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Abstract: Curcumin has been used in traditional medicine forages. The present study aimed to
develop a curcumin-based hydrogel system and assess its antimicrobial potential and wound healing
(WH) activity on an invitro and in silico basis. A topical hydrogel was prepared using chitosan, PVA,
and Curcumin in varied ratios, and hydrogels were evaluated for physicochemical properties. The
hydrogel showed antimicrobial activity against both gram-positive and gram-negative microorgan-
isms. In silico studies showed good binding energy scores and significant interaction of curcumin
components with key residues of inflammatory proteins that help in WH activity. Dissolution studies
showed sustained release of curcumin. Overall, the results indicated wound healing potential of
chitosan–PVA–curcumin hydrogel films. Further in vivo experiments are needed to evaluate the
clinical efficacy of such films for wound healing.

Keywords: curcumin; hydrogels; natural products; molecular characterization; antimicrobial potential

1. Introduction

The skin is an essential organ of the body’s defense system, defending against germs,
ultraviolet radiation, and injuries [1]. It controls body temperature, and enables absorption
of vitamin D through sunlight [2]. While apparent solitary wounds affect the epidermis,
fractional thickness and full thickness wounds cause harm to the dermis, subcutaneous,
fatty tissues, and/or bone [3–6]. The reconnecting of skin edges using sutures and sur-
gical adhesives is the primary objective of wound healing (WH). On the other hand, the
secondary purpose describes how a wound heals when the skin borders are not forced
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together and the wound must close and fill with granulating tissues [7].Wound can be
defined as a tear in the skin or other bodily tissues resulting from an accident or surgical
incision [8–10]. These may be caused by a variety of forms of trauma, and it is crucial that
wounds be cleansed and dressed properly in order to prevent the spread of infection and
additional harm [11]. Wound care is the ongoing management of a wound by preserving
conditions that are favorable to healing, both directly and indirectly, and by stopping
skin deterioration [12]. The optimal management of a wound depends on its size, depth,
severity, and location throughout the care period. Due to technical developments that are
revealing more information on the genesis and healing of wounds, this treatment is advanc-
ing quickly. Hydrogels are one of several solutions for the WH process that are available
based on the severity of the lesion [13]. Hydrogels are a realistic three-dimensional linkage
of hydrophilic polymers that fasten together and swell in water. When applied as a wound
dressing, hydrogels not only produce a physical blockade and absorb extra exudate; they
offers a humid environment that promotes WH [14–16]. In addition, hydrogels can properly
fill irregularly shaped wounds and effectively control heavy bleeding. It is possible to
modify hydrogel qualities such as composition, sensitivity to wound stimuli, and more,
depending on the intended use. Antiseptic agents, antibiotics, anti-inflammatory, and
antioxidants may all be delivered to the wound to combat infection and chronic wound
problems. The healing prospects of skin and related stem cells may be supported and
maximized by using hydrogels to transport bioactive compounds known to speed up WH
and to enhance angiogenesis, re-epithelialization, and new extracellular matrix (ECM)
synthesis and maturation. While many natural products have been reported to possess WH
properties, they typically require delivery systems that can deliver them to the target site.

Turmeric, a herb in the ginger family, has long been used in Indian and Chinese
cooking as a culinary spice and as a food dye [17]. The plant’s root, or rhizome, has long
been utilized in traditional Indian and Chinese medicine, and is the most medicinally
beneficial element of the whole plant. Curcumin is a staple in Indian traditional medicine,
and is used in the treatment of biliary problems, cough, diabetic ulcers, hepatic disorders,
rheumatism, and sinusitis. In turmeric, curcumin has three derivatives as curcuminoids,
accounting for between 2% and 5% of the spice and 77% of the extract [18]. According
to Joe et al., curcumin controls inflammation in multiple ways [19] Tumor necrosis factor
alpha (TNF-α) and interleukin-1 (IL-1) are two key cytokines generated by monocytes
and macrophages, and are critical regulators of inflammatory responses. Curcumin has
been shown to suppress their production. Additionally, curcumin inhibits the activity of
NF-(κ)B, a transcription factor known to play a role in the start of inflammatory reactions,
by inhibiting the activity of NF-kappa-B (NF-(κ)B), a light chain enhancer of activated B
cells. There are a number of kinases (AKT, PI3K, IKK) that ordinarily activate NF-(κ)B, and
curcumin impacts a number of these pathways (Figure 1).

According to Frey and Malik, NF-(κ)B was previously determined to be oxidant-
sensitive, underlining the mechanism of oxidation and inflammation pathways associated
with WH [20]. Curcumin with collagen matrix (CICM) was examined in vitro utilizing the
lipid peroxidation technique, revealing curcumin as a potent antioxidant agent against
peroxy-radicals. Excision wounds on rats were administered curcumintransdermally, suc-
cessfully reducing H2O2-induced damage to keratinocytes and fibroblasts [21]. Curcumin’s
ability to protect keratinocytes and fibroblasts against hydrogen peroxide has been shown
in vitro [22]. Curcumin is poorly absorbed after oral administration due to its hydropho-
bicity, and only small amounts of the chemical are seen in the blood serum. Curcumin is
likewise a light-sensitive chemical, and undergoes significant first-pass metabolism [23,24].
Curcumin is a good choice for topical usage because of its limited water solubility and
significant first-pass metabolism. Curcumin has been shown to have a better impact on
WH when applied topically rather than taken orally, which is because of the increased
accessibility of the substance at the wound site [25,26].
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Figure 1. Curcumindeals with the mechanism of inflammation and signaling pathways by suppress-
ing transcription factor NFκB. The numbers 1, 2, and 3 in the figure indicate different pathways 
involved in the activity of the bioactive compoundthat makes up Curcumin. Parts of the figure were 
drawn using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a 
Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/) 
(assessed on 03 November 2022). 
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A cationic polysaccharide, chitosan is the partly to completely deacetylated version of
the natural cationic polysaccharide chitin [27]. Sources include crustacean shells, the cell
walls of fungi and algae, insect exoskeletons, and molluscradula. Unlike chitin, because
chitosan is acetylated it can be dissolved in acidic aqueous solutions. Chitosan’s acetylation
degree can be described in two ways: first, as a percentage of acetylation (DA percent),
and second, as a molar fraction of N-acetylated units (NAF). Chitosan’s antibacterial
action is dependent on the polymer chain’s amino groups. Protonation of these amino
groups makes chitosan positively charged [28]. Chitosan’s –NH2 groups are changed to
the soluble protonated NH3

+ form when the pH of the solution falls below its pKa value of
6.3, making it soluble in acidic aqueous solutions [29,30]. Gram-positive bacteria possess
a layer of peptidoglycan that contains teichoic acids, which provide the bacterial surface
with a negative charge. Gram-negative bacteria have a thick lipopolysaccharide layer that
contains lipopolysaccharides. On the other hand, negatively charged molecules are present
in the outer membranes of fungal species and outer envelope of viruses [31].

Alcoholysis, hydrolysis, or ammonolysis of poly(vinyl acetate) yields PVA, a water-
soluble long-chain polymer (PVAc). Using crosslinking and swelling, PVA-based hydrogels
create colloidal dispersions with three-dimensional network architectures. In addition
to their excellent mechanical qualities (i.e., high elastic modulus and strength), they ex-
hibit minimal toxicity and high biocompatibility [32,33]. In hydrogels, a solution of high-
alcoholysis PVA (over 98 percent) may self-gelate between molecular chains and form
hydrogels at room temperature. However, because to the low gelation density of this
hydrogel, it has poor mechanical characteristics that limit its use. Different crosslinking
techniques and preparation conditions are needed to create an optimal polymer network
structure for PVA hydrogels with high mechanical strength, enhanced water concentration,
and transparency.

Hence, in this study we formulated curcumin-based antibacterial WH hydrogels. The
hydrogels were found to possess WH action as confirmed by insilico studies. An integrated

https://creativecommons.org/licenses/by/3.0/
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experimental and in silico study was conducted to design and develop novel hydrogels
using biodegradable polymers such as chitosan and polyvinyl alcohol (PVA) for the targeted
and sustained release of curcumin at the wound site. The main novelty involved in the
present research involves green synthesis of hydrogels via physical crosslinking of chitosan
and PVA to effectively encapsulate curcumin without any use of chemicals.

2. Results and Discussion
2.1. Thickness, Weight Variation, and Folding Endurance

The prepared films were evaluated based on various physicochemical parametric
tests, as shown in Table 1. The physical tests indicate the degree of cross-linking occurring
between the various polymers of hydrogel films. The thickness was found to vary from
0.039 ± 0.004 to 0.057 ± 0.006 mm, while the weight of dried films varied from 0.417 ± 0.03
and 0.495 ± 0.02 g. As the concentration of chitosan increased from batch F1 to batch F5,
the folding endurance was found to increase from 345 ± 12 to 478 ± 14. The results are
tabulated in Table 1, and the prepared films are shown in Figure 2.

Table 1. Physicochemical evaluation of hydrogel films (n = 3).

Formulation
Code

Thickness
(mm)

Weight
Variation (g)

Folding
Endurance

Moisture
Content (%)

Moisture
Uptake (%)

F1 0.039 ± 0.004 0.417 ± 0.03 345 ± 12 17.14 ± 1.12 10.28 ± 0.04
F2 0.041 ± 0.005 0.421 ± 0.05 414 ± 14 19.14 ± 2.25 12.14 ± 1.14
F3 0.049 ± 0.008 0.454 ± 0.04 434 ± 10 21.24 ± 1.24 13.24 ± 0.15
F4 0.054 ± 0.007 0.472 ± 0.03 433 ± 12 22.74 ± 1.14 13.75 ± 0.14
F5 0.057 ± 0.006 0.495 ± 0.02 478 ± 14 26.72 ± 2.17 15.47 ± 0.08
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2.2. Moisture Content and Moisture Uptake

The moisture content percentage of the films was found to increase from 17.14 ± 1.12
to 26.72 ± 2.17% between batches F1 and F5. Cazón et al. have previously reported that
higher moisture content improves the water vapor permeability and UV barrier action of
films [34]. Chitosan has a large amount of hydrophilic amino and hydroxyl groups, which
are responsible for the water absorption capacity of films. Therefore, as the concentration



Gels 2023, 9, 394 5 of 21

of chitosan in the produced films increased, the moisture content increased proportionately.
In addition, the moisture contents of films increased in similar fashion, from 10.28 ± 0.04 to
15.47 ± 0.08%. Moisture content in itself is an important parameter for films, as it is related
to the exudate soaking capacity of hydrogels.

2.3. Swelling Ratio

The swelling ratio accounts for the fluid uptake capacity of hydrogel films, which can
be an important element of the WH action of films. It was found that the swelling ration
decreased as the concentration of PVA decreased, and vice versa. Thus, it can be said that
the swelling ratio increases with increasing concentration of chitosan (see Figure 3). This
may be due to an increase in the cross-linking density of polymeric chains due to increased
chitosan content. Similar results for hydrogel swelling behavior have been reported by
Abdeen [35] and Casey [36].
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2.4. WVTR

The water vapor transfer rate (WVTR), which directly governs the moisture microen-
vironment in WH, is a fundamental physical feature of wound dressings that has not yet
been explored extensively. WVTR is a useful tool for evaluating a dressing’s efficacy in
preventing moisture loss. In this way, a range of wound dressings with varying WVTRs
may be used to control the amount of moisture on the wound’s surface. When the WVTR
is too high, the wound may dry up, whereas when it is too low the wound can fill up
with exudate. To provide the best circumstances for natural healing, a dressing with the
right WVTR is necessary. The WVTR is the constant rate at which water vapor diffuses
across a film under a given set of parameters for temperature and humidity. During our
analysis, it was found that as the chitosan concentration increased from batch F1 to batch
F5, the WVTR decreased significantly. The WVTR was found to have a value between
1630.70 ± 25.68 and 2710.54 ± 15.96 g/m2/day (Table 2). Similar results for WVTR have
previously been reported by Kanatt et al. for chitosan/PVA-based films [37]. Another
group of researchers reported similar results in Cassava starch/chitosan-based films, with
an increase in chitosan concentration resulting in a decrease in WVTR due to hydrogen
bonding between the amino and hydroxyl groups of Cassava starch, causing reduced
availability of hydrophilic groups [38]. Typically, a WVTR of 2030 g/m2/day is ideal for
wound dressing [39].
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Table 2. Tensile strength, elongation at break, and WVTR parameters for the produced batches of
hydrogel films (n = 3).

Formulation Code WVTR (g/m2/Day)
Tensile Strength

(N)
Elongation at Break

(mm)

F1 2710.54 ± 15.96 4.14 ± 0.24. 30.14 ± 1.49
F2 2541.12 ± 58.47 4.74 ± 0.83 32.48 ± 5.14
F3 2198.65 ± 65.25 21.52 ± 2.84 33.65 ± 4.58
F4 1895.62 ± 54.51 28.65 ± 2.98 34.21 ± 2.98
F5 1630.70 ± 25.68 38.87 ± 5.24 35.78 ± 2.58

2.5. Tensile Strength and Elongation at Break

The mechanical strength of hydrogel films can be evaluated using the tensile strength
and elongation at break. As the concentration of chitosan increased, the tensile strength of
films was found to increase from 4.14 ± 0.24 to 38.87 ± 5.24 N, while the elongation at break
varied from30.14 ± 1.49 to 35.78 ± 2.58 mm. This may be due to increased cross-linking
density between chitosan and PVA.

2.6. FTIR (Fourier Transform Infrared) Spectroscopy

In Figure 4a, chitosan shows peaks due to −OH and −NH2 stretching near
3500–3000 cm−1, a−CH stretching peak at 2850 cm−1, and a peak at 1250 cm−1 due to
C–O–C stretching. Curcumin shows absorption bands near 3500–3000 cm−1 due to the pres-
ence of phenolic −OH, while the peak at 1600 cm−1 is due to the stretching of conjugated
ketone (Figure 4b). In the case of PVA, the peak at 2900 cm−1 is due to C–H alkyl stretching,
the band detected at 3200 cm−1 can be attributed to hydrogen bonding (Figure 4c), and
the peak at 1700 cm−1 is due to hydrolysis of PVA. In the FTIR results for the hydrogel
films (Figure 4d), cross-linking occurs between hydrogen and amino groups of compounds.
On studying the FTIR graph of the films, it was found that although the wave number
underwent mild shifts, the intensity was attenuated at a certain wave number. This may
be due to the presence of new bonds formed between interacting compounds. Previously,
Yang et al. used FTIR to study the interactions between chitosan and PVA, and reported
similar observations [40].
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2.7. SEM (Scanning Electron Microscopy)

SEM images showing the surface methodology are presented in Figure 5A–E. The F5
batch formulated film presents a smooth surface with low protrusions (Figure 5E). The
chitosan molecules are spread on PVA matrix, resulting in a mixture with good adhesive
properties, while formulations containing lesser amounts of Chitosan have more abrasive
surfaces, as exemplified by Figure 5A. Progressing from Figure 5A–E, for formulations F1
to F5 the surface becomes much smoother, as the curcumin particles are trapped inside the
void spaces of the polymeric network.
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2.8. Antimicrobial Study

The antibacterial activity of films was assessed using the turbidity technique. Although
the films were efficient against both gram-positive and gram-negative microorganisms, it
was found that curcumin in pure form had a higher MIC (minimum inhibitory concentra-
tion) with respect to the bacteria (as measured in µg/mL) due to its incapacity to function
alone. In addition, it was discovered that the film (F4 hydrogel) comprising chitosan, PVA,
and curcumin had a low MIC, indicating that it had a higher inhibitory effect against gram-
positive and gram-negative bacteria (Table 3 and Figure 6). The combination of chitosan
and PVA has previously been shown to possess inhibitory action against bothgram-positive
and gram-negative bacteria. The zones of inhibition of formulations for both types of
bacteria are represented in Figure 7a,b.
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Table 3. Antibacterial activity of formulated hydrogels (in vitro MIC in µg/mL).

Sr No. Formulations

MIC (µg/mL) ± Standard Deviation

Streptococcus faecalis
(Gram Positive)

Escherichia coli
(Gram Negative)

1 Curcumin (A) 13.02 ± 4.51 4.55 ± 2.98
2 Chitosan + PVA + Curcumin (B) 2.60 ± 1.13 1.30 ± 0.56
3 Chitosan + PVA (C) 6.51 ± 2.26 1.62 ± 0.57
4 Chloramphenicol (D) 5.25 ± 0.21 4.51 ± 0.46
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C: Chitosan + PVA; D: Chloramphenicol). (b): Zone of inhibition of the formulated nanosheets
against Escherichia coli (Gram-negative) as evaluated by disc diffusion assay (A: Curcumin; B: Chi-
tosan + PVA + Curcumin; C: Chitosan + PVA; D: Chloramphenicol).

2.9. In Vitro Drug Release

The in vitro drug release was studied for various batches of hydrogel films. The drug
release test is indicative of release of curcumin for an extended period of time which governs
the WH effect of films. It was found that as the concentration of chitosan increasesfrom
F1 to F5, and a retardant release effect was observed. The molecular linkages between
PVA and chitosan form a strong matrix, causing a decrease in the release of drug atoms.
Many other researchers have reported similar effects for drug release based on polymer
concentration [41]. After soaking in water, the hydrogel film instantly begins to swell.
Water molecules permeate into the film’s structure during this phase. The polymer chains
rearrange into more expanded conformations, and the free volumes within the hydrogel
are enhanced as a result of the nature of PVA and chitosan and their favourable interactions
with water [42]. When water enters the hydrogel structure, the curcumin molecules partly
dissolve in the water and are easily able to diffuse via the holes formed by the swelling
phenomena. The polymer chains partially dissolve when the hydrogel film is submerged
in the releasing media. Because the hydrogel dissolves in the releasing media, curcumin
may be released as well. Different drug release models, including the zero-order, first-order,
Higuchi, Korsmeyer–Peppas, and Hixson–Crowell models, were adapted to the invitro
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drug release. The F1 formulation displayed remarkable results, as demonstrated in a prior
study [40], whereas the remaining formulations were best suited to the Korsmeyer–Peppas
model, as shown in Figure 8. The n-values of the F1–F3 formulations point to a Fickian-type
diffusion during drug release, and the value of n was found to be anomalous based on the
drug release pattern due to the presence of substantial amounts of polymer in formulations
F4 and F5. This can be explained by the many releasing processes at work, including
diffusion, erosion, and polymeric network relaxation.
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2.10. Protein Targets and Ligand Preparations for Analysis

In this study, targeted casein kinase-1 (CK1) (PDB ID: 3UZP) [43] and glycogen syn-
thase kinase-3β (GSK3B) (PDB ID: 5HLP) [44] were used for molecular docking investiga-
tions. These two proteins are significant in improving the functions of the Wnt/β-catenin
pathway. A recent study [45] has shown that the Wnt/β-catenin signalling pathway is
activated when released Wnt proteins connect to a receptor complex made up of an FZD
family member and LRP5/6 [46]. The Wnt/β-catenin pathway is made possible by a
number of complicated proteins. Casein kinase-1 (CK1) and glycogen synthase kinase-3
(GSK3B) phosphorylate important parts of the Wnt/β-catenin signalling pathway, such as
B-catenin, Axin, and APC (adenomatous polyposis coli), and act as negative or positive
controllers of the pathway. Because of these phosphorylation events, Axin and APC stick
together with b-catenin even more. CK1 is a group of serine/threonine-specific protein
kinases that control different biological processes, such as Wnt signalling [47]. They act as
both Wnt activators and Wnt inhibitors, as they phosphorylate several parts of the pathway.
The CK1 family is made up of six human isoforms, which are found everywhere and share
a highly similar kinase region. The N-terminal and C-terminal extensions of each protein
are different. The amino-terminal kinase region is very similar in all of the members of
the CK1 family [46,48]. The serine/threonine kinase GSK3B binds to and phosphorylates
several proteins in the Wnt pathway, which makes β-catenin less active.

Rather than focusing on repair, which may lead to scarring, modern wound thera-
peutics instead attempt to promote a regenerative response that returns damaged skin
to its pre-injury condition. As a result, the development of regenerative wound-healing
therapies relies on our knowledge of the underlying molecular processes of the signaling
pathways involved in regenerative healing. There are several steps involved in WH, and
the Wnt/β-catenin pathway is crucial in many of them, including cell proliferation and
tissue remodeling [49,50]. In addition, it has functions in the activation of stem cells and
the production of growth factors. As a result, activating the Wnt/β-catenin pathway may
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be the best strategy for promoting wound regeneration. These proteins were prepared
carefully for docking analysis; the respective ligands were removed and the same binding
pockets reported in the literature were identified.

2.11. Molecular Docking

Molecular docking studies of five identified components with two macromolecular
proteins were performed using MOE software [51,52]. The binding free energies of these
chemicals were obtained within optimal binding conformations, and it was observed that
four ligands obtained good conformational results in terms of binding interaction and
binding energies in kcal/mol, with the exception of polyvinyl alcohol; the results are shown
in Table 4. The optimal binding conformations of the chemicals interacting in the region of
the active site of both target proteins are demonstrated in Figures 9–12.

Table 4. Selected ligand and target protein molecular docking results.

Ligand Names PubChem ID Ligand Structures
Selected Target Protein

CSK- Binding
Energies (Kcal/mol)

GSK3B- Binding
Energies (Kcal/mol)

Polyvinyl alcohol 11199
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Table 4. Cont.

Ligand Names PubChem ID Ligand Structures
Selected Target Protein

CSK- Binding
Energies (Kcal/mol)

GSK3B- Binding
Energies (Kcal/mol)

Chitosan 71853
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target casein kinase-1 (CK1) (PDB ID: 3UZP).

Table 5 presents a summary of the interaction analysis of the two best virtual hits;
curcumin (CID_969516) presents the best bounded conformation at −6.9875 kcal/mol,
and presents three bonds with the LEU85 (A), PRO87 (A), and ILE 148 (A) residues of the
CK1 target protein with bond distances of 3.22 Å, 4.01 Å, and 4.44 Å, respectively. The
binding interactions of curcumin atoms and CK1 protein residues are presented in Figure 6.
Chitosan (CID_71853) presents the best bounded conformation at −10.3979 kcl/mol, and
presents four hydrogen bonds with the ASP149 (A), MET82 (A), GLY215 (A), and LYS38
(A) residues of the CK1 target protein, with respective bond distances of 3.18 Å, 3.90 Å,
3.17 Å, and 3.40 Å. The binding interactions of chitosan atoms with CK1 protein residues
are presented in Figure 10.
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Figure 10. Interaction plot of docked ligand chitosan (CID_71853) within the active site of protein
target casein kinase-1 (CK1) (PDB ID: 3UZP).

Curcumin (CID_969516) presents the best bounded conformation at −6.5164 kcal/mol,
and presents one hydrogen bond with the VAL135 (A) residue of the GSK3B target pro-
tein, with a bond distance of 3.16 Å. The binding interactions of curcumin atoms with
GSK3B protein residues are presented in Figure 11. Chitosan (CID_71853) presents the
best bounded conformation at −10.5200 kcal/mol, and presents four hydrogen bonds with
LYS183 (A), TYR134 (A), and SER66 (A) residues of the GSK3B target protein, with bond
distances of 3.55 Å, 3.00 Å, and 2.93 Å, respectively. The binding interactions of chitosan
atoms with GSK3B protein residues are presented in Figure 12.
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target glycogen synthase kinase-3β (GSK3B) (PDB ID: 5HLP).
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Table 5. Summary of interaction analysis for the two best virtual hits.

Ligand Name Binding Energy
(Kcal/mol)

Binding Interaction

Interacting Residues Interaction
Type Bond Distance Bond Energy

(Kcal/mol)

Protein target casein kinase-1 (CK1) [PDB ID: 3UZP]

Curcumin
(CID_969516) −6.9875

O5–N LEU85 (A)
6-ring CA PRO87 (A)

6-ring CD1 ILE 148(A)

H-acceptor
Pi-H
Pi-H

3.22
4.01
4.44

−0.9
−0.6
−0.5

Chitosan
(CID_71853) −10.3979

N48–OD2 ASP149 (A)
C102–SD MET82 (A)
O34–N GLY215 (A)
O35–NZ LYS38 (A)

H-donor
H-donor

H-acceptor
H-acceptor

3.18
3.90
3.17
3.40

−0.5
−0.5
−1.2
−0.6

Protein target glycogen synthase kinase-3β (GSK3B) [PDB ID: 5HLP]
Curcumin

(CID_969516) −6.5164 O3–OVAL135 (A) H-donor 3.16 −1.0

Chitosan
(CID_71853) −10.5200

O3–NZ LYS183 (A)
O22–OH TYR134 (A)
O25–OG SER66 (A)

H-acceptor
H-acceptor
H-acceptor

3.55
3.00
2.93

−0.6
−1.4
−1.4

3. Conclusions

Chitosan–PVA hydrogel films loaded with curcumin were formulated and assessed
for their invitro and insilico characteristics with respect to their WH potential. The physi-
cal tests, including WVTR, swelling ratio, invitro drug release, and mechanical strength
are in good agreement with the characteristics required for WH potential. An additional
antimicrobial study was carried out for both gram-positive and gram-negative bacteria,
and it was found that the MIC for hydrogel film formulation was quite low in comparison
to both drug and placebo. These results show that the hydrogel film contained significant
antimicrobial activity even at low amounts of drug. In addition, insilico studies were con-
ducted to demonstrate the WH activity. Further invitro studies are required for evaluation
of WH potential. In summary, the outcomes of our in vitro and in silico investigations offer
encouraging new perspectives on this research problem. However, we are aware of the
significance of confirming these results in a live environment. For the purpose of bolstering
and supporting our findings, we are dedicated to carrying out extensive and meticulous
in vivo investigations. A better comprehension of the processes behind our study topic
can be attained by integrating in vitro, in silico, and in vivo experimental data, which is
expected to further progress the discipline.

4. Materials and Methods
4.1. Materials

Curcumin (Product Code: C1386-5G) and Chitosan (Product Code: 448869-50G) were
purchased from Sigma Aldrich, Saint Louis, USA, while PVA was bought from Loba
Chemicals Pvt. Ltd. Mumbai India. All other reagents and chemicals were of analytical
grade. The hydrogel films were prepared using physical crosslinking via the solvent casting
method. Chitosan solutions with varying concentrations were prepared by dissolving a
weighed amount of chitosan in acetic acid solution (3% v/v) with constant stirring for about
2 h. In parallel, PVA solution (5% w/v) was prepared by dissolving a weighed quantity
in distilled water with constant stirring at 50 ◦C for 4 h. Varying ratios of chitosan and
PVA were mixed together, as shown in Table 6, and curcumin (100 mg) was added to
each diluted mixture via mechanical blending at 1000 rpm for 10 min. The solution was
then transferred into Pyrex petri plates and allowed to air dry at room temperature for
48 h. Dried films were peeled from the petri plates and stored in a desiccator for further
evaluation. The whole process was carried out using low-actinic glassware, and Sodium D
light was used during the drying process. The formulation concentrations are shown in
Table 6.
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Table 6. Composition table used for preparing different batches of hydrogel films.

Formulation Code

Chitosan Solution
PVA Solution
(5% w/v) (mL) Curcumin (mg)Concentration of

Chitosan
(% w/v)

Amount of Chitosan
(mL)

F1 0.25 80 20 100
F2 0.50 80 20 100
F3 0.75 80 20 100
F4 1.0 80 20 100
F5 2.0 80 20 100

4.2. Methods
4.2.1. Thickness and Weight Variation

The thickness of the prepared hydrogel films was checked using a calibrated digital
vernier caliper (Make Mitutoyo, Takatsu-ku, Japan). For the weigh measurement, the films
were weighed individually. All analyses were performed in triplicate, and the standard
deviations were calculated based on observation.

4.2.2. Folding Endurance

Folding endurance provides an estimate of how many times a film can be folded on
single plane without breaking or forming visible cracks. The experiment was conducted
in triplicate.

4.2.3. Moisture Content

It is necessary to evaluate the moisture level in hydrogels, as they naturally contain
water. The films were initially weighed for estimation purposes, then dehydrated for
around 24 h using silica gel. The films were weighed several times until a steady weight
was noted.

The moisture content was determined as per the following equation:

Moisture Content (%) = (Wi − Wd)/Wd × 100.

The moisture content determination experiment was performed in triplicate.

4.2.4. Moisture Uptake

The films were weighed initially and placed in desiccatorcontaining silica gel (acti-
vated) for 24 h.The films were then collected and transferred to another desiccator contain-
ing saturated sodium chloride solution for another 72 h, with relative humidity maintained
at 75%. The final weight of the films was recorded, and their moisture uptake capacity was
determined as per following equation:

Moisture uptake (%) = (Wm − Wi)/Wi × 100.

The moisture uptake experiment was performed in triplicate.

4.2.5. Swelling Ratio

The dried hydrogel sheets were sliced into square specimens measuring 2 × 2 cm2.
The samples were measured out and stored in 250 mL of phosphate buffer at a temperature
of 25 ◦C. The samples were weighed after being blotted with tissue paper to remove extra
surface water at regular intervals. The evaluation was performed three times. The swelling
ratio was calculated using the following formula:

Swelling ratio (%) = (Ws − Wd)/Wd × 100.
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In the above formula, Wd is the initial weight of the dry film samples and Ws is the
weight of swollen film samples. The experiment was performed in triplicate.

4.2.6. WVTR

The WVTR test was performed with reference to ASTM D6701-21 [53]. The samples
were mounted in the mouth of a polytop glass containing about 10 mL of phosphate buffer
with a pH of 7.4. The samples were pre-weighed and heated in an oven for 24 h at 35 ◦C.
WVTR was determined using the following formula:

WVTR = Wi − Wt/A × 106 g/m2day−1

where A is the polytop opening area (mm2) and Wi and Wt are the polytop weight before
and after being placed in the oven, respectively. The experiment was performed in triplicate.

4.2.7. Mechanical Properties

A certain amount of mechanical resistance to stretching or distortion was expected
from the films. Therefore, the tensile strength (N/mm2) and percent elongation at break
of the material were assessed using a texture analyzer (TA XT plus, Stable Microsystem,
Godalming, Surrey, UK) and a 5 kg loaded cell. The films were sampled using a 1 cm2

sample area clamped with a 50 mm/min separation rate, and were assessed in triplicate.

4.2.8. FTIR

For the evaluation of different interactions taking place during interaction of chitosan,
PVA, and curcumin, the films were evaluated using the FTIR technique. The films were
dried in vacuum and evaluated using a Perkin-Elmer spectrometer (Spectrum two, Model
no.L160000A, Waltham, MA, USA) with a scanning range of 4000–650 cm−1 and a resolution
of 4 cm−1.

4.2.9. SEM

Morphological evaluation of hydrogel films was performed using a scanning electron
microscope (S 4300 SE/N, Hitachi, Tokyo, Japan) with an accelerating voltage of 15 kV. All
the samples were staged on the metallic stub, adhered using double-sided tape, and coated
with a layer of gold.

4.2.10. Antimicrobial Activity

The antibacterial activities of all the samples were studied against Streptococcus faecalis
and E. coli, which were used as test organisms to determine the antibacterial effects of
all the substances. The CLSI recommendations for the broth microdilution technique
were used to calculate the MIC values [54]. In brief, bacterial strains were cultivated
on Luria Bertani Agar medium, which has a pH of 7.5 ± 0.2 and contains 0.5% pep-
tone, 0.5% yeast extract, 1% NaCl, and 1.5% agar. Then, 10 mg of hydrogel was suspended
in 10 mL of PBS (phosphate buffer 67 mM, pH 7.4, 0.05% Tween 20, and 0.02% sodium azide)
in borosilicate vials to create the stock solution. The gel particle solutions were incubated
for 24 h at 37 ◦C while being shaken; 500 µL of the supernatant was centrifuged and kept
at 4 ◦C until the antibacterial activity could be examined. The positive control was the
common antibiotic chloramphenicol, while the negative control was PBS. Sterilized Mueller–
Hinton Broth (MHB), which contains 30% beef extract, 1.75 percent casein acid hydrolysate,
and 0.15% starch, and has a pH of 7.4 ± 0.2, was then supplemented with the bacterial
cultures. The MIC was calculated using two-fold serial dilution in MHB medium containing
1.95–1000 µg/mL of the test compounds; 150 µL of medium (MHB) was collected in
duplicate and applied to each well of a 96-well microtitre plate, along with 10 µL of
0.5 McFarland standard (1.5 × 108 CFU/mL) culture pathogens from MHB. The inoculation
plates were incubated at 37 ◦C For 24 h.
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4.2.11. In Vitro Drug Release

Fixed-size hydrogel sheets were placed on a glass slide and fastened to a stainless
steel mesh. The samples were analyzed using a Paddle-type Lab India DS8000 (New Delhi,
India) at a temperature of 37 ± 0.5 ◦C and 50 rpm while being submerged in phosphate
buffer pH 7.5 as the dissolving medium. At regular intervals, aliquot samples were taken
and the amount of curcumin emitted was measured using a UV/visible spectrophotometer
for spectrophotometric analysis at 424 nm (2202, Systronics, Ahmedabad, India). To assess
the mechanism of drug release from the hydrogel films, the in vitro data were fitted to a
variety of kinetic models, including the zero-order, first-order, Higuchi, Hixson–Crowell,
and Korsmeyer–Peppas models.

Zero-order: Q = Qo + kot

First-order: lnQ = lnQo + k1t

Higuchi model: Q = kHt12/

Hixson-Crowell model: Qo1/3 − QR1/3 = Kst

Korsmeyer-Peppas model: QQt/ = Kkptn

where Q is the amount of drug released at time t, Qo is the initial amount of drug, QR is the
amount of drug remaining at time t, and Qt is the total amount of drug release; ko, k1, kH,
and kKP are the kinetic constants for the zero-order, first-order, Higuchi, Hixson–Crowell
and Korsmeyer–Peppas models, respectively, and n is the release exponent. The in vitro
dissolution experiment was performed in triplicate.

4.2.12. Selection of Protein Targets and Chemical Compounds

In pharmaceutical research and computer-aided drug design (CADD), one of the
most significant computational techniques is called molecular docking [55,56]. The
fundamental purpose of molecular docking is to find probable binding geometries of
a suspected ligand with an acknowledged/identified structure of a target protein [57].
This can be accomplished by comparing the three-dimensional structures of both the
hypothetical ligand and the targeting protein. The chemical structures of the selected
compounds were drawn using the ChemDraw tool for further analysis [58,59]. In this
study, we targeted casein kinase-1 (CK1) (PDB ID: 3UZP) [43] and glycogen synthase
kinase-3β (GSK3B) (PDB ID: 5HLP) (Figure 13A,B) [44], as they are involved in the
Wnt/β-catenin signaling pathway.
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4.2.13. Molecular Docking

Information on the macromolecular mechanism of a bound ligand near the active
site of a target protein may be assisted using molecular docking, an insilico application
that provides an explanatory scoring scheme and best binding poses generated by a best-
docked complex that aids in retrieval of protein–ligand binding interaction [60,61].Five
ligands were found to interact with the target proteins (PDB IDs: 3UZP and 5HLP) via
molecular docking. The PDB format was imported to the molecular operating environment
(MOE) software [51,52]. To prepare proteins for the docking technique, we eliminated
heteroatoms, 3D protonation, water molecules, and the default ligand linked to the target
protein. Known active sites were identified in each protein structure [43,44], and structural
optimization was achieved by subsequent constraints such as the addition of hydrogen
atoms. Energy minimization with the Amber14 force field method was performed with
both chiral and geometrical constraints. The MOE program generates a database of five
compounds selected from experimental research for molecular docking simulations, which
is then stored as an MDB file for further examination. Refinement and computation of
the binding free energies (G), assessed using the scoring function, were applied to the top-
ranked postures (GBVI/WSA dg) [62]. A reliable scoring scheme resulting in the docking
score of the correct binding poses was established based on the number of molecular
interactions (hydrogen, Pi, and hydrophobic interactions) [52,55–57,59–64]. The MOE
database of the docked complex was visualized carefully in order to understand the mode
of binding interactions of the ligands bound in the selected pocket of the target protein.
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29. Szymańska, E.; Winnicka, K. Stability of Chitosan—A Challenge for Pharmaceutical and Biomedical Applications. Mar. Drugs
2015, 13, 1819–1846. [CrossRef]

30. Wang, Q.Z.; Chen, X.G.; Liu, N.; Wang, S.X.; Liu, C.S.; Meng, X.H.; Liu, C.G. Protonation Constants of Chitosan with Different
Molecular Weight and Degree of Deacetylation. Carbohydr. Polym. 2006, 65, 194–201. [CrossRef]

31. Liu, H.; Du, Y.; Wang, X.; Sun, L. Chitosan Kills Bacteria through Cell Membrane Damage. Int. J. Food Microbiol. 2004, 95, 147–155.
[CrossRef]

32. Daza Agudelo, J.I.; Ramirez, M.R.; Henquin, E.R.; Rintoul, I. Modelling of Swelling of PVA Hydrogels Considering Non-Ideal
Mixing Behaviour of PVA and Water. J. Mater. Chem. B 2019, 7, 4049–4054. [CrossRef]

33. Ma, S.; Wang, S.; Li, Q.; Leng, Y.; Wang, L.; Hu, G.H. A Novel Method for Preparing Poly(Vinyl Alcohol) Hydrogels: Preparation,
Characterization, and Application. Ind. Eng. Chem. Res. 2017, 56, 7971–7976. [CrossRef]

34. Cazón, P.; Velázquez, G.; Vázquez, M. Characterization of Bacterial Cellulose Films Combined with Chitosan and Polyvinyl
Alcohol: Evaluation of Mechanical and Barrier Properties. Carbohydr. Polym. 2019, 216, 72–85. [CrossRef]

35. Abdeen, Z. Swelling and Reswelling Characteristics of Cross-Linked Poly(Vinyl Alcohol)/Chitosan Hydrogel Film. J. Dispers. Sci.
Technol. 2011, 32, 1337–1344. [CrossRef]

36. Casey, L.S.; Wilson, L.D. Investigation of Chitosan-PVA Composite Films and Their Adsorption Properties. In Proceedings of the
International Conference on Environmental Pollution and Public Health, EPPH 2015, Beijing, China, 10–12 April 2015.

37. Kanatt, S.R.; Rao, M.S.; Chawla, S.P.; Sharma, A. Active Chitosan-Polyvinyl Alcohol Films with Natural Extracts. Food Hydrocoll.
2012, 29, 290–297. [CrossRef]

https://doi.org/10.1016/j.ijbiomac.2022.08.099
https://doi.org/10.3390/ma15051934
https://doi.org/10.1016/j.ijsu.2022.106793
https://doi.org/10.1016/B978-0-12-818471-4.00001-7
https://doi.org/10.1021/acsnano.1c04206
https://doi.org/10.1016/j.biomaterials.2018.08.044
https://doi.org/10.1016/j.cej.2020.128278
https://doi.org/10.3390/molecules26164998
https://doi.org/10.1080/10408690490424702
https://doi.org/10.1152/ajplung.00337.2003
https://doi.org/10.1097/00005373-200111000-00017
https://doi.org/10.1016/S0024-3205(00)00868-7
https://doi.org/10.1021/mp700113r
https://www.ncbi.nlm.nih.gov/pubmed/17999464
https://doi.org/10.1046/j.1524-475X.1998.60211.x
https://www.ncbi.nlm.nih.gov/pubmed/9776860
https://doi.org/10.1046/j.1524-475X.1999.00362.x
https://www.ncbi.nlm.nih.gov/pubmed/10564565
https://doi.org/10.1016/j.ijbiomac.2016.01.022
https://www.ncbi.nlm.nih.gov/pubmed/26780706
https://doi.org/10.1016/j.ijbiomac.2015.06.027
https://doi.org/10.3390/md13041819
https://doi.org/10.1016/j.carbpol.2006.01.001
https://doi.org/10.1016/j.ijfoodmicro.2004.01.022
https://doi.org/10.1039/C9TB00243J
https://doi.org/10.1021/acs.iecr.7b01812
https://doi.org/10.1016/j.carbpol.2019.03.093
https://doi.org/10.1080/01932691.2010.505869
https://doi.org/10.1016/j.foodhyd.2012.03.005


Gels 2023, 9, 394 20 of 21

38. Pelissari, F.M.; Grossmann, M.V.E.; Yamashita, F.; Pined, E.A.G. Antimicrobial, Mechanical, and Barrier Properties of Cassava
Starch-Chitosan Films Incorporated with Oregano Essential Oil. J. Agric. Food Chem. 2009, 57, 7499–7504. [CrossRef]

39. Nuutila, K.; Eriksson, E. Moist Wound Healing with Commonly Available Dressings. Adv. Wound Care 2021, 10, 685–698.
[CrossRef]

40. Yang, W.; Fortunati, E.; Bertoglio, F.; Owczarek, J.S.; Bruni, G.; Kozanecki, M.; Kenny, J.M.; Torre, L.; Visai, L.; Puglia, D.
Polyvinyl Alcohol/Chitosan Hydrogels with Enhanced Antioxidant and Antibacterial Properties Induced by Lignin Nanoparticles.
Carbohydr. Polym. 2018, 181, 275–284. [CrossRef]

41. Kouchak, M.; Ameri, A.; Naseri, B.; Kargar Boldaji, S. Chitosan and Polyvinyl Alcohol Composite Films Containing Nitrofurazone:
Preparation and Evaluation. Iran. J. Basic Med. Sci. 2014, 17, 14–20. [CrossRef]

42. Koosha, M.; Aalipour, H.; Shirazi, M.J.S.; Jebali, A.; Chi, H.; Hamedi, S.; Wang, N.; Li, T.; Moravvej, H. Physically Crosslinked
Chitosan/PVA Hydrogels Containing Honey and Allantoin with Long-Term Biocompatibility for Skin Wound Repair: An In
Vitro and In Vivo Study. J. Funct. Biomater. 2021, 12, 61. [CrossRef]

43. Long, A.M.; Zhao, H.; Huang, X. Structural Basis for the Potent and Selective Inhibition of Casein Kinase 1 Epsilon. J. Med. Chem.
2012, 55, 10307–10311. [CrossRef]

44. Wagner, F.F.; Bishop, J.A.; Gale, J.P.; Shi, X.; Walk, M.; Ketterman, J.; Patnaik, D.; Barker, D.; Walpita, D.; Campbell, A.J.; et al.
Inhibitors of Glycogen Synthase Kinase 3 with Exquisite Kinome-Wide Selectivity and Their Functional Effects. ACS Chem. Biol.
2016, 11, 1952–1963. [CrossRef]

45. Reshad, R.A.I.; Alam, S.; Raihan, H.B.; Meem, K.N.; Rahman, F.; Zahid, F.; Rafid, M.I.; Rahman, S.M.O.; Omit, S.; Ali, M.H. In
Silico Investigations on Curcuminoids from Curcuma Longa as Positive Regulators of the Wnt/β-Catenin Signaling Pathway in
Wound Healing. Egypt. J. Med. Hum. Genet. 2021, 22, 65. [CrossRef]

46. Xiong, Y.; Zhou, L.; Su, Z.; Song, J.; Sun, Q.; Liu, S.S.; Xia, Y.; Wang, Z.; Lu, D. Longdaysin Inhibits Wnt/β-Catenin Signaling and
Exhibits Antitumor Activity against Breast Cancer. Onco. Targets. Ther. 2019, 12, 993. [CrossRef] [PubMed]

47. Huang, H.; He, X. Wnt/β-Catenin Signaling: New (and Old) Players and New Insights. Curr. Opin. Cell Biol. 2008, 20, 119–125.
[CrossRef] [PubMed]

48. Cruciat, C.M. Casein Kinase 1 and Wnt/β-Catenin Signaling. Curr. Opin. Cell Biol. 2014, 31, 46–55. [CrossRef] [PubMed]
49. Zhang, H.; Nie, X.; Shi, X.; Zhao, J.; Chen, Y.; Yao, Q.; Sun, C.; Yang, J. Regulatory Mechanisms of the Wnt/β-Catenin Pathway in

Diabetic Cutaneous Ulcers. Front. Pharmacol. 2018, 9, 1114. [CrossRef]
50. Bastakoty, D.; Young, P.P. Wnt/β-Catenin Pathway in Tissue Injury: Roles in Pathology and Therapeutic Opportunities for

Regeneration. FASEB J. 2016, 30, 3271. [CrossRef]
51. El-Kased, R.F.; Amer, R.I.; Attia, D.; Elmazar, M.M. Honey-Based Hydrogel: In Vitro and Comparative in Vivo Evaluation for

Burn Wound Healing. Sci. Rep. 2017, 7, 9692. [CrossRef]
52. Vilar, S.; Cozza, G.; Moro, S. Medicinal Chemistry and the Molecular Operating Environment (MOE): Application of QSAR and

Molecular Docking to Drug Discovery. Curr. Top. Med. Chem. 2008, 8, 1555–1572. [CrossRef]
53. Standard Test Method for Determining Water Vapor Transmission Rates through Nonwoven and Plastic Barriers. Available

online: https://www.astm.org/d6701-21.html (accessed on 3 December 2022).
54. Patel, J.B.; Eliopoulos, G.M.; Jenkins, S.G.; James Lewis, F.S.; Brandi Limbago, P.; Nicolau, D.P.; Robin Patel, F.; Powell, M.; Sandra

Richter, F.S.; Jana Swenson, D.M.; et al. Performance Standards for Antimicrobial Susceptibility Testing Performance Standards for
Antimicrobial Susceptibility Testing Suggested Citation, 33rd ed.; Clinic and laboratory standards Institute: Wayne, PA, USA, 2016;
pp. 100–125.

55. Bibi, S.; Sakata, K. Current Status of Computer-Aided Drug Design for Type 2 Diabetes. Curr. Comput. Aided. Drug Des. 2016,
12, 167–177. [CrossRef]

56. Bibi, S.; Hasan, M.M.; Wang, Y.-B.; Papadakos, S.P.; Yu, H. Cordycepin as a Promising Inhibitor of SARS-CoV-2 RNA Dependent
RNA Polymerase (RdRp). Curr. Med. Chem. 2021, 29, 152–162. [CrossRef]

57. Bibi, S.; Sakata, K. An Integrated Computational Approach for Plant-Based Protein Tyrosine Phosphatase Non-Receptor Type 1
Inhibitors. Curr. Comput. Aided. Drug Des. 2017, 13, 319–335. [CrossRef]

58. Kim, S.; Thiessen, P.A.; Bolton, E.E.; Chen, J.; Fu, G.; Gindulyte, A.; Han, L.; He, J.; He, S.; Shoemaker, B.A.; et al. PubChem
Substance and Compound Databases. Nucleic Acids Res. 2016, 44, D1202–D1213. [CrossRef]

59. Mendelsohn, L.D. ChemDraw 8 Ultra, Windows and Macintosh Versions. J. Chem. Inf. Comput. Sci. 2004, 44, 2225–2226.
[CrossRef]

60. Chopra, H.; Bibi, S.; Kumar, S.; Khan, M.S.; Kumar, P.; Singh, I. Preparation and Evaluation of Chitosan/PVA Based Hydrogel
Films Loaded with Honey for Wound Healing Application. Gels 2022, 8, 111. [CrossRef]

61. Saleem, U.; Bibi, S.; Shah, M.A.; Ahmad, B.; Saleem, A.; Chauhdary, Z.; Anwar, F.; Javaid, N.; Hira, S.; Akhtar, M.F.; et al.
Anti-Parkinson’s Evaluation of Brassica Juncea Leaf Extract and Underlying Mechanism of Its Phytochemicals. Front. Biosci. 2021,
26, 1031–1051.

62. Yousafi, Q.; Batool, J.; Khan, M.S.; Perveen, T.; Sajid, M.W.; Hussain, A.; Mehmood, A.; Saleem, S. In Silico Evaluation of Food
Derived Bioactive Peptides as Inhibitors of Angiotensin Converting Enzyme (ACE). Int. J. Pept. Res. Ther. 2021, 27, 341–349.
[CrossRef]

https://doi.org/10.1021/jf9002363
https://doi.org/10.1089/wound.2020.1232
https://doi.org/10.1016/j.carbpol.2017.10.084
https://doi.org/10.22038/ijbms.2014.2150
https://doi.org/10.3390/jfb12040061
https://doi.org/10.1021/jm301336n
https://doi.org/10.1021/acschembio.6b00306
https://doi.org/10.1186/s43042-021-00182-9
https://doi.org/10.2147/OTT.S193024
https://www.ncbi.nlm.nih.gov/pubmed/30787621
https://doi.org/10.1016/j.ceb.2008.01.009
https://www.ncbi.nlm.nih.gov/pubmed/18339531
https://doi.org/10.1016/j.ceb.2014.08.003
https://www.ncbi.nlm.nih.gov/pubmed/25200911
https://doi.org/10.3389/fphar.2018.01114
https://doi.org/10.1096/fj.201600502R
https://doi.org/10.1038/s41598-017-08771-8
https://doi.org/10.2174/156802608786786624
https://www.astm.org/d6701-21.html
https://doi.org/10.2174/1573409912666160426120709
https://doi.org/10.2174/0929867328666210820114025
https://doi.org/10.2174/1573409913666170406145607
https://doi.org/10.1093/nar/gkv951
https://doi.org/10.1021/ci040123t
https://doi.org/10.3390/gels8020111
https://doi.org/10.1007/s10989-020-10090-y


Gels 2023, 9, 394 21 of 21

63. Khan, M.; Patujo, J.; Mushtaq, I.; Ishtiaq, A.; Tahir, M.N.; Bibi, S.; Khan, M.S.; Mustafa, G.; Mirza, B.; Badshah, A.; et al. Anti-
Diabetic Potential, Crystal Structure, Molecular Docking, DFT, and Optical-Electrochemical Studies of New Dimethyl and Diethyl
Carbamoyl-N, N’-Disubstituted Based Thioureas. J. Mol. Struct. 2021, 1253, 132207. [CrossRef]

64. Saleem, U.; Shehzad, A.; Shah, S.; Raza, Z.; Shah, M.A.; Bibi, S.; Chauhdary, Z.; Ahmad, B. Antiparkinsonian Activity of Cucurbita
Pepo Seeds along with Possible Underlying Mechanism. Metab. Brain Dis. 2021, 36, 1231–1251. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.molstruc.2021.132207
https://doi.org/10.1007/s11011-021-00707-6

	Introduction 
	Results and Discussion 
	Thickness, Weight Variation, and Folding Endurance 
	Moisture Content and Moisture Uptake 
	Swelling Ratio 
	WVTR 
	Tensile Strength and Elongation at Break 
	FTIR (Fourier Transform Infrared) Spectroscopy 
	SEM (Scanning Electron Microscopy) 
	Antimicrobial Study 
	In Vitro Drug Release 
	Protein Targets and Ligand Preparations for Analysis 
	Molecular Docking 

	Conclusions 
	Materials and Methods 
	Materials 
	Methods 
	Thickness and Weight Variation 
	Folding Endurance 
	Moisture Content 
	Moisture Uptake 
	Swelling Ratio 
	WVTR 
	Mechanical Properties 
	FTIR 
	SEM 
	Antimicrobial Activity 
	In Vitro Drug Release 
	Selection of Protein Targets and Chemical Compounds 
	Molecular Docking 


	References

