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Abstract: Tofacitinib is an antirheumatic drug characterized by a short half-life and poor permeability,
which necessitates the development of sustained release formulation with enhanced permeability
potential. To achieve this goal, the free radical polymerization technique was employed to develop
mucin/chitosan copolymer methacrylic acid (MU-CHI-Co-Poly (MAA))-based hydrogel microparti-
cles. The developed hydrogel microparticles were characterized for EDX, FTIR, DSC, TGA, X-ray
diffraction, SEM, drug loading; equilibrium swelling (%), in vitro drug release, sol–gel (%) studies,
size and zeta potential, permeation, anti-arthritic activities, and acute oral toxicity studies. FTIR
studies revealed the incorporation of the ingredients into the polymeric network, while EDX studies
depicted the successful loading of tofacitinib into the network. The thermal analysis confirmed
the heat stability of the system. SEM analysis displayed the porous structure of the hydrogels.
Gel fraction showed an increasing tendency (74–98%) upon increasing the concentrations of the
formulation ingredients. Formulations coated with Eudragit (2% w/w) and sodium lauryl sulfate
(1% w/v) showed increased permeability. The formulations equilibrium swelling (%) increased
(78–93%) at pH 7.4. Maximum drug loading and release (%) of (55.62–80.52%) and (78.02–90.56%),
respectively, were noticed at pH 7.4, where the developed microparticles followed zero-order kinetics
with case II transport. Anti-inflammatory studies revealed a significant dose-dependent decrease
in paw edema in the rats. Oral toxicity studies confirmed the biocompatibility and non-toxicity of
the formulated network. Thus, the developed pH-responsive hydrogel microparticles seem to have
the potential to enhance permeability and control the delivery of tofacitinib for the management of
rheumatoid arthritis.

Keywords: tofacitinib; mucin; chitosan; arthritis; permeation

1. Introduction

The American Organization of Rheumatology recommends using disease-modifying
antirheumatic drugs (DMARDs) for moderate-to-severe disease response. They are used as
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monotherapy or in combination for the early stages of rheumatoid arthritis. To control the
progression of the disease, the use of biological DMARDS and anti-TNFα either alone or
together with methotrexate (MTX) is suggested [1].

Tofacitinib is an emerging DMARD used for the treatment of moderate to severe
rheumatoid arthritis, active psoriatic arthritis, as well as ulcerative colitis [2]. It acts by
inhibiting Janus kinases [3], where it is considered a selective Janus kinase inhibitor (JAK)
with preferential repression/inhibition of JAK3 and JAK1 and to some extent, JAK2 [4].
According to biopharmaceutics classification system (BCS), it belongs to Class III, i.e., highly
soluble with low permeability [5]. Tofacitinib is commercially available in dosage forms
such as immediate release (IR) tablets, extended release (XR) tablets, and as oral solution
preparations. Tofacitinib, being well absorbed by gastrointestinal tract (GIT) after oral
administration, reaches its peak plasma concentration (Cmax) after 0.5–1 h. It has a short
half-life of about 3.2 h. [5] and is soluble in water, ethanol, and dimethyl sulfoxide (DMSO).
Adverse effects of tofacitinib include increased levels of alanine transaminase (ALT) and
aspartate aminotransferase (AST), nasopharyngitis, dyspnea [6], anemia, hyperlipidemia,
and increased risk of cardiovascular diseases such as leukopenia [7] and thromboembolism.

Rheumatoid arthritis (RA) is an autoimmune disease of the synovial joints [8]. The
etiology of the disease is still unknown, although genes (HLA) and environmental factors
(smoking) are identified as playing a significant role in prognosis of RA [9]. Studies have
proven that the disease nearly affects 0.5 to 1% of the total world population, particularly
females and the elderly population [10]. It is characterized mainly by synovial inflammation
and joint disfigurement [8]. Its pathophysiology progresses with the onset of nonspecific
inflammation followed by amplified number of T cells, later leading to chronic stage with
activation of cytokines, i.e., IL-1, TNF-alpha, and IL-6, thus causing inflammation and
tissue damage [11,12].

Mucin is a high molecular weight glycoconjugate with a polypeptide backbone, and
oligosaccharide side chains attached to this backbone via covalent bonding of O–glycosidic
linkages [13,14]. It is highly abundant in animal and human tissues and is present in all
segments of wet epithelium, including the nasal, oral, gastric tract, ophthalmic system,
salivary glands, female reproductive system, and respiratory tract [15,16]. It offers excellent
biocompatibility, least toxicity, and is easily biodegradable when used for mucoadhesive
systems [15]. It possesses hydrating, lubricating, and protective potentials against most
disease-causing microbes [17,18]. Moreover, it has an excellent retention time, and a nonim-
munogenic and nontoxic nature that makes it an ideal polymeric material for developing
drug delivery systems in the pharmaceutical sector [19]. In the literature, hydrogels con-
taining mucin crosslinked with methacrylic acid (MAA) using a covalent crosslinking
technique have been developed and investigated for drug delivery purposes. These offer
controlled release formulations of both water (H2O) soluble and insoluble drugs when used
in combination with chitosan, lectin and polyethylene glycol, alginate, and gelatin [19].

Chitosan (CS), β–1,4–N–acetyl–D–glucosamine, has structural characteristics similar
to mucopolysaccharides/glycosaminoglycans. It is a naturally occurring cationic polymer
obtained from chitin by deacetylation. The shells of marine arthropods, i.e., lobsters, crabs
and shrimps, are the current sources of chitin [20]. At acidic pH, it carries a positive charge
that allows the formation of electrostatic complexes or multiple networks with other anionic
polymers (natural or synthetic) [21]. Moreover, the presence of hydroxyl (OH) and amine
(NH2) groups on chitosan contribute to hydrogen bonding [22].

Chitosan-based hydrogels can be prepared either directly from chitosan or in com-
bination with other polymers. The surface charge on these chitosan hydrogels changes
with pH, making them pH-responsive. However, being highly soluble in low/acidic pH
and low heat stability, it exhibits limited mechanical properties and uncontrolled drug
release [23–25]. For such hydrogel systems to be potential drug delivery carriers, chemi-
cal modification is carried out in amino (NH2) and hydroxyl (OH) groups. Crosslinking
agents including glutaraldehyde (GLA) [26], formaldehyde [27], ethylene glycol diglycidyl
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ether (EGDGE) [28] and N, N’-methylenebisacrylamide (MBA), etc., are being tried in the
literature [25].

MBA is a crosslinker that has two identical double bonds. MBA as a crosslinking agent
results in highly resilient hydrogels [29,30]. MAA is a monomer with aqueous solubility,
heat sensitivity and biocompatibility [31]. It contains carboxylic acid (-COOH) groups and
carbon–carbon double bonds (C=C). Its property to copolymerize and market availability
makes it a candidate of choice for the development of hydrogels [32]. In response to pH
change, ionization of carboxylic acid (-COOH) groups occurs, thereby affording them a
pH-responsive character. The addition of the acid/monomer in hydrogels imparts pH
sensitivity and changes their swelling properties. Ammonium persulfate (APS) is an
organic compound used as an initiator. It has two positively charged ammonium and
one negatively charged peroxydisulfate ion [33,34]. It is a chemical substance with high
aqueous solubility, lower pH and viscosity, least toxicity, and cost-effectiveness [35].

Hydrogels are three-dimensional (3D) hydrophilic networks with the ability to incorpo-
rate large amounts of physiological fluids [36,37]. They emerged as valuable drug delivery
materials due to elasticity [38], biocompatibility [39], permeability [40], nonimmunogenic
nature, and least toxicity [39]. Due to their ability to change their properties in response to
external environmental factors such as pH, temperature, light, and enzymes [36,40], they
are being named smart/stimulus-responsive hydrogels [41]. For targeted drug delivery,
pH-responsive hydrogels are ideal candidates. The low stomach pH (<3) and the higher
intestine pH (>6) are enough to initiate pH-dependent swelling based on environmental
pH change [32].

Lately, natural polymers such as chitosan, pectin, collagen, gelatin, dextran, albumin,
alginate, and cellulose, etc., are being used for development of such stimuli-responsive hy-
drogels [40,42,43]. Different techniques have been presented in the literature for the prepa-
ration of hydrogels, including bulk polymerization, solution polymerization, suspension
polymerization or inverse-suspension polymerization, free radical polymerization, grafting,
polymerization using irradiation and crosslinking (chemical and physical), etc., [44,45].

This study aimed to develop and optimize tofacitinib containing pH-responsive poly-
meric microparticles for sustained tofacitinib delivery with promising permeability en-
hancement potentials. Hydrogel microparticles were developed using different ratios of
mucin, chitosan, MAA, and MBA. Developed hydrogels were characterized using FTIR,
DSC, XRD, EDX, TGA, SEM, zeta size, zeta potential, swelling (%), release (%), and sol–gel
studies. Biocompatibility was evaluated by performing acute oral toxicity studies.

2. Results and Discussion
2.1. Physical Appearance

Hydrogel microparticles were formulated using variable quantities of polymers (chi-
tosan and mucin), crosslinker (MBA), and monomer (MAA). APS was used as an initiator
for radical polymerization. Developed hydrogels were soft, elastic, and slightly yellowish
in appearance. A total of twelve formulations were prepared. All the synthesized hydro-
gels presented excellent strength. The appearance of the developed hydrogel (A), dried
unloaded hydrogel microparticles (B), and coated MU-CHI-Co-Poly (MAA) polymeric
microparticles (C) is presented in Figure 1.

Results revealed the enhanced effect of different ingredients on the appearance of the
developed formulations. When the amount of chitosan (0.2–0.4 g) was increased, milky-
colored hydrogels with soft rubbery texture were acquired. Moreover, with the increase
in quantities of mucin (0.1–0.3 g) while all the other ingredients being constant (chitosan,
MAA, MBA), hydrogels with light yellowish color were attained with pronounced integrity.
Furthermore, by increasing the amount of MBA (0.3–0.7 g), hydrogels with rigid texture
were obtained. Likewise, there was no apparent change in color.
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Figure 1. Physical appearance of MU-CHI-Co-Poly (MAA) hydrogel rod (A), dried unloaded hydro-
gel microparticles (B), and coated hydrogel microparticles (C).

2.2. Elemental Analysis

EDX analysis was carried out to confirm the elemental composition of ingredients
utilized for development of the polymeric network. Furthermore, it also evaluates the %
atomic weight of each element present in the sample. The EDX spectrum of tofacitinib,
unloaded hydrogel microparticles, and tofacitinib-loaded hydrogel microparticles was
recorded. The EDX spectrum of tofacitinib, as shown in Figure 2, presented carbon (41.25%),
nitrogen (33.72%), and oxygen (25.03%). These elements were also present in the chemical
structure of the drug. The EDX spectrum of unloaded hydrogel microparticles revealed
the presence of carbon (59.42%) and oxygen (39.15%). The spectrum of tofacitinib-loaded
hydrogel microparticles contained oxygen (39.24%), carbon (34.63%), and nitrogen (12.42%)
as shown in Table 1. Moreover, nitrogen is a characteristic part of tofacitinib that was
detected in the drug-loaded hydrogels. Successful tofacitinib loading was validated due to
presence of nitrogen contents within the hydrogel microparticles. EDX spectrum proved
presence of the drug within the network from the existence of a nitrogen peak in the case of
the drug-loaded hydrogel microparticles.
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Table 1. Elemental composition of tofacitinib, loaded, and unloaded formulations.

Material Type Elements % Weight % Atomic

Tofacitinib
C
N
O

41.25%
33.72%
25.03%

45.38%
30.23%
24.19%

Unloaded
formulation

C
O

59.42%
39.15%

70.72%
28.10%

Tofacitinib
loaded formulation

O
C
N

39.24%
34.63%
12.42%

41.02%
30.71%
11.62%

2.3. Fourier Transforms Infrared Spectroscopy

IR spectrum of pure CS was recorded to find out presence of functional groups in the
structural composition of the polymer. FTIR analysis was carried out at a wavelength range
of 4000–400 cm−1. Chitosan spectrum presented a band at 3876 cm−1 due to stretching
vibrations of O–H group. The bands between 3508 cm−1 to 3441 cm−1 were attributed
to bending vibrations of the amine group (N–H). The two distinct bands observed at
2885 cm−1 and 2164 cm−1 were related to the oscillation of aliphatic groups (-CH2 and
-CH3). The absorption band at 1566 cm −1 can be assigned to the amide II band due to the
bending of the -NH2 group. It reflects that chitosan was partially obtained by deacetylation
of chitin. The prominent band at 1359 cm−1 represented the stretching of C–C, which was
due to the presence of glucosamine groups in chitosan. Meanwhile, the absorption band
at 619 cm−1 corresponds to stretching vibrations of O=C–N group. Results are shown in
Figure 3A.
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The FTIR spectrum of mucin presented in Figure 3B showed characteristics band at
3759 cm−1 corresponding to stretching vibrations of the O–H group. Sharp and fewer
intensive bands observed from 3759–3599 cm−1 were due to O–H/N–H oscillations of
secondary amines, alcohol, and amides. The band obtained at 2920 cm−1 was because
of the bending of the aromatic group (C–H). Furthermore, CN stretching vibration at
2291 cm−1 and C=O bending at 1695 cm−1 were seen. In addition, absorption bands at
1535 cm−1, 1435 cm−1, and 1220 cm−1 were related to the bending of amide II, C–H, and
amide III, respectively. The band at 1060 cm−1 corresponded to the vibration of carbonyl
group (C=O). Lastly, any bands observed below 800 cm−1 can be assigned to out-of-plane
bending of the C–H group.

IR spectrum of tofacitinib presented in Figure 3C showed noticeable bands at
3684 cm−1 and 3446 cm−1 due to stretching of the O–H group. Characteristic bands
at 2902 cm−1 and 2156 cm−1 corresponded to N–H and C–C stretching vibrations. Fur-
thermore, symmetric stretching vibrations of the carbonyl group (C=O) at 1722 cm−1 and
oscillations of the S=O group were seen at 1327 cm−1 and 1309 cm−1. Typical bands were
noticed at 1136 cm−1 due to bending vibrations of the aliphatic group (C–O), C–N vibration
at 1031 cm−1, and silicone rocking vibration at 474 cm−1 being observed, respectively.

The FTIR spectrum used to analyze unloaded microparticles is presented in
Figure 3D. The absorption band at 3666 cm−1 indicated O–H stretching vibrations. The band
that appeared at 2999 cm−1 showed bending of =C–H, while the corresponding band at
2933 cm−1 was related to the stretching of alkanes (C–H). A wide band at 2609 cm−1 repre-
sents stretching vibration of N–H and the presence of a band at 2162 cm−1 was substituted
to CN oscillations. The symmetric stretching vibration of the carboxylic group (C=O) was
observed at 1710 cm−1. The presence of wave no. at 1454 cm−1 was stretching of the C=C
group. The appearance of bands at 1170 cm−1, 879 cm−1, and 831 cm−1 corresponded to
vibrations of alkyl amines’ in-plane bending of the C–O group and out-of-plane bending of
the aromatic group (C–H).

IR analysis performed for loaded MU-CHI-Co-Poly (MAA) hydrogel microparticles is
presented in Figure 3E. Sharp bands of mucin obtained at 3759–3599 cm−1 due to sharp O–H
stretching vibrations were less intensified and shifted to 3664–3593 cm−1. Bands observed
in unloaded microparticles at 2999–2933 cm−1 were shifted to 2877–2740 cm−1 due to C–H
stretching of the methyl group. The bands that appeared at 2436 cm−1 and 2331 cm−1

corresponding to C–C oscillations. A prominent wide band at 1737 cm−1 was assigned
to the stretching of the carbonyl group (C=O). The absorption band seen in chitosan at
1566 cm−1 due to bending vibration of amide groups was shifted to a new position at
1523 cm−1. A sharp band at 1288 cm−1 was related to the symmetric stretching of primary
amines (-NH3). Out-of-plane bending of the C–H group was noticed at 914 cm−1, whereas
the band at 567 cm−1 was assigned to the rocking vibration of the C–S group. Band shifting,
vanishing of any spectral band or emergence of new bands at any wavenumber confirms
formation of the new polymeric complex.

2.4. Differential Scanning Calorimeter and Thermogravimetric Analysis

DSC analysis was conducted for hydrogels to understand thermal stability and phase
transition behavior of the samples. TGA studies were conducted against rising tempera-
tures to observe weight loss and weight changes against increasing temperature. DSC and
TGA thermograms of pure drug tofacitinib, polymers (chitosan, mucin), and loaded and
unloaded hydrogel microparticles were recorded at a temperature range of 0–500 ◦C.

DSC thermogram of pure drug tofacitinib is shown in Figure 4A. It indicates phase
transition at 253.68 ◦C from solid to liquid with an enthalpy variation of 0.03016 J/g. This
phase transition corresponded to the melting point of the drug. A prominent exothermic
peak was noted at 523.75 ◦C, reflecting the complete combustion of the drug. TGA ther-
mogram of pure drug tofacitinib is presented in Figure 4B. Drug decomposition occurred
in three stages. Step I showed an initial weight loss of about 7% due to the loss of water
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content at 274.35 ◦C. Second degradation was seen at 357.53 ◦C with 23.68% weight loss. A
maximum mass loss of 91.9% of the drug was observed at 545.21 ◦C.
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DSC and TGA thermograms of pure chitosan are shown in Figure 4C. DSC thermogram
exhibited an endothermic peak at around 73 ◦C indicating the evaporation of absorbed
moisture with enthalpy change of 118.10 J/g. The second exothermic peak was observed
around 312 ◦C, which is associated with the degradation of polymer and decomposition
of acylated and deacylated units of chitosan. TGA thermogram of chitosan exhibited
percentage weight loss in three stages. In the first stage, 11.89% weight loss was seen due
to moisture loss at 97.49 ◦C. Stage two revealed a mass loss of about 13.99% at 284.81 ◦C
due to the breakage of glycosidic linkages. A further rise in temperature above 300 ◦C led
to major decomposition of the polymer.

DSC and TGA thermograms of pure mucin are presented in Figure 4D. In DSC ther-
mogram, two endothermic peaks were observed. The first peak suggested the melting
point of the mucin at 92 ◦C. The second peak depicted any retaining moisture loss at 218 ◦C.
These peaks were followed by an exothermic peak above 300 ◦C because of the complete
combustion of the polymer. In the TGA thermogram of mucin, the initial decrease in weight
of 10.72% was noted at 207.60 ◦C due to the evaporation of water contents. Upon further
heating up to 337.19 ◦C, the sample lost its weight by about 43.18%. Major degradation
events occur at temperatures above 350 ◦C and have a residual mass of about 33.44% due
to incomplete pyrolysis.

DSC and TGA thermograms of prepared unloaded microparticles are shown in
Figure 4E. In the DSC thermogram, decomposition of the formulation occurred in two
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steps. The first endothermic peak was observed at 254.24 ◦C with an enthalpy variation of
311.03 J/g due to loss of moisture content. The second exothermic peak was seen at around
470 ◦C, which showed complete combustion of the polymeric network. The thermogram of
unloaded developed microparticles presented an initial mass loss of 13.29% at 225.74 ◦C. At
higher temperatures of 373.45 ◦C mass of the product lost was 26.58%. A further increase
in temperature above 400 ◦C led to the decomposition of the microparticles, but even at
elevated temperature, 11.65% of mass remained intact, thereby ensuring the stability of the
formulated hydrogel microparticles.

DSC and TGA thermogram of drug-loaded MU-CHI-Co-Poly (MAA) hydrogel mi-
croparticles are depicted in Figure 4F. The DSC thermogram of the formulation indicated
heat absorption at 223.49 ◦C, reflecting a lack of moisture content. In the TGA thermogram,
initial mass loss was at 63.93 ◦C due to the evaporation of water. Heating at elevated
temperature, i.e., 293.54 ◦C, resulted in weight loss of 28.05%. It was observed that even
at a temperature higher than 400 ◦C, 45% mass of the polymeric network remained intact.
Hence, the developed network was more stable when compared with thermal profile of
formulation ingredients and it also ensures the stability of the incorporated drug. Results of
10% weight loss and char yield at 500 ◦C are presented in Table S1 as a supplementary file.

2.5. X-ray Diffraction Analysis

XRD studies of the drug (tofacitinib) and the MU-CHI-Co-Poly (MAA) unloaded
and loaded polymeric network were carried out to comparatively analyze their nature,
i.e., amorphous or crystalline. Each XRD diffractogram presented distinctive peaks and
patterns when subjected to scanning in a range of 5–80◦. Samples with crystalline nature
exhibited sharp peaks thus reflecting poor dissolution rate and solubility, whereas fused
peaks confirmed the amorphous nature of the material with enhanced solubility and good
dissolution profile.

XRD diffractogram of tofacitinib is presented in Figure 5A. It exhibited prominent and
sharp peaks at an angle of 2θ = 7.54◦, 21.37◦, and 25.64◦, confirming the crystalline nature
of the drug. Moreover, fewer non-evident peaks were also observed at 31.47◦ and 35.95◦.
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XRD diffractogram of MU-CHI-Co-Poly (MAA)-unloaded microparticles is shown
in Figure 5B. It presented a broad peak at 2θ = 15.97◦ whereas the majority of peaks were
fused, indicating the successful crosslinking of the ingredients.

The XRD diffractogram of MU-CHI-Co-Poly (MAA) hydrogel microparticles is shown
in Figure 5C. It presented no characteristic peaks, which were evident in the diffractogram
of tofacitinib at 2θ = 7.54◦, 21.37◦, 25.64◦,31.47◦, and 35.95◦. This concluded the change
in crystallinity of the drug into an amorphous form and the incorporation of tofacitinib
within the microparticles. Decrease in intensity of drug peaks indicated that the dissolution
profile of the incorporated drug increased.

2.6. Scanning Electron Microscopy

SEM analysis was conducted to investigate the surface morphology of developed
MU-CHI-Co-Poly (MAA) hydrogel microparticles. The study was carried out at various
magnification powers, i.e., 100×, 250×, 500×, 1000×, 2500×, and 5000×, to check the
presence of cracks, pores, surface appearance, and channels, if any.

The formulated MU-CHI-Co-poly (MAA) polymeric matrix showed a glossy, highly
porous, slightly cracked and moderately wavy structure. Slight cracks and waves can be
associated with overlapping polymeric chains during drying. Micrographs also confirmed
the presence of porous surfaces that plays an important role in drug loading, release of
therapeutic agents, water retention, and uptake of physiological media, thereby promoting
the swelling of the microparticles. Moreover, the presence of whitish spots confirms the
loading of tofacitinib. Results are presented in Figure 6.
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2.7. Drug Loading (%)

The extent of tofacitinib loading (%) in all developed formulations (MCT1–MCT12)
was observed by varying the concentration of the ingredients, i.e., mucin, chitosan, MAA,
and MBA. All the results are displayed in Figure 7.
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Higher loading of tofacitinib (59.02–77.38%) with increasing concentration of mucin
(0.1–0.3 g) was noticed, which can be associated with the mucin’s highly viscous and
hydrophilic nature that resists the diffusion of the drug from the polymeric matrix. A similar
trend was noted in the study conducted by Momoh et al. (2020). In their findings, insulin
loading was also enhanced with the increase in mucin concentration (19.5–26.5%) [46].

With the rise in CS content (0.2–0.4 g), an increase in drug loading (55.62–64.69%) was
observed due to increased swelling ability of hydrogels with increased chitosan concentra-
tion. Increased swelling rate resulted in more interaction between drug molecules and the
polymeric network leading to the higher retention of drug within the network. Bai et al.
(2018) worked on temperature and pH-sensitive chitosan-based hydrogels. By using a PBS
solution, they achieved 98% loading of soluble drug BSA [47].

Formulations containing MAA (8–14 g) exhibited an increasing trend (69.25–80.52%)
in drug loading (%). Ionization of carboxylic groups (-COOH) into carboxylate ions at pH
7.4 promotes chain relaxation and swelling resulting in enhanced tofacitinib loading (%). A
similar trend was found by Mahmood et al. (2019), where the loading of the drug lovastatin
was also promoted with the rise in MAA contents at pH 7.4 [48].

When the concentration of MBA was increased from 0.3 to 0.7 g, drug loading per-
centage declined (72.53–49.25%). This lowered drug loading capacity is likely related to
the increase in crosslinking density of MBA that reduces the elasticity between polymeric
chains. Thus, it provides less space and restricts drug entrance into hydrogels. Hence,
this results in decreased tofacitinib loading (%). Malik et al. (2020) formulated xanthan
gum and chitosan-based hydrogels. In their study at pH 7.4, there was a decrease in drug
loading with enhanced MBA content, which is similar to our findings [49].

2.8. Equilibrium Swelling Studies (%)

Swelling studies are extensively used for preliminary evaluation of hydrogel micropar-
ticles in terms of pH sensitivity. It is a key parameter associated with drug loading and
release of therapeutic agents from the polymeric network. The study was carried out to
examine any impact of the acidic or basic medium on the swelling property of the hydrogel
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microparticles developed from variable contents of ingredients used, i.e., mucin and chi-
tosan (polymers), MAA (monomer), and MBA (crosslinker). All the prepared formulations
(MCT1–MCT12) were evaluated by soaking hydrogel microparticles in buffer solutions of
pH 1.2 and pH 7.4, separately. A negligible swelling rate, i.e., less than 15%, was observed
in phosphate buffer of pH 1.2 while pronounced swelling was noticed in phosphate buffer
of pH 7.4. The results are depicted in Figure 8.
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Formulations (MCT1–MCT3) with variable concentrations of mucin (0.1–0.3 g) pre-
sented increased swelling (78.21–91.07%). Mucin has hydrophilic moieties together with
a well-distributed amino group in its structure. This offers the formation of a more open
polymeric network, markedly favoring the absorption of an analyte that can ultimately
result in enhanced swelling capacity. Formulations (MCT4–MCT6) containing different
amounts of chitosan (0.2–0.4 g) exhibited an increasing trend for equilibrium swelling,
i.e., 63.54–79.86%. At basic pH, carboxylic groups attain a negative charge due to the
ionization of -COOH and the NH3

+ group converts to a NH2 group. Furthermore, the
polymer formed no ionic links under these conditions, resulting in decreased crosslinking
density. Hence, favoring increased uptake of physiological fluid and enhanced swelling
capacity. Surya et al. (2020) have prepared pH-sensitive hydrogels based on chitosan and
succinic anhydride, in which swelling was also promoted at pH 7.4 with the increase in
chitosan concentration as in our study [50].

Formulations (MCT7–MCT9) containing variable quantities of MAA (8–14 g) showed
swelling in increasing fashion, i.e., 86.01–93.62%. At pH 7.4 the carboxylic group of MAA
attained ionized state with the release of H+ ion leading to charge repulsion and opening
up of the spaces between polymeric chains. This allowed for the penetration of swelling
media into the polymeric network resulting in increased swelling ability. In a study by
Mahmood et al. (2019), there was a rise in swelling at pH 7.4 with MAA as observed in our
findings [48].

Formulations (MCT10–MCT12) having different contents of MBA (0.3–0.7 g) displayed
swelling percentage in a decreased manner, i.e., 86.17–67.23%. An increase in MBA quanti-
ties resulted in the enhanced crosslinking ability of the network that revealed denser and
harder structure. Hydrogels with decreased pore size were obtained due to dense structure
that led to reduced penetration of swelling media; hence, low swelling was observed.
At pH 7.4, studies by Bashir et al. (2020) revealed that there was a decline in swelling
percentage from 84.62–48.25% with the increase in MBA concentration [51].
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2.9. In Vitro Dissolution Studies and Release Kinetics

Release studies for developed MU-CHI-Co-Poly (MAA) hydrogel microparticles were
carried out as revealed in Figure 9. The effect of varying concentrations of polymers,
monomer, and crosslinker on the release of tofacitinib was analyzed at pH 1.2 and 7.4.
Minimum drug release, i.e., less than 20%, was observed at pH 1.2, while there was
increased drug release at pH 7.4.
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Drug release (%) was increased (79.88–92.31%) in formulations (MCT1–MCT3). It can
be related to the hydrophilic nature of the polymer as well as increased ionizable -OH
groups. Ionization between -OH groups results in repulsion, which leads to relaxation
and opening of spaces between polymeric chains and enhanced drug release. Mumuni
et al. (2020) prepared mucin and PEG-based microparticles with insulin as a model drug
to study drug release. Less than 12% drug release was noticed at pH 1.2, while 68–92%
insulin release was observed at pH 7.4. Drug release (%) was promoted (76.92–82.63%) in
formulations (MCT4–MCT6). The optimum release was obtained for MCT4 (82.63%). For
formulation MCT6, the higher chitosan concentration resulted in increased path length,
which delayed the release of tofacitinib from microparticles. Bashir et al. (2016) formulated
chitosan-based hydrogels. In their study, drug release was increased at pH 7.4 compared to
acidic conditions [52].

Drug release (%) was enhanced (78.02–90.56%) in formulations (MCT7–MCT9). The
increase in tofacitinib release was related to the ionization of the -COOH group present
in MAA. Ionization resulted in polymeric repulsion and expansion. This expansion led to
increased swelling, which ultimately increased drug release. Abbasi et al. (2019) prepared
pH-sensitive hydrogel using the drug sulfasalazine. In their results, drug release was
increased with increased MAA concentrations, which was similar to our results [53]. Drug
release (%) was seen to be decreased (57.32–66.43%) in formulations (MCT10–MCT12)
containing MBA (0.3–0.7 g). The reason for decreased tofacitinib release may be related to
the increased crosslinking, resulting in minimal pore size and a denser polymeric network.
Study by Gangadharappa et al. (2017) also concluded that with the increase in concentration
of MBA at pH 7.4 there was a decrease in drug release [54].
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Kinetic models were employed to determine the best fit model and release mech-
anism of tofacitinib from hydrogel microparticles. Zero-order, first-order, Higuchi and
Korsemeyer–Peppas kinetic models were applied to the release data obtained from all
the formulations (MCT1–MCT12). From the R2 value, it was confirmed that the best fit
model was zero-order. The release of drug at T25, T50, and T75 was 7.72, 15.45, and 23.18,
respectively, thereby establishing the controlled release of tofacitinib from the polymeric
network. The value of ‘n’ obtained from Korsemeyer–Peppas suggested that the drug
followed super case II transport. Results are shown in Table 2.

Table 2. Results of kinetic modeling of release data (MCT1–MCT12).

Kinetic Models Parameters MCT1–MCT12 (Mean)

Zero-order

R2 0.998
T25 7.729
T50 15.458
T75 23.186

First-order

R2 0.959
T25 6.262
T50 15.089
T75 30.178

Higuchi

R2 0.948
T25 4.345
T50 17.380
T75 39.105

Korsemeyer–Peppas R2 0.999
n 0.993

T25 (Time required for 25% of drug to release from carrier), T50 (Time required for 50% of drug to release from
carrier), T75 (Time required for 75% of drug to release from carrier).

2.10. Sol–Gel Fraction

The analysis aimed to determine the concentration of polymers, monomer, and
crosslinker, which remained unreactive during the polymerization reaction. The crosslinked
part is ‘gel fraction’ and the portion not crosslinked during the formulation process of
hydrogels is known as ‘Sol fraction’.

Formulations (MCT1–MCT3) presented increased gel fraction (82–86%) with increased
mucin concentration. Noncovalent bond formation through intermolecular interactions
may be the reason for enhanced gel fraction in the polymeric network. Formulations
(MCT4–MCT6) showed an increasing trend of gel fraction (94–98%) when the amount of
chitosan was increased from 0.2 g to 0.4 g. An increase in gel fraction may result from
macromolecules production due to free radicals, which leads to a polymerization reaction.
Rehman et al. (2021) worked on chitosan and agarose-based pH-responsive hydrogels for
targeted drug delivery of capecitabine. Their findings showed a progressive increase in gel
percentage when the amount of chitosan was enhanced [55].

Formulations (MCT7–MCT9) with variable quantities (8–14 g) of MAA exhibited
increased gel fraction, i.e., 90% to 96%. The rise in gel fraction may be due to presence of
carboxylic groups in the monomer structure. They present a strong affinity for reactive
sites on fabricated hydrogel network that facilitate the polymerization reaction between
ingredients. These findings were similar to results of Batool et al. (2021) where with the
increase in MAA concentration, there was an increase in gel fraction [56].

Formulations (MCT10–MCT12) containing variable quantities (0.3–0.7 g) of MBA
demonstrated an increase in gel fraction, i.e., 74% to 86%. An increase in gel fraction
with the increase in MBA concentration may be due to the high crosslinking ability of
crosslinker at elevated quantities. Sohail et al. (2021) revealed that by increasing the
MBA concentration, crosslinking between formulated hydrogels also increased, leading to
enhanced gel fraction [57].
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Results enumerated that sol fraction was reduced while an increase in gel fraction
was noticed. All formulations exhibited gel fraction (%) higher than 70%, demonstrating
the crosslinked polymeric network’s successful formation. Boiling distilled water was
employed as solvent for measurements of sol–gel fraction (%) of developed formulations
(MCT1–MCT12). All the results are presented in Figure 10.
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2.11. Hydrogel Microparticles Size and Zeta Potential Determination

Size and zeta potential measurements of the developed MU-CHI-Co-Poly (MAA) hy-
drogel microparticles were carried out. The size of the formulated polymeric microparticles
was in the range of 1–100 µm. Mostly, unloaded microparticles presented a size of 36 µm
(Figure 11A). However, loaded microparticles were slightly larger, i.e., 85 µm due to the
presence of the drug within the polymeric matrix. Results are exhibited in Figure 11B.
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To check the stability of fabricated unloaded and loaded microparticles, zeta potential
studies were conducted. An ideal zeta potential value is −40mV. The zeta potential of
unloaded and loaded hydrogel microparticles was −30mV (Figure 11C) and −41 mV,
respectively. The overall negative charge on the surface leads to repulsion between the
developed particles thereby ensuring better stability and providing resistance against
aggregation. Results are presented in Figure 11D.

2.12. Permeation Studies

MCT9 was selected for permeation studies based on the results of higher swelling,
better dissolution and excellent drug loading. A permeability study was conducted at
pH 7.4 on coated and uncoated microparticles (MCT9) following the procedure in
Section 4.1.2. Tofacitinib offers low permeability in the intestine. Coated microparticles
depicted increased drug diffusion (83.44%) as compared to uncoated formulation (65.34%)
and pure drug solution (21.56%). Results are presented in Figure 12.

Gels 2023, 9, x FOR PEER REVIEW 17 of 30 
 

 

 
Figure 12. Ex vivo permeability studies in chicken intestine. 

2.13. Anti-Inflammatory Studies 
This study was conducted in seven groups containing four rats each to evaluate the 

anti-inflammatory effects of the prepared formulations. Group II- and III-administrated 
standard drug solution presented dose-dependent behavior with a significant (p < 0.001) 
decrease in paw edema at a dose of 10 mg/kg. Group IV presented a significant reduction 
in inflammation at a dose of 15 mg/kg, whereas Group VI received 17 mg/kg and exhibited 
a nonsignificant (p < 0.05) reduction in inflammation, but after 2 h, decreased paw volume 
was observed. The anti-inflammatory effects of both test formulations at 30 and 34 mg/kg 
(Groups V and VII, respectively) was found to be therapeutically significant (p < 0.05) after 
1h of injecting rats with carrageenan. However, over time, Group V (30 mg/kg) showed 
an evident decrease (p < 0.001) in paw edema in comparison to Group VII (34 mg/kg). All 
the results were compared with the control group. Table 3 shows the effect of test formu-
lations and standard drug against carrageenan-induced paw edema. 

Standard drug after 3 h of induction of rats with carrageenan exhibited pronounced 
inhibition of 33% at a higher dose, i.e.,10 mg/kg, compared to the low dose of 5 mg/kg. 
Both formulations A and B presented a dose-dependent decrease in paw volume. The in-
hibitory effect for both formulations at 15 mg/kg was comparable to the standard drug 
but showed better results at a dose of 30 mg/kg body weight. Formulation A, at the higher 
dose (30 mg/kg), produced significant inhibition of 32% in paw edema. Furthermore, in 
formulation B, at 17 mg/kg dose, 17% inhibition and at 34 mg/kg dose, 33% inhibition was 
observed after 3h of injecting carrageenan. The inhibition percentage of test compounds 
is presented in Table 4. 

Table 3. Anti-inflammatory effects of test formulations in carrageenan-induced paw edema. 

Group (Treatment/Dose) 
Inflammation 

0 h 1 h 2 h 3 h 
Group I (control) 2.07 ± 0.03 2.11 ± 0.05 2.16 ± 0.04 2.21 ± 0.03 # 

Group II (5mg/kg drug solution) 1.86 ± 0.03 1.85 ± 0.04 * 1.81 ± 0.05 ** 1.71 ± 0.06 *** 
Group III (10mg/kg drug solution) 2.25 ± 0.03 1.81 ± 0.06 ** 1.70 ± 0.07 ** 1.49 ± 0.07 *** 

Group IV (15 mg/kg microparticles) 1.98 ± 0.04 1.95 ± 0.04 * 1.83 ± 0.03 * 1.80 ± 0.03 ** 
Group V (30 mg/kg microparticles)  1.96 ± 0.06 1.84 ± 0.04 * 1.71 ± 0.06 ** 1.49 ± 0.06 *** 
Group VI (17 mg/kg microparticles) 1.95 ± 0.09 1.93 ± 0.05 ns 1.89 ± 0.07 * 1.83 ±0.07 * 
Group VII (34 mg/kg microparticles) 1.86 ± 0.08 1.82 ± 0.07 * 1.64 ± 0.07 * 1.48 ± 0.05 ** 

Figure 12. Ex vivo permeability studies in chicken intestine.

Eudragit (EU) is a copolymer of MMA synthesized from the esters of MAA and
approximately has a molar ratio of 2:1. The presence of quaternary amine groups as salts
in the EU results in increasing the permeability of the drug. Furthermore, the addition
of surfactant, i.e., SLS causes a decrease in surface tension on the membrane surface and
the opening of tight junctions. This could lead to the extraction of intracellular lipids and
actively prevent efflux, which ultimately enhances the permeation of tofacitinib across
the intestine.

2.13. Anti-Inflammatory Studies

This study was conducted in seven groups containing four rats each to evaluate the
anti-inflammatory effects of the prepared formulations. Group II- and III-administrated
standard drug solution presented dose-dependent behavior with a significant (p < 0.001)
decrease in paw edema at a dose of 10 mg/kg. Group IV presented a significant reduction
in inflammation at a dose of 15 mg/kg, whereas Group VI received 17 mg/kg and exhibited
a nonsignificant (p < 0.05) reduction in inflammation, but after 2 h, decreased paw volume
was observed. The anti-inflammatory effects of both test formulations at 30 and 34 mg/kg
(Groups V and VII, respectively) was found to be therapeutically significant (p < 0.05) after
1h of injecting rats with carrageenan. However, over time, Group V (30 mg/kg) showed an
evident decrease (p < 0.001) in paw edema in comparison to Group VII (34 mg/kg). All the
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results were compared with the control group. Table 3 shows the effect of test formulations
and standard drug against carrageenan-induced paw edema.

Table 3. Anti-inflammatory effects of test formulations in carrageenan-induced paw edema.

Group (Treatment/Dose)
Inflammation

0 h 1 h 2 h 3 h

Group I (control) 2.07 ± 0.03 2.11 ± 0.05 2.16 ± 0.04 2.21 ± 0.03 #

Group II (5 mg/kg drug solution) 1.86 ± 0.03 1.85 ± 0.04 * 1.81 ± 0.05 ** 1.71 ± 0.06 ***
Group III (10 mg/kg drug solution) 2.25 ± 0.03 1.81 ± 0.06 ** 1.70 ± 0.07 ** 1.49 ± 0.07 ***
Group IV (15 mg/kg microparticles) 1.98 ± 0.04 1.95 ± 0.04 * 1.83 ± 0.03 * 1.80 ± 0.03 **
Group V (30 mg/kg microparticles) 1.96 ± 0.06 1.84 ± 0.04 * 1.71 ± 0.06 ** 1.49 ± 0.06 ***
Group VI (17 mg/kg microparticles) 1.95 ± 0.09 1.93 ± 0.05 ns 1.89 ± 0.07 * 1.83 ±0.07 *
Group VII (34 mg/kg microparticles) 1.86 ± 0.08 1.82 ± 0.07 * 1.64 ± 0.07 * 1.48 ± 0.05 **

Data are presented as means of ± SEM by using one way ANOVA. Significant at # = (p > 0.05), significant at
* = p < 0.05, ** = p < 0.01, *** =p < 0.001

Standard drug after 3 h of induction of rats with carrageenan exhibited pronounced
inhibition of 33% at a higher dose, i.e.,10 mg/kg, compared to the low dose of 5 mg/kg.
Both formulations A and B presented a dose-dependent decrease in paw volume. The
inhibitory effect for both formulations at 15 mg/kg was comparable to the standard drug
but showed better results at a dose of 30 mg/kg body weight. Formulation A, at the higher
dose (30 mg/kg), produced significant inhibition of 32% in paw edema. Furthermore, in
formulation B, at 17 mg/kg dose, 17% inhibition and at 34 mg/kg dose, 33% inhibition was
observed after 3h of injecting carrageenan. The inhibition percentage of test compounds is
presented in Table 4.

Table 4. Percentage (%) inhibition of carrageenan-induced paw edema in rats at 1 h, 2 h, and 3 h.

Group (Treatment/Dose)
Inhibition (%)

At 1 h At 2 h At 3 h

Group II
(5 mg/kg drug solution) 12 % 16% 23%

Group III
(10 mg/kg drug solution) 14% 21% 33 %

Group IV
(15 mg/kg microparticles) 8% 15% 19%

Group V
(30 mg/kg microparticles) 13% 21% 32%

Group VI
(17 mg/kg microparticles) 9% 13% 17 %

Group VII
(34 mg/kg microparticles) 14% 22% 33%

2.14. Oral Toxicity Studies

An acute oral toxicity study was conducted to determine the safety level of formulated
MU-CHI-Co-Poly (MAA) hydrogel microparticles. The procedure adopted was according
to the guidelines provided by the OECD. No mortality or sign of toxicity was observed in
treated groups of rabbits after oral administration of microparticles. Moreover, no physical
change was seen in control as well as treated group during the 14-day observation period.

2.14.1. Clinical Manifestations

Rabbits under study were physically examined daily to inspect for any sign of illness.
Different parameters, i.e., body weight, food intake, heart rate, breathing, water intake,
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mortality, and dermal and ocular toxicity, were monitored. No noticeable pathophysiologi-
cal alterations in both groups (treated and control) were noticed during this study period.
Results are presented in Table 5.

Table 5. Clinical findings during acute oral toxicity studies.

Observation Group I (Control) Group II (Test)

Sign of Illness NIL NIL

Body weight(kg)

Pretreatment 2.09 ± 2.1 2.15 ± 1.7
Day 1 2.10 ± 2.0 2.17 ± 1.9
Day 7 2.12 ± 2.3 2.18 ± 2.2

Day 14 2.14 ± 2.4 2.21 ± 2.4

Water intake (mL)

Pretreatment 177.35 ± 1.31 191.21 ± 0.06
Day 1 191.65 ± 2.11 192.32 ± 1.51
Day 7 211.15 ± 2.15 193.21 ± 1.41

Day 14 216.52 ± 2.19 219.45 ± 2.22

Food intake (g)

Pretreatment 76.13 ± 1.33 77.43 ± 1.15
Day 1 77.33 ± 1.11 77.33 ± 1.17
Day 7 74.54 ± 1.27 76.55 ± 1.24

Day 14 77.33 ± 1.18 77.62 ± 1.11
Dermal toxicity Nil Nil

Ocular toxicity Nil Nil

Mortality Nil Nil

2.14.2. Blood Analysis

Blood samples were obtained from both rabbit groups on the 1st and 14th day at
different time periods to determine CBC, LFT, RFT, and uric acid values. Albino rabbits
of treated and control groups were sacrificed on the 14th day to acquire vital organs, i.e.,
stomach, spleen, brain, kidney, lungs, liver, and heart. Removed organs were dipped in 10%
formalin solution and tissue slides were prepared to conduct histopathological examination.

Results attained after hematological (Table 6) and histopathological evaluation were
per the standard reference range. Renal, lipid, and liver profiles of treated and control
groups are depicted in Table 7. Data presented in Table 6 revealed no significant change in
blood profile, confirming that developed MU-CHI-Co-Poly (MAA) hydrogel microparticles
were safe, nontoxic, and biocompatible.

Table 6. Results of biochemical analysis of rabbit’s blood.

Parameters Group A (Control) Group B (Treated)

Hb (10–15 g/dL) 11.19 ± 0.33 12.14 ± 0.33
pH 6.33 ± 0.11 6.43 ± 0.13

WBCs (×109/L) 11.19 ± 0.33 11.41 ± 0.66
RBCs (×106/mm3) 5.13 ± 0.144 5.17 ± 0.24
Platelets (×109/L) 259 ± 2.01 262 ± 0.16

Monocytes (%) 3.43 ± 0.055 3.42 ± 0.032
Neutrophils (%) 24.13 ± 2.45 25.24 ± 0.22

Lymphocytes (%) 52.19 ± 1.02 57.12 ± 0.55
MCV (%) 68.55 ± 3.14 66.3 ± 0.22

MCH (pg/cell) 25.13 ± 2.19 24.56 ± 0.08
MCHC (Hb/cell) 29.65 ± 1.88 31.23 ± 0.15
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Table 7. Liver, renal, and lipid profiles after administration of hydrogel microparticles.

Biochemical Analysis Group A (Control) Group B (Treated)

ALT (IU/L) 64.33 ± 4.62 68.50 ± 3.27
AST (IU/L) 72.42 ± 1.55 74.55 ± 1.65

Creatinine (0.8–1.8 mg/dL) 1.5 ± 0.19 1.65 ± 0.31
Urea (mmol/L) 60.30 ± 1.90 61.29 ± 1.21

Uric acid (mg/dL) 3.12 ± 0.14 2.65 ± 0.13
Cholesterol (10–80 mg/dL) 74 ± 1.33 76 ± 1.23

Triglycerides (46–68 mg/dL) 48 ± 1.55 50 ± 1.65

2.14.3. Histopathological Examination

Histopathological examination of brain tissues of both treated and controlled groups
exhibited normal brain tissues with visible nerve cells wrapped around in myelin sheath.
No indication of inflammation or infiltrating of immune cells was observed. Results are
depicted in Figure 13A,B. Histopathological examination of stomach tissues of both groups
(treated and controlled) showed no signs of inflammation and presented intact stomach
linings. There was no indication of gastric ulceration. Results are exhibited in Figure 13C,D.
Histopathological examination of the spleen tissues of both groups showed an overall
normal appearance without any indication of inflammation. There was not any sign of
morphological variation. The normal shape of the spleen section was maintained in both
treated and controlled groups. Results are exhibited in Figure 13E,F. Histopathological
examination of heart tissues of the treated group showed minute signs of tissue disruption.
Regeneration tissues with progressive fibrotic areas were observed. Cardiomyocytes were
normal in size, with no indication of hypertrophy.
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Figure 13. Histopathological examination of (A) = brain (control), (B) = brain (treated), (C) = stomach
(control), (D) = stomach (treated), (E) = spleen (control), (F) = spleen (treated), (G) = heart (control),
(H) = heart (treated), (I) = intestine (control), (J) = intestine (treated), (K) = lungs (control), (L) = lungs
(treated), (M) = kidney (control), (N) = kidney (treated), (O) = liver (control), (P) = liver (treated).
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Moreover, in the control group, there was no sign of cell injury or inflammation.
Cells in normal size with no blood clots were seen. Results are shown in Figure 13G,H.
Histopathological examination of intestinal tissues of both groups, i.e., treated and con-
trolled showed intestinal epithelium was intact. Lymphatic capillary (lacteal) was present.
Moreover, intact serosal layers and smooth muscle tissues were observed. Results are
exhibited in Figure 13I,J. Histopathological examination of the lung tissues of the treated
and the control group of rabbits showed minor signs of hyperplasia and inflammation.
However, pulmonary hemorrhage was not observed. Accumulation of fluid or pulmonary
emphysema was also not found. Results are presented in Figure 13K,L. Histopathological
examination of kidney tissues of both groups, i.e., treated and controlled, indicated nor-
mal glomerulus morphology surrounded by a Bowman’s capsule. Normal structure and
shape of renal tubes and no cellular damage was observed. There was no accumulation of
inflammatory cells. Furthermore, no signs of hemorrhage or necrosis were found. Results
are shown in Figure 13M,N. Histopathological examination of liver tissues (treated and
controlled group) displayed no signs of necrosis or degradation in hepatic cells. A classic
liver lobule with central veins was observed. Liver sinusoids were devoid of any abnor-
mality, i.e., hypertrophy or active hyperemia. There was no infiltration of lymphocytes,
macrophages or neutrophilic granulocytes. Results are presented in Figure 13O,P.

3. Conclusions

Novel MU-CHI-Co-poly (MAA) hydrogel microparticles were developed successfully
using free-radical polymerization. The developed microparticulate system was tuned
for better swelling and release at the desired site. Zeta potential measurements and
thermal evaluation ensured the stability profile of developed carrier system. Toxicological
evaluation endorsed biocompatibility of the developed carrier system against vital organs.
We can conclude that the prepared polymeric system holds great potential for sustained
drug delivery and permeability enhancement of the antirheumatic agent tofacitinib.

4. Materials

Tofacitinib was received as a generous gift from Brooks Pharmaceuticals, Karachi, Pak-
istan. N, N methylene bisacrylamide was procured from Fluke, Switzerland. Ammonium
persulfate was purchased from AppliChem GmbH, Darmstadt, Germany. Potassium dihy-
drogen phosphate and sodium lauryl sulfate (SLS) were purchased from Merck, Darmstadt,
Germany. Chitosan, Mucin, and Methacrylic acid were purchased from Sigma-Aldrich,
Burlington, USA. All the chemicals were used as such as received. Deionized water was
freshly prepared in the Postgraduate Research Lab of the Faculty of Pharmacy, The Univer-
sity of Lahore.

4.1. Methods
4.1.1. Development of MU-CHI-Co-Poly (MAA) Hydrogel Microparticles

Mucin and chitosan based hydrogels were developed using the free radical polymer-
ization method with minute changes. Twelve formulations (MC1–MC12) (Table 8) with
various concentrations of each ingredient were developed. Firstly, the weighed amount
of mucin was stirred with 7–10 mL of freshly prepared distilled water using a magnetic
hotplate stirrer (J-HSD180, JISICO, Seongdong, Korea) at 100 rpm for 5–10 min. The so-
lution was then sonicated for 5 min at 40 ◦C and centrifuged for 4–5 min at 5000 rpm.
The supernatant solution was collected into a beaker. In another beaker, chitosan was
dissolved in 7–10 mL of acetic acid (1%) solution and magnetically stirred for 5 min at
100 rpm. A weighed amount of APS was incorporated in 1–2 mL of distilled water to
form a separate solution. The prepared mucin and chitosan solutions were mixed together
and stirred with a dropwise addition of APS solution to generate active sites. In another
beaker, MBA was pre-dissolved in water, followed by MAA. The polymer solution was
then added to the monomer solution with magnetic stirring for 5–10 min. The resultant
solution was transferred into washed, dried and labeled glass test tubes. These test tubes
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were sealed with aluminum foil after performing sonication for 5 min at 40 ◦C. Test tubes
containing solution were kept in a water bath using test tube stand at 55 ◦C for 1h and
then at 60–65 ◦C for the next 2–3 h. After hardening the solution, test tubes were taken
out of the water bath, kept at room temperature to cool down. Prepared hydrogel rods
were removed from glass test tubes using a micro-spatula and shifted to clean and labeled
Petri dishes. Hydrogel rods were then carefully cut down into required/small sizes with a
sharp cutter then washed with a mixture of methanol and water (30:70) solution to remove
any unreacted substances. After washing, hydrogel discs were removed using a sieve
and placed into labeled Petri dishes to be dried in an oven at 40 ◦C for 2–3 days. Dried
hydrogel discs were crushed in a pestle and mortar and sieved through mesh size 40 to
acquire hydrogel microparticles. Then, they were placed in airtight containers to be used
for further studies [32]. The proposed chemical structure of the newly developed network
is shown in Figure 14.

Table 8. Composition of MU-CHI-Co-Poly (MAA) hydrogel microparticles (MCT1–MCT12).

Formulation Codes Mucin (g) Chitosan (g) MAA (g) MBA (g) APS (g)

MCT1 0.1 0.1 5 0.2 0.1
MCT2 0.2 0.1 5 0.2 0.1
MCT3 0.3 0.1 5 0.2 0.1
MCT4 0.2 0.2 5 0.2 0.1
MCT5 0.2 0.3 5 0.2 0.1
MCT6 0.2 0.4 5 0.2 0.1
MCT7 0.2 0.2 8 0.2 0.1
MCT8 0.2 0.2 11 0.2 0.1
MCT9 0.2 0.2 14 0.2 0.1
MCT10 0.2 0.2 10 0.3 0.1
MCT11 0.2 0.2 10 0.5 0.1
MCT12 0.2 0.2 10 0.7 0.1
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4.1.2. Coating of Hydrogel Microparticles

A reported method with slight changes was adapted to coat hydrogel microparticles.
Ideally, four formulations (MCT3, MCT6, MCT9, and MCT12) were chosen because of opti-
mum contents of polymers, monomer (MAA), and crosslinker (MBA), respectively. From
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each selected formulation, hydrogel microparticles were taken and accurately weighed, and
their weight was noted. Coating solution (2%) was then prepared by dissolving Eudragit®

RS-100 in dichloromethane. Required quantity (1 g/100 mL) of SLS was also dissolved in
this solution. Microparticles were carefully poured into beaker containing coating solution
and subjected to stirring for 3 to 5 min. Afterward, coating solution containing microparti-
cles was subjected to filtration and coated microparticles were recovered on filter paper.
Coated microparticles were air dried and stored in closed container for further use [33].

4.2. Characterization
4.2.1. Elemental Analysis

This study was conducted to evaluate the elemental composition of samples. This
technique enables the evaluation of atomic masses and type of elements in the materials
under study. The analysis of the elemental composition was conducted for pure drug and
drug loaded and unloaded hydrogel microparticles using PentaFET-6900 (Oxford, UK) at a
voltage of 20 KV [58–60].

4.2.2. Fourier Transform Infrared Spectroscopy

FTIR spectra of tofacitinib, polymers (mucin, chitosan), and different formulations of
loaded and unloaded microparticles were recorded. Samples were grinded and placed in
the oven overnight for complete dryness. The 2 mg sample was further grounded with
98 mg of KBr. Samples were then further processed in a hydraulic press to form pallets for
scanning. Samples were scanned at a range of 4000–400 cm−1 to analyze molecular changes
and functional groups in the prepared hydrogel microparticles at room temperature of
25 ◦C [26,51].

4.2.3. Differential Scanning Calorimetry

The heat stability of pure drug, polymers, and loaded and unloaded polymeric formu-
lations were investigated using Shamidzu calorimeter, DSC-60 (Tokyo, Japan). Each sample
(4 mg) was placed in an aluminum pan, which was hermetically sealed. All the samples
were kept under the nitrogen atmosphere at a flow rate of 50 mL/min and exposed to the
heating system at 15 ◦C/min. Samples were analyzed at a temperature range of 25 ◦C to
500 ◦C [26].

4.2.4. Thermogravimetric Analysis

TGA analysis was conducted to evaluate the thermal stability of drug-loaded and
unloaded MU-CHI-co-poly (MAA) hydrogel microparticles and all other components used
in the formulation using TGA 2 (Mettler, Switzerland). Triturated microparticles were used.
A microbalance attached to a platinum open pan with a capacity of 100 µL was used to
measure 0.5–5 mg of sample. The temperature was maintained between 25–500 ◦C with
a heating speed of 20 ◦C min−1 in a nitrogen atmosphere. All the measurements were
performed in a set of three [61,62].

4.2.5. X-ray Diffraction Analysis

XRD studies were carried out in order to the confirm nature, i.e., crystalline or amor-
phous, of the research drug, an unloaded network and drug-loaded hydrogel microparticles
were petri dishes. Samples were scanned over a scanning range of 10–80◦ using a powder
X-ray diffractometer (Bruker Kahlsruhl, Germany) at room temperature [20].

4.2.6. Scanning Electron Microscopy

The morphology of the formulated MU-CHI-Co-Poly (MAA) hydrogel microparticles
was examined by using a JEOL JSM-7500F (Japan) with an operating potential range
of 1 KV. The photomicrographs were taken from dried, swollen loaded and unloaded
microparticles. Samples were subjected to swelling at 25 ◦C in deionized water for 48 h.
Hydrogel microparticles were carefully cut down by a sharp blade and lyophilized at



Gels 2023, 9, 187 22 of 28

−70 ◦C. Photomicrographs were taken by randomly scanning dried microparticles by
mounting them on gold-coated aluminum stubs with a thickness of around ~300 Å under
vacuum and Ar atmosphere [20,61].

4.2.7. Drug Loading (%)

All the prepared formulations were subjected to drug loading using the swelling
diffusion method. A drug solution of 1% (w/v) was prepared by dissolving 1 g of tofacitinib
in 100 mL phosphate buffer saline (PBS) solution (pH 7.4). One gram of the dried MU-CHI-
Co-Poly (MAA) microparticles were soaked into 1% drug solution until a constant weight
was obtained. Microparticles were removed from the solution and washed with distilled
water to remove any drug residue on the hydrogel surface. To completely remove the
absorbed solvent, drug loaded microparticles were first dried at a room temp of 25 ◦C and
then transferred to an oven for about three days where the temperature was maintained at
40–45 ◦C for complete drying [63].

Equation (1) was used to measure drug loading is as follows:

DL (%) =
W f −Wi

W f
× 100 (1)

Wf = Final weight of microparticles after drug loading and Wi = initial weight of empty
microparticles before drug loading.

4.2.8. Equilibrium Swelling Studies

The swelling study (teabag test) for all the prepared formulations was conducted in
phosphate buffer solutions of pH 1.2 and pH 7.4 at room temperature to evaluate the pH-
sensitive behavior of the formulated MU-CHI-Co-Poly (MAA) hydrogel microparticles. The
prepared microparticles were dried, crushed, and passed through a sieve of the required
size. A weighted amount of 1 g of the microparticles was placed in teabags of the brand
Lipton after removing the tea and carefully sealed. Tea bags were then submerged in the
buffer solutions of pH 1.2 and 7.4 in separate beakers. Bags were removed from the buffer
solutions at predetermined time intervals, i.e., 0, 0.5, 1, 2, 3, 4, 5, and 6 h. A blotting paper
was used to clean their surface and then tied on the burette till no liquid dripped from the
tea bags. The bags were reweighed after swelling then re-immersed again in the buffer
solutions after weighing [64]. The swelling of the polymeric microparticles was calculated
using Equation (2):

Equilibrium Swelling (%) =
Ws−Wd

Wd
× 100 (2)

Ws = weight of polymeric microparticles after swelling
Wd = weight of dried polymeric microparticles before swelling

4.2.9. In Vitro Drug Release and Kinetic Modeling

The dissolution study was conducted to observe the potential site of drug release in
USP dissolution apparatus II. To analyze the site-specific drug delivery either in SGF or
SIF, two different buffer solutions were prepared and used as dissolution media. Buffer
solution of pH 1.2 was prepared with 0.2 MKCl and 0.2 MHCl, whereas for pH 7.4, 0.2 M
NaOH and 0.2 M KH2PO4 were used. Dissolution was carried out using 900 mL of each
buffer solution at 50 rpm as a speeding rate and temperature was kept at 37 ◦C. A 5 mL
sample was collected from each vessel at zero-time interval to up to 24 h. Aliquot obtained
was subjected to UV-spectrophotometric analysis at a wavelength of 275 nm. Same volume
of fresh buffer solution was added each time after withdrawal to maintain the constant
volume throughout the release studies [65].

Data obtained from release studies were analyzed by applying kinetic models
(Equations (3)–(6)) with the usage of DD solver, an add-in program of Excel. The drug



Gels 2023, 9, 187 23 of 28

release mechanism followed by the formulated hydrogel microparticles was confirmed
based on the R2 value (best fit model) and from ‘n’ value. If the value of ‘n’ is equal to
0.45, then it is Fickian diffusion, but follows non-Fickian diffusion when the value of ‘n’ is
greater than 0.45 but less than 0.89. If the value of n > 0.89, then it is case II/zero order.

Zero-order kinetics
Qt = Qo − Kot (3)

First-order kinetics
LnQt = LnQo − K1t (4)

Higuchi model
Qt = KtH

1
2 (5)

Korsemeyer–Peppas model
Mt

M∞
= Ktn (6)

Qo is the amount of drug released from hydrogels at time t = 0, Qt and Mt/M∞ are
the release of drug at time ‘t’. n is the release exponent used to determine drug release
mechanism, whereas K, KH, k1, and Ko are the release rate constants [66].

4.2.10. Sol–Gel Fraction

This study was conducted to determine the number of reactants utilized during the
development of the polymeric network. For this evaluation, known quantities of all the
prepared microparticles were taken and triturated with pestle and mortar into small sizes
of about 2 mm. Soxhlet apparatus was used for the extraction. Analysis was carried out
for 4 h with the temperature being set at 95 ± 5 ◦C. Recondensation was performed in
a round-bottom flask filled with boiling distilled water for soluble reactants. Hydrogel
microparticles were then taken out and dried at 20–22 ◦C and finally placed in the oven for
drying at a temperature range of 40–45 ◦C [60]. For calculating the sol fraction, Equation (7)
was used:

Sol fraction (%) =
W f −Wi

W f
× 100 (7)

Gel fraction (%) = 100—Sol fraction.
Wi = initial weight of dried hydrogel microparticles and Wf = final weight after

extraction process.

4.2.11. Hydrogel Microparticles Size and Zeta Potential Determination

Size and zeta potential measurements were performed based on dynamic light scat-
tering technique diffraction using zeta sizer (Zetasizer Nano ZS, Malvern, Instruments,
UK) for developed loaded and unloaded MU-CHI-Co-Poly (MAA) hydrogel micropar-
ticles (MCT9). For this analysis, formulated microparticles were dispersed in distilled
water. Quasi-elastic light scattering was used for the observations. Stability and ionization
were studied with zeta potential. Particles having an electric potential value of less than
−40 mV are repulsive to each other, thus ensuring the stability of the prepared hydrogel
microparticles [67,68].

4.2.12. Permeation Studies in Chicken Intestine

The intestine of a broiler chicken was used to conduct permeation analysis. The
intestinal segment was obtained from the chicken center near University of Lahore (Lahore)
on the same day of the experiment and used within 2 h. The intestine was cut down into
pieces 6 cm in length with a sharp blade and turned inside out by rolling the sliced-out
part on a glass rod. Normal saline (0.9% NaCl) was used to wash the isolated parts of the
intestine. One end of the intestine was tied up with a thread forming a sac filled with a
buffer solution of pH 7.4 (25 mL) as a release media for tofacitinib. Afterward, sac was hung
onto the dissolution apparatus and the selected formulated microparticles (MCT9) were
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placed in the basket. Permeation studies were carried out at 37 ± 2 ◦C and a rotating speed
of 50 rpm. Two mL sample was taken out from the sac and analyzed after filtration (syringe
filtration assembly containing 0.2µm pore size Sartorius filter paper) at 275 nm using UV
spectrophotometer. All the results were calculated with the repetition of three [69].

4.2.13. Anti-Inflammatory Activity

MU-CHI-Co-Poly (MAA) microparticles (MCT9) were evaluated for anti-inflammatory
potentials, where inflammation was first induced with carrageenan in the paw of the rat.
After 24 h of fasting with free access to water, the animals, weighing 150–200 g, were
categorized into 7 groups with four rats in every group. The control group (Group I) was
served with 2 mL/kg distilled water. Groups II and III were administered 5 and 10 mg/kg
of tofacitinib solution, respectively, and were considered as standard. Moreover, Groups IV,
V, VI, and VII were provided the prepared microparticles P.O. in doses of 15, 30, 17, and
34 mg/kg, respectively. After 1 h of the treatment, acute inflammation was induced with
an injection of freshly prepared 0.1 mL of carrageenan solution (1%) in the left hind paw of
rat. The injection site was marked, and readings were taken in ml with a plethysmometer.
The diameter of injected left paw was measured at 0, 1, 2, and 3 h intervals. The differences
in the volume of the paw measured initially and after the induction of inflammation at
different time intervals. The percentage inhibition for the standard drug and different doses
of developed formulations provided at specific intervals were computed by comparing
with the values of control group by using Equation (8):

Percentage inhibition =
(Wt −Wo)control − (Wt −Wo)treated

(Wt −Wo)control
× 100 (8)

where, Wt is the volume of the paw at time ‘t’, Wo is the initial volume of paw at time ‘0′.
(Wt −Wo)control are the values of edema in the control group as well as (Wt −Wo)treated are
the values obtained from inflammation in the treated group [70,71].

4.3. Acute Oral Studies
4.3.1. Animals

Toxicity and anti-inflammatory studies were reviewed and approved by the Insti-
tutional Research Ethics Committee (IREC) (IREC) with approval number IREC-2021-08.
Guidelines provided by the OECD were strictly followed while handling animals. All the
regulations provided by IREC are the protocols specified by ICH GCP guidelines approved
by the FDA to conduct experimental studies in animals [48].

4.3.2. Oral Toxicity Studies

Six rabbits weighing 1.5–2 kg were obtained from the local animal market in Lahore,
Pakistan. All the rabbits were kept in the animal house of UOL for one week to be adapted
to the environment. Constant temperature ranging 22–25 ◦C was maintained and animals
were provided free access to food and water. To avoid any food and drug interactions,
rabbits were in fasting conditions with an excess supply of water before the start of the
experiment [35]. Six healthy rabbits were divided into two groups (n = 3). Animals in group
A were considered as control while group B was the treated group and was administered
powdered MU-CHI-Co-Poly (MAA) hydrogel microparticles (MCT9) at a dose of 2 g/kg.
All the animals were carefully observed for any change in body weight, food and water
uptake, and skin sensitivity. On the 7th day, 2–3 mL of blood samples were collected in
EDTA tubes from the marginal vein of the rabbit ear with a 3cc syringe. Collected samples
containing EDTA tubes were shaken by hand so anticoagulant could properly mix with
blood. Before analysis, blood samples were centrifuged for 15 min with a rotational speed of
5000 rpm. Anesthesia, i.e., xylazine and ketamine HCl (30:70) (1 mL/kg) was administered
to animals on the 14th day. Blood samples from heart were recollected and animals
were reweighed and then sacrificed. Vital organs such as heart, lungs, stomach, liver,
spleen, brain, kidney, and intestine were removed. Labelled containers containing formalin
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solution (10%) were used to preserve washed organs and for further histopathological
examination [72].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels9030187/s1, Table S1: Results of 10% weight loss and Char
yield at 500 ◦C.

Author Contributions: Conceptualization, A.M. and R.M.S.; methodology, N.Z.; software, R.T.M.;
validation, H.A.G.; investigation, S.B.; resources, R.T.M.; data curation, H.I.; writing—original draft
preparation, S.B.; writing—review and editing, U.R. and H.A.G.; visualization, S.A.; supervision,
H.M.A.; project administration, H.M.A.; funding acquisition, R.T.M. All authors have read and agreed
to the published version of the manuscript.

Funding: The Deanship of Scientific Research (DSR) at King Abdulaziz University, Jeddah, Saudi
Arabia funded this project, under grant no. (G-31-249-1440). The authors therefore acknowledge with
thanks DSR for technical and financial support.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Research Ethics Committee (IREC) of Faculty of
Pharmacy, The University of Lahore, approval number IREC-2021-08, dated 18 February 2021.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are reported in the manuscript.

Acknowledgments: This project was funded by the Deanship of Scientific Research (DSR) at King
Abdulaziz University; Jeddah, Saudi Arabia, under grant no. (G-31-249-1440). The authors therefore
acknowledge with thanks DSR for technical and financial support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Li, Y.; Sun, Y.; Wei, S.; Zhang, L.; Zong, S. Development and evaluation of tofacitinib transdermal system for the treatment of

rheumatoid arthritis in rats. Drug Dev. Ind. Pharm. 2021, 47, 878–886. [CrossRef]
2. Bashir, S.; Aamir, M.; Sarfaraz, R.M.; Hussain, Z.; Sarwer, M.U.; Mahmood, A.; Akram, M.R.; Qaisar, M.N. Fabrication,

characterization and in vitro release kinetics of tofacitinib-encapsulated polymeric nanoparticles: A promising im-plication in the
treatment of rheumatoid arthritis. Int. J. Polym. Mater. 2021, 70, 449–458. [CrossRef]

3. Weisshof, R.; Aharoni, G.M.; Sossenheimer, P.H.; El Jurdi, K.; Ollech, J.E.; Pekow, J.; Cohen, R.D.; Sakuraba, A.; Dalal, S.; Rubin,
D.T. Real-world experience with tofacitinib in IBD at a tertiary center. Dig. Dis. Sci. 2019, 64, 945–1951. [CrossRef] [PubMed]

4. Lundquist, L.M.; Cole, S.W.; Sikes, M.L. Efficacy and safety of tofacitinib for treatment of rheumatoid arthritis. World J. Orthop.
2014, 5, 504. [CrossRef] [PubMed]

5. Kushner, I.J.; Lamba, M.; Stock, T.; Wang, R.; Nemeth, M.A.; Alvey, C.; Chen, R.; DeMatteo, V.; Blanchard, A. Development and
validation of a level A in-vitro in-vivo correlation for tofacitinib modified-release tablets using extrudable core system osmotic
delivery technology. Eur. J. Pharm. Sci. 2020, 147, 05200. [CrossRef] [PubMed]

6. Tanaka, Y.; Suzuki, M.; Nakamura, H.; Toyoizumi, S.; Zwillich, S.H.; Investigators, T.S. Phase II study of tofacitinib (CP-690,550)
combined with methotrexate in patients with rheumatoid arthritis and an inadequate response to methotrexate. Arthritis Care Res.
2011, 63, 1150–1158. [CrossRef]

7. Morrissey, H.; Ball, P.A.; Askari, A.; Nouri, A.K. Janus kinase enzyme (JAK) inhibitors and rheumatoid arthritis: A re-view of the
literature. Int. J. Curr. Pharm. Res. 2019, 11, 11–14.

8. Nygaard, G.; Firestein, G.S. Restoring synovial homeostasis in rheumatoid arthritis by targeting fibroblast-like synovio-cytes. Nat.
Rev. Rheumatol. 2020, 16, 316–333. [CrossRef]

9. Rocha, S.d.B.; Baldo, D.C.; Andrade, L.E.C. Clinical and pathophysiologic relevance of autoantibodies in rheumatoid arthritis.
Adv. Rheumatol. 2019, 59, 2. [CrossRef]

10. Derksen, V.; Huizinga, T.; Woude, V.D.D. The role of autoantibodies in the pathophysiology of rheumatoid arthritis. Semin
Immunopathol. 2017, 39, 437–446. [CrossRef]

11. Yang, M.; Feng, X.; Ding, J.; Chang, F.; Chen, X. Nanotherapeutics relieve rheumatoid arthritis. J. Control. Release 2017, 252,
108–124. [CrossRef]

12. Zampeli, E.; Vlachoyiannopoulos, P.G.; Tzioufas, A.G. Treatment of rheumatoid arthritis: Unraveling the conundrum. J.
Autoimmun. 2015, 65, 1–18. [CrossRef]

13. Authimoolam, S.P.; Dziubla, T.D. Biopolymeric mucin and synthetic polymer analogs: Their structure, function and role in
biomedical applications. Polymers 2016, 8, 71. [CrossRef]

14. Kufe, D.W. Mucins in cancer: Function, prognosis and therapy. Nat. Rev. Cancer 2009, 9, 874–885. [CrossRef]

https://www.mdpi.com/article/10.3390/gels9030187/s1
https://www.mdpi.com/article/10.3390/gels9030187/s1
http://doi.org/10.1080/03639045.2021.1916521
http://doi.org/10.1080/00914037.2020.1725760
http://doi.org/10.1007/s10620-019-05492-y
http://www.ncbi.nlm.nih.gov/pubmed/30734234
http://doi.org/10.5312/wjo.v5.i4.504
http://www.ncbi.nlm.nih.gov/pubmed/25232526
http://doi.org/10.1016/j.ejps.2019.105200
http://www.ncbi.nlm.nih.gov/pubmed/31863865
http://doi.org/10.1002/acr.20494
http://doi.org/10.1038/s41584-020-0413-5
http://doi.org/10.1186/s42358-018-0042-8
http://doi.org/10.1007/s00281-017-0627-z
http://doi.org/10.1016/j.jconrel.2017.02.032
http://doi.org/10.1016/j.jaut.2015.10.003
http://doi.org/10.3390/polym8030071
http://doi.org/10.1038/nrc2761


Gels 2023, 9, 187 26 of 28

15. Eraga, S.O.; Ofeogbu, P.U.; Ovu, E.O.; IArhewoh, M. An investigation of the properties of mucin obtained from three sources.
Pharma. Innov. 2016, 5, 8.

16. Kenechukwu, F.C.; Ibezim, E.C.; Attama, A.A.; Momoh, M.A.; Ogbonna, J.D.N.; Nnamani, P.O.; Chime, S.A.; Umeyor, C.E.;
Uronnachi, E.M. Preliminary spectroscopic characterization of PEGylated mucin, a novel polymeric drug delivery system. Afr. J.
Biotechnol. 2013, 12, 6661–6671.

17. Arhewoh, M.I.; Eraga, S.O.; Builders, P.F.; Ibobiri, M.A. Effect of mucin extraction method on some properties of metro-nidazole
mucoadhesive loaded patches. J. Pharm. Bioresour. 2015, 12, 1–7. [CrossRef]

18. Yan, H.; Hjorth, M.; Winkeljann, B.; Dobryden, I.; Lieleg, O.; Crouzier, T. Glyco-modification of mucin hydrogels to investigate
their immune activity. ACS Appl. Mater. Interfaces 2020, 12, 19324–19336. [CrossRef]

19. Duffy, C.V.; David, L.; Crouzier, T. Covalently-crosslinked mucin biopolymer hydrogels for sustained drug delivery. Acta Biomater.
2015, 20, 51–59. [CrossRef]

20. Hussain, H.R.; Bashir, S.; Mahmood, A.; Sarfraz, R.M.; Kanwal, M.; Ahmad, N.; Shah, H.S.; Nazir, I. Fenugreek seed mucilage
grafted poly methacrylate pH-responsive hydrogel: A promising tool to enhance the oral bioavailability of methotrexate. Int. J.
Biol. Macromol. 2022, 202, 332–344. [CrossRef]

21. Cheung, R.C.F.; Ng, T.B.; Wong, J.H.; Chan, W.Y. Chitosan: An update on potential biomedical and pharmaceutical applications.
Mar. Drugs 2015, 13, 5156–5186. [CrossRef] [PubMed]

22. Alam, M.I.; Paget, T.; Elkordy, A.A. Characterization of furazolidone-chitosan based spray dried microparticles regarding their
drug release and mucin adsorptive properties. Powder Technol. 2016, 295, 175–179. [CrossRef]

23. Pakdel, P.M.; Peighambardoust, S.J. Review on recent progress in chitosan based hydrogels for wastewater treatment ap-plication.
Carbohydr. Polym. 2018, 201, 264–279. [CrossRef] [PubMed]

24. Pellá, M.C.; Lima-Tenório, M.K.; Tenório-Neto, E.T.; Guilherme, M.R.; Muniz, E.C.; Rubira, A.F. Chitosan-based hydrogels: From
preparation to biomedical applications. Carbohydr. Polym. 2018, 196, 233–245. [CrossRef] [PubMed]

25. Sohail, M.; Ahmad, M.; Minhas, M.U.; Ali, L.; Khalid, I.; Rashid, H. Controlled delivery of valsartan by cross-linked polymeric
matrices: Synthesis, in vitro and in vivo evaluation. Int. J. Pharm. 2015, 487, 110–119. [CrossRef]

26. Hanif, S.; Sarfraz, R.M.; Syed, M.A.; Mahmood, A.; Hussain, Z. Smart mucoadhesive buccal chitosan/HPMC scaffold for sore
throat: In vitro, ex vivo and pharmacokinetic profiling in humans. J. Drug Deliv. Sci. Tech. 2022, 71, 103271. [CrossRef]

27. Sadeghi, M.; Hanifpour, F.; Taheri, R.; Javadian, H.; Ghasemi, M. Comparison of using formaldehyde and carboxy methyl chitosan
in preparation of Fe3O4 superparamagnetic nanoparticles-chitosan hydrogel network: Sorption behavior toward bovine serum
albumin. Process Saf. 2016, 102, 119–128. [CrossRef]
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