity Absent Absent Toxicological evaluation of the AvT-co-poly (MAA) network
Ocular toxicity Not found Not found was carried out by conducting toxicity studies in healthy rabbits.
During the toxicity study, both groups (control and tested) of
Mortality Nil Nil

animals were closely observed for body weight, water and food
intake, and clinical findings, i.e., heart rate, skin rashes, fever, and
behavioral changes, for 14 days. There was no indication of

network was increased by increasing the polymer contents, causing
penetration of the excessive-dissolution fluid inside the network,
resulting in higher swelling and release of TRD from the grafted
system (Kausar et al., 2021). With an increase in MAA concentration

ocular and dermal toxicity or remarkable weight variation.
Similarly, zero mortality rate was found in both groups, as
reported in Table 3. The biocompatibility of the grafted
system was proved by the results of hematological and

TABLE 4 Results of the hematological analysis of rabbit blood.

Parameters Controlled group (control) Treated group (treated)
Hemoglobin (g/dl) 11.12 11.60
pH 7.25 + 0.14 7.08 + 0.26
Red blood cells (x10°/pl) 5.92+1.45 5.79+1.22
White blood cells (x10°L™") 5.7+ 0.72 6.2+ 1.34
Monocytes (%) 3.45 + 145 3.72 +0.77
Platelets (x10°L™") 4.72 £ 0.33 499 + 0.34
Lymphocytes (%) 70.9+ 1.62 68.6+ 0.81
Neutrophils (%) 50.254 + 2.12 51.52 £ 0.73
Mean corpuscular hemoglobin (pg/cell) 19.4+ 0.53 18.3+ 1.12
Mean corpuscular volume (%) 70.2+ 1.35 73.4+ 1.61
Mean corpuscular hemoglobin conc. (%) 34.6+ 221 339+ 1.33
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TABLE 5 Results of LFTs and RFTs of controlled and treated groups.

Biochemical analysis ~ Group A (control) Group B (treated)

ALT (U/L) 59+ 0.65 75+ 1.71

AST (U/L) 74+ 1.37 60 + 2.21

ALP(U/L) 85+ 2.11 93+ 0.41

Albumin (g/dl) 4.2+ 1.26 4.3+ 2.07

Total protein (g/dl) 6+ 0.21 6+ 0.18
Urea (mmol/L) 14.23 + 047 15.36 + 1.54
Creatinine (mg/dL) 0.6 + 0.45 0.5 + 0.34
Uric acid (mg/dL) 372 £ 047 395+ 1.25
Cholesterol (mg/dL) 61.13 £ 1.31 58.75 + 1.71
Triglycerides (mg/dL) 60.62 + 1.36 55.41 + 2.25

biochemical analyses of blood samples, showing all values within
acceptable ranges, as documented in Tables 4, 5. The newly
grafted system was investigated for its toxicity by carrying out
histopathological examinations of vital organs, i.e., the liver,
heart, lung, kidney, and intestine. After sacrificing the rabbits
on the 14th day, these organs were removed, and tissue slides
were prepared and examined microscopically. As observed from
the photomicrographs presented in Figure 10, there was no sign
of swelling, lesions, abrasion, or deformation found in the vital
organs of both tested and control groups. Histopathological
examination of the liver revealed a precise arrangement of the
hepatic cord and lobules without showing any disruption or
abnormality. Heart tissue displayed normal myocytes with no
signs of inflammation or necrosis in both groups. The lungs of
both treated and control groups were observed to be normal
without having any degeneration or lesions. Moreover, kidney
tissues were visible with proper bowman capsule, glomerulus,
and tubules, showing no hemorrhage and disruption of cells.
Similarly, a healthy intestine was seen with entire muscularis and
columnar epithelium in both groups, as shown by the
microscopic examination. There was no significant difference
observed in the organs of both groups, hence proving the
biocompatibility and safety of the AvT-co-poly (MAA)
network (Mahmood et al., 2016).

5 Conclusion

Aloe vera and tamarind gum were copolymerized by
employing MAA and MBA to develop AvT-co-poly (MAA)
hydrogels and loaded with TRD. The grafted system was
proved to be thermally stable, as confirmed through DSC
FTIR findings
complexation of hydrogel components. The transformation of

analysis. displayed the compatibility and

the crystalline character of TRD into an amorphous one was
validated by PXRD studies. Swelling of hydrogels, TRD loading,
and release rate were dependent on the amounts of polymers,
the The

monomers, and crosslinkers in formulations.
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pH responsiveness of the network was also confirmed as
maximum swelling, loading, and release of TRD were found at
basic pH. A maximum release of 92.22% was shown over the
period of 32 h, thus displaying the controlled drug delivery.
Moreover, the biocompatibility of the carrier system was
indicated by the results of acute oral toxicity studies in
healthy rabbits, displaying no signs of illness.
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