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Abstract
In this study, hydrogels (CA4) were synthesized through an esterification reaction using 2-furoic acid (FA), triethanolamine (TEA),
and citric acid (CA), followed by the incorporation of nano-ZnO particles to obtain CA4-ZnO hydrogels. The synthesized CA4-ZnO
nanocomposite hydrogels were characterized using UV, FTIR, 1H NMR, 13C NMR, TGA, and SEM-EDX techniques. The results
confirmed the successful incorporation of ZnO nanoparticles into the CA4 network. The swelling behavior of the hydrogels was
systematically investigated over a pH range of 2.0–11.0. The results demonstrated that the hydrogels exhibited the highest swelling
percentage in a neutral medium (pH 7.0) compared with those in acidic and alkaline media. The equilibrium swelling increased
significantly with increasing nano-ZnO concentration. Thermogravimetric analysis (TGA) showed that the CA4-ZnO nanocompos-
ite hydrogels were thermally stable up to 300 ◦C. Antibacterial studies against Gram-positive bacteria, including Staphylococcus
aureus and Bacillus subtilis, as well as Gram-negative bacteria, namely Klebsiella pneumoniae and Escherichia coli, demonstrated
excellent inhibitory activity. The antifungal study showed a lower inhibition zone. The cytotoxicity study indicated a high per-
centage of cell viability, while the antioxidant analysis demonstrated significant radical-scavenging activity. Molecular docking
studies of the optimized hydrogels revealed that the biological activity was enhanced through the incorporation of nano-ZnO into
the hydrogel matrix. [CA4-ZnO] nanocomposite hydrogels showed stronger and more favorable binding to Clumping Factor A. The
[CA4-ZnO] nanocomposite hydrogels have the potential to overcome drug resistance and exhibit antibacterial and wound-healing
properties. Thus, the hydrogels investigated in the present study may be beneficial for tissue engineering, wound healing, and other
high-performance applications.
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1. Introduction

Hydrogels are polymeric networks capable of absorbing
and retaining large amounts of water. These polymeric
materials can swell and store a substantial volume of water
within their structure while remaining insoluble in aque-
ous media. Due to their high-water content, hydrogels ex-

hibit a high degree of flexibility, closely resembling natu-
ral tissues. Hydrogels absorb water due to the presence of
hydrophilic groups within the polymer backbone [1]. Hy-
drogels are characterized by their ability to swell within
the polymeric network. However, polymer–water interac-
tion forces are the primary factor responsible for hydrogel
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swelling. Polymer–water interactions, electrostatic forces,
and osmotic pressure play important roles in the swelling
and expansion of the hydrogel polymeric network. Hy-
drogels can be categorized as non-ionic, ionic (anionic,
cationic, and amphoteric), and hydrophilic hydrogels con-
taining hydrophobic groups based on their swelling behav-
ior. Non-ionic hydrogels, such as poly (N-vinyl pyrroli-
done) and poly(ethylene oxide), swell in aqueous media
due to polymer–water interactions. Hydrogels exhibit
good transparency and can be easily modified. They are
environmentally friendly and possess self-healing prop-
erties [2], enabling the timely delivery of drugs or nutri-
ents [3].

Hydrogels have the ability to respond to changes
in pH, temperature, metabolite concentration, and other
environmental stimuli [4,5]. Chemical cross-linking en-
hances the mechanical strength of hydrogels [6]. This
approach is highly effective for the formation of in situ
hydrogel structures. Physical cross-linking techniques in-
volve ionic interactions, as well as temperature-dependent
and pH-dependent cross-linking mechanisms [7]. The
wide range of applications includes tissue engineering
and the design of biological tissues in both in vitro and
in vivo systems [8,9], effective wound therapy [10], drug
delivery [11], gene therapy [12], and the repair of blood
vessels, skin, heart valves, cartilage, and tendons [13].
Additional applications include contact lens manufactur-
ing [14], biosensors, and wastewater remediation tech-
niques [15]. Zinc oxide (ZnO) nanoparticles have at-
tracted considerable attention in biomedical applications
due to their excellent antibacterial activity, biocompat-
ibility, and stability. ZnO nanoparticles effectively in-
hibit the growth of a broad spectrum of microorganisms
through the generation of reactive oxygen species and dis-
ruption of bacterial cell membranes. In addition to their
antimicrobial properties, ZnO nanoparticles also promote
wound healing by enhancing cell proliferation and tissue
regeneration. Several metal and metal oxide nanoparti-
cles, such as silver oxide (Ag�O) [16], gold (Au), copper
oxide (CuO) [17], titanium dioxide (TiO�), magnesium
oxide (MgO), and zinc oxide (ZnO) [18], have been ex-
tensively investigated for antibacterial and wound-healing
applications due to their strong antimicrobial activity and
ability to accelerate the healing process. Therefore, ZnO
nanoparticles were incorporated into the CA4 matrix to
prepare the CA4-ZnO nanocomposite, with the aim of
enhancing its antibacterial activity and wound-healing po-
tential.

Biopolymeric three-dimensional hydrogel networks
are formed from biocompatible components that can ab-
sorb and retain large quantities of water while maintaining
their structural integrity. Owing to their biocompatibil-

ity, biodegradability, and tunable physicochemical prop-
erties, these hydrogels have gained significant attention in
biomedical applications. In the present study, the hydro-
gel networkwas developed using citric acid, triethanolamine,
and 2-furoic acid as functional building components. Cit-
ric acid acts as an effective cross-linking agent due to
the presence of multiple carboxyl groups, which facili-
tate the formation of a stable polymeric network through
esterification and hydrogen-bonding interactions. Tri-
ethanolamine contributes to the stabilization of the hydro-
gel structure through intermolecular interactions, while
2-furoic acid introduces additional functional groups that
enhance the hydrogel’s physicochemical properties.

To further enhance the functional performance of
the hydrogel, zinc oxide (ZnO) nanoparticles were incor-
porated into the polymeric matrix to form a CA4-ZnO
nanocomposite. The incorporation of ZnO nanoparticles
into the hydrogel network enhances antimicrobial activity
and promotes tissue regeneration, making the nanocom-
posite suitable for biomedical applications.

2. Experimental

2.1. Methods

2.1.1. Stage I: Synthesis of Pre-Polymers

Citric acid (CA) was used as the monomer. A quantity of
0.025 mol (4.803 g) of citric acid (CA) was dissolved in
5 mL of ethanol and then transferred into a round-bottom
flask fitted with a mechanical stirrer until the monomer
was completely dissolved in the ethanol.

Triethanolamine (TEA) [0.025 mol (3.3006 g)], dis-
solved in 5mL of ethanol, was added dropwise to the citric
acid solution using a dropping funnel. The reaction mix-
ture was stirred at 140 ◦C for 1 h. The formation of a
sticky white gel indicated the formation of the citric acid–
triethanolamine (CT) prepolymer).

2.1.2. Stage II: Synthesis of Bio-Polymeric
Hydrogels

2-Furoic acid (FA) [0.025 mol (2.802 g)] was dissolved
in 5 mL of ethanol, added to the CT prepolymer, and
stirred continuously with a mechanical stirrer at 140 ◦C
for 2 h. The formation of a glassy brown gel of citric
acid–triethanolamine–2-furoic acid (CTF) confirmed the
synthesis of the parent hydrogel. The resultant gel was
immersed in pure ethanol for 24 h to remove unreacted
monomers and subsequently dried in a vacuum oven at
35 ◦C for 24 h. A similar procedure was followed by al-
tering the chemical composition of themonomers. Table 1
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lists the experimental details of the synthesized biopoly-
meric hydrogels. Among the different hydrogel series,
CA4 was selected for further investigation based on its

superior swelling behavior compared with the other syn-
thesized hydrogels.

Table 1: Formulation of CA-TEA-FA in distinct composition.

S. No Samples
Monomer

Composition (mole) Description of
Hydrogels

CA TEA FA

1 CTF 0.025 0.025 0.025

Transparent in nature-
Brown glassy gel-
Insoluble in water

2 FA1 0.025 0.025 0.01

3 FA2 0.025 0.025 0.02

4 FA3 0.025 0.025 0.03

5 FA4 0.025 0.025 0.04

6 TEA1 0.025 0.01 0.025

7 TEA2 0.025 0.02 0.025

8 TEA3 0.025 0.03 0.025

9 TEA4 0.025 0.04 0.025

10 CA1 0.01 0.025 0.025

11 CA2 0.02 0.025 0.025

12 CA3 0.03 0.025 0.025

13 CA4 0.04 0.025 0.025

2.1.3. Incorporation of Zinc oxide (ZnO)
Nanoparticles in CA4 Biopolymeric Hydrogels

A total of 0.5 wt% zinc oxide (ZnO) nanoparticles with a
particle size of less than 100 nm were incorporated into
the CA4 biopolymeric hydrogel matrix and stirred con-
tinuously at 35 ◦C for 1 h, resulting in the formation of
biopolymeric nanocomposite hydrogels [CA4-ZnO]. Sim-
ilarly, 1.0 wt% and 2.0 wt% ZnO nanoparticles were sep-
arately incorporated into the CA4 biopolymeric hydrogels
using the same procedure, as shown in Table 2. The ZnO
concentrations (0.5, 1.0, and 2.0 wt%) were calculated
based on the total weight of the synthesized polymer hy-
drogel matrix. The samples were named CA4Z1, CA4Z2,
and CA4Z3 based on the composition of the CA4 hydro-

gel matrix and the ZnO nanoparticles. Here, CA4 rep-
resents the base hydrogel formulation (0.040 + 0.025 +
0.025 mol), Z indicates ZnO nanoparticles, whereas the
numbers 1, 2, and 3 correspond to 0.5 wt%, 1.0 wt%, and
2.0 wt% ZnO nanoparticles, respectively.

2.2. Characterization

2.2.1. Fourier Transform Infrared (FTIR)
Spectroscopic Analysis

The molecular structure of the CA4-ZnO nanocomposite
was characterized using a Shimadzu 8400S FTIR spec-
trophotometer. Samples were prepared using the standard
KBr pellet method, and the spectra were recorded over the
range of 4000–500cm−1.

Table 2: Formulations of CA–TEA–FA with different compositions.

S. No Sample CA4 Hydrogel
Composition (moles)

ZnO
Nanocomposite (wt %) Description of Hydrogels

1 CA4Z1 0.040 + 0.025 + 0.025 0.5
Transparent in nature; brown,
glassy gel; insoluble in water2 CA4Z2 0.040 + 0.025 + 0.025 1.0

3 CA4Z3 0.040 + 0.025 + 0.025 2.0
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2.2.2. UV–Vis Spectrophotometry

An ultraviolet–visible double-beam (UV–Vis) spectropho-
tometer was used to characterize the CA4-ZnO nanocom-
posite. Samples of the compound were collected periodi-
cally to monitor the completion of the reaction. The sam-
ple spectra were recorded over a wavelength range of 190–
1100 nm.

2.2.3. Scanning Electron
Microscopy–Energy-Dispersive X-ray
Spectroscopy (SEM -EDX)

To evaluate the effects of polymer and cross-linker concen-
trations on the surface morphology, the CA4-ZnO hydro-
gel was characterized using scanning electron microscopy
(SEM). SEM coupled with energy-dispersive X-ray spec-
troscopy (EDX) enabled rapid and accurate qualitative
and quantitative analysis of the elemental composition,
providing valuable insights into the hydrogel structure.

2.2.4. High-Resolution Transmission Electron
Microscopy (HR-TEM)

High-resolution transmission electron microscopy (HR-
TEM), operated at 200–300 kV, was used to obtain
high-resolution images and structural information at the
nanoscale.

2.2.5. Thermogravimetric Analysis (TGA)

The thermal properties of the polymeric hydrogels were
investigated using simultaneous thermogravimetric analy-
sis (TGA) with an SDTQ600 (TA Instruments). The TGA
curves were recorded over a temperature range from room
temperature to 500 ◦C.

2.2.6. Swelling Behavior

A 0.200 g sample of dried hydrogel was immersed in
buffer solutions with pH values ranging from 2.0 to
11.0 at room temperature. At regular time intervals,
the swollen hydrogels were carefully removed from the
swelling medium, gently blotted with filter paper to re-
move excess surface water, weighed, and then returned
to the original swelling medium. This procedure ensured
the accurate determination of the water absorption capac-
ity. Finally, excess surface water was removed from the
hydrogels with filter paper. The swelling percentage was
calculated using Equation (1):

Seq% =
Wsq −WI

WI
× 100 (1)

where, WI is the initial weight of the dried hydrogel
and WSq is the weight of the swollen sample at equilib-
rium.

2.3. Biological Applications

2.3.1. Antibacterial Studies

The antibacterial activity was evaluated using the con-
ventional agar well diffusion method. Each bacte-
rial isolate was cultured in brain heart infusion (BHI)
broth and diluted to approximately 10� colony-forming
units (CFU)/mL. The bacterial suspensions were flood-
inoculated onto the surface of Mueller–Hinton agar and
allowed to dry. Sterile cork borers were used to create
wells with a diameter of 5 mm in the agar medium. Subse-
quently, 30 µL of the sample solution (50 µg compound
dissolved in 500 µLDMSO) was placed in each well. The
plates were incubated at 37 ◦C for 18 h. Antimicrobial
activity was evaluated by measuring the diameter of the
inhibition zone. Dimethyl sulfoxide (DMSO) was used as
the solvent control, while ciprofloxacin was used as the
standard antibacterial agent. The tests were performed in
triplicate. The hydrogels were tested against Staphylococ-
cus aureus, Bacillus subtilis, Klebsiella pneumoniae, and
Escherichia coli.

2.3.2. Antifungal Studies

The antifungal activity was evaluated against C. albicans
and A. niger. Clotrimazole (20 mg/well) was used as the
standard. The diameter of the inhibition zone (mm) was
used as an indicator of activity against the test pathogens.

2.3.3. Cytotoxic Studies

The mouse fibroblast cell line (L929) was seeded in a
96-well plate at a concentration of 1 × 10� cells/well
in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum and 1× antibiotic–
antimycotic solution. The cells were incubated in a CO�
incubator maintained at 37 ◦Cwith 5% CO�. After wash-
ing with 200 µL of 1× phosphate-buffered saline (PBS),
the cells were cultured for 24 h in serum-free medium con-
taining different concentrations of the test sample, with
25% DMSO used as the positive control. At the end of
the treatment period, the culture medium was aspirated
from the cells. MTT solution [0.5 mg/mL of (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)]
prepared in 1X PBS was added, and the cells were incu-
bated for 4 h at 37 ◦C in a CO2 incubator. After the incu-
bation period, themedium containingMTTwas discarded,
and the cells were rinsed with 200 µL of PBS. The formed
crystals were dissolved in 100 µL of DMSO and mixed
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thoroughly. The formation of purple-blue formazan dye
was quantified by measuring the absorbance at 570 nm us-
ing a microplate reader.

2.3.4. Antioxidant Studies

Blois’s (1958) method was used to measure the sam-
ple’s DPPH (2,2-diphenyl-1-picrylhydrazyl) radical-
scavenging activity. A 0.5 mL aliquot of the sample
solution in methanol was mixed with 2.5 mL of a 0.5
mM methanolic DPPH solution. The reaction mixture
was shaken well and kept in the dark at room temperature
for 30 min. The absorbance was measured at 517 nm us-
ing a UV spectrophotometer. Ascorbic acid was used as
the positive control. The percentage of DPPH free radical
scavenging activity was determined using the standard
formula.

%of Inhibition = (Absorbance of control −
Absorbance of sample/Absorbance of control)× 100.

2.3.5. Computational Studies

A preliminary computational study was conducted to in-
vestigate the antibacterial activity and protein-binding
properties of CA4 hydrogels and ZnO nanoparticle-
incorporated hydrogels. Therefore, the CA4-ZnO
nanocomposite hydrogels were subjected to molecular
docking studies.

3. Results and Discussion

3.1. Spectral Characterization

3.1.1. FTIR Spectroscopy of CA4-ZnO
Nanocomposite Hydrogels

A stretching frequency observed at 3360 cm−1 corre-
sponds to the hydrogen-bonded O-H stretching vibra-
tion [19,20]. The decrease in the stretching frequency
from 3414 cm−1 to 3360 cm−1 may be attributed to the
incorporation of ZnO nanoparticles into the polymer net-
work. The peak at 2982 cm−1 represents the C-H stretch-
ing vibration. A distinct sharp peak at 1732 cm−1 is as-
cribed to C=O stretching [21]. New absorption peaks
at 1610 cm−1 and 1474 cm−1 were attributed to COO−

stretching vibrations. The prominent spectral peak at 1294
cm−1 is due to the presence of C-N stretching vibrations
found in triethanolamine. The C-O stretching vibration
was observed at 1176 cm−1 in the polyester network. The
peaks at 1073 cm−1 and 1041 cm−1 were attributed to

C-O-C stretching vibrations. The spectral peak appeared
at 670 cm−1, confirming the incorporation of zinc oxide
nanoparticles into the main chain of hydrogels, as shown
in Figure 1 [22].

3.1.2. UV Spectroscopy of [CA4-ZnO]
Nanocomposite Hydrogels

UV–Vis spectroscopy is a key analytical technique
used to characterize citric acid-, 2-furoic acid-, and
triethanolamine-based hydrogels incorporated with zinc
oxide (ZnO) nanoparticles. This method helps confirm
the incorporation of ZnO nanoparticles into the hydrogel
matrix. Figure 2 shows the UV–Vis spectral findings of
CA4-ZnO nanocomposite hydrogels. ZnO nanoparticles
absorb UV–Vis light over the wavelength range of 250–
800 nm [23]. The UV-Visible spectrum of the CA4-ZnO
nanocomposite revealed a broad absorption peak at 300
nm, corresponding to an absorbance value of 0.1. The
absorbance of a nanocomposite hydrogel is caused by
n→π* transitions. The λmax primarily corresponds to
chromophores containing carbonyl groups. This transi-
tion involves the promotion of an electron from a nonbond-
ing (n) orbital, specifically a lone pair on a heteroatom
such as oxygen, to an antibonding (π*) orbital.

3.1.3. SEM and EDX Analysis of CA4-ZnO
Nanocomposite Hydrogels

The surface morphology of the synthesized CA4-ZnO
nanocomposite hydrogel was examined using the CA4Z3
sample by scanning electron microscopy (SEM). The
SEM image (Figure 3) reveals a heterogeneous, non-
porous surface morphology with a rough structure at-
tributed to the hydrogel matrix containing ZnO nanopar-
ticles, which are irregularly distributed throughout the
network. The interaction between the hydrogel polymer
chains and ZnO nanoparticles enhances the swelling abil-
ity and functional properties of the hydrogel.

To validate the synthesis of the CA4-ZnO nanocom-
posite hydrogel CA4Z3, EDX analysis was performed, and
the resulting peaks are shown in Figure 4. The EDX anal-
ysis confirmed the presence of ZnO nanoparticles in the
synthesized nanocomposite. The elemental composition
of the nanocomposite, expressed in weight percentage, re-
vealed the presence of carbon (C), oxygen (O), nitrogen
(N), and zinc (Zn) at 56.16%, 30.69%, 3.29%, and 7.51%,
respectively. The plot of CA4-ZnO nanocomposite hydro-
gels shows the presence of carbon, nitrogen, oxygen, and
zinc (Table 3).
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Figure 1: FTIR spectrum of CA4-ZnO nanocomposite hydrogels.

Figure 2: UV–Vis spectrum of CA4-ZnO nanocomposite hydrogels.
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Figure 3: SEM analysis of [CA4-ZnO] nanocomposite hydrogels of CA4Z3.

Figure 4: EDX analysis of [CA4-ZnO] nanocomposite hydrogels of CA4Z3.

Table 3: Weight percentages of elements in the CA4Z3 nanocomposite hydrogel.

S. No Elements Atomic number Weight percentage

1 Carbon 6 56.16

2 Oxygen 8 30.69

3 Nitrogen 7 3.29

4 Zinc 30 7.51
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3.1.4. HR-TEM Analysis of CA4-ZnO
Nanocomposite Hydrogels

The size and structure of nanoparticles within the hydrogel
network were examined using transmission electron mi-
croscopy (TEM). The TEM images showed that the spher-
ical ZnO nanoparticles were uniformly distributed within
the CA4-ZnO hydrogel matrix. The average particle size

of the CA4-ZnO nanocomposite was approximately 38
nm (Figure 5). The well-defined spherical morphology
of the ZnO nanoparticles indicates strong interactions be-
tween the hydrogel matrix and ZnO nanoparticles. Fur-
thermore, the presence of lower concentrations of spheri-
cal ZnO nanoparticles enhanced the biological activity, as
evidenced by the antibacterial studies [24].

Figure 5: HR-TEM analysis of CA4-ZnO nanocomposite hydrogels.

3.1.5. TGA of [CA4-ZnO] Nanocomposite
Hydrogels

Thermogravimetric analysis (TGA) was performed to in-
vestigate the thermal stability of the CA4-ZnO nanocom-
posite hydrogel, as shown in Figure 6. The TGA curve
shows three stages of degradation. The initial stage of
degradation occurred between 50 ◦C and 100 ◦C, result-
ing in a 9% weight loss due to the removal of residual
water. The second stage of degradation occurred between
150 ◦C and 250 ◦C, resulting in a 23% weight loss due to
the decomposition of 2-furoic acid substituents from the
hydrogel matrix (Figure 6). The third stage of degradation
was observed at 300 ◦C, resulting in a 16% weight loss
due to the decomposition of the polymer network contain-
ing embedded ZnO nanoparticles [25]. Overall, the TGA
study revealed that the ZnO nanocomposite hydrogel ex-
hibited considerable thermal stability, with several degra-
dation stages involving water loss and polymer decompo-
sition. In general, ZnO nanoparticles exhibit high thermal
stability under normal conditions. However, their stability
can be affected by factors such as impurities, interactions
with other materials, and exposure to high temperatures,
which may lead to structural degradation. In the present
study, the interaction between the biopolymeric hydrogel
matrix and ZnO nanoparticles resulted in reduced thermal
stability, likely due to polymeric filler interactions [26].

3.1.6. Swelling Equilibrium (%) of CA4-ZnO
Nanocomposite Hydrogels

ZnO nanoparticles at concentrations of 0.5%, 1.0%, and
2.0%, designated as CA4Z1, CA4Z2, and CA4Z3, re-
spectively, were incorporated into CA4 hydrogels. The
swelling behavior of the CA4-ZnO nanocomposite hydro-
gels at various pH values (2.0, 4.0, 7.0, 9.0, and 11.0) was
evaluated, and the results are presented in Table 4. The
hydrogels exhibited pH-dependent swelling, with maxi-
mal swelling observed under neutral to slightly alkaline
conditions (pH 7–9), owing to the ionization of functional
groups such as -COOH and -OH in the polymeric matrix,
which increases electrostatic repulsion and favors higher
water uptake. CA4Z3 had the largest swelling percentage
(127% at pH 7), followed by CA4Z2 (121%) and CA4Z1
(117%), as shown in Figure 7. Increasing the concentra-
tion of ZnO nanoparticles appears to enhance the swelling
capacity, which may be attributed to their interactions
with the hydrophilic functional groups within the hydrogel
network. At acidic pH (2–4), the swelling ratios decreased
due to protonation of functional groups, which promoted
hydrogen bonding and network contraction. At a higher
alkaline pH of 11, swelling was partially reduced due to
charge shielding and partial degradation of the hydrogel
network [27]. Overall, the swelling investigation demon-
strates that the incorporation of ZnO nanoparticles into
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the hydrogel is advantageous for applications in drug de-
livery, wound dressing, and biomedical systems requiring
controlled release under physiological pH conditions [28].

The biological activities in the present study were evalu-
ated using CA4Z3 nanocomposite hydrogels due to their
favorable swelling behavior.

Figure 6: TGA of [CA4-ZnO] nanocomposite hydrogels.

Table 4: Swelling equilibrium (%) of CA4-ZnO at different pH values.

S. No Sample
CA4

Synthesized Hydrogel
ZnO Nano
Particles
(wt%)

Swelling Equilibrium (%)

pH

(in Grams) 2 4 7 9.0 11

1 CA4Z1 0.200 0. 5 100 107 118 104 100

2 CA4Z2 0.200 1.0 108 113 120 115 107

3 CA4Z3 0.200 2.0 112 117 127 121 117

3.2. Biological Activity of [CA4-ZnO]
Nanocomposite Hydrogels

3.2.1. Antibacterial Activity

CA4Z3 outperformed all other [CA4-ZnO] hydrogel com-
positions in terms of antibacterial performance, as shown
in Figure 8. The antibacterial activity was evaluated
against Gram-positive bacterial strains (S. aureus and B.
subtilis) and Gram-negative bacterial strains (E. coli and
K. pneumoniae), using ciprofloxacin as the standard refer-
ence drug. The standard drug ciprofloxacin produced in-
hibition zones of 25 mm against S. aureus, 18 mm against

B. subtilis, 20 mm against K. pneumoniae, and 30 mm
against E. coli. The CA4Z3 hydrogels exhibited inhibition
zones of 0 mm against E. coli, 8 mm against S. aureus,
10 mm against B. subtilis, and 6 mm against K. pneumo-
niae (Figure 8). These findings indicate that the hydrogel
exhibited moderate inhibitory activity against S. aureus,
B. subtilis, and K. pneumoniae, whereas E. coli showed
no antibacterial activity, which may be attributed to vari-
ations in cell membrane permeability toward the antibac-
terial agent [29]. The obtained results demonstrate that
CA4Z3 hydrogels exhibited moderate inhibitory effects,
indicating their potential for biological applications.
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Figure 7: Graphical representation of swelling equilibrium (%) of CA4-ZnO at different pH values.

Figure 8: Antibacterial activity of CA4Z3 nanocomposite hydrogels.
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3.2.2. Antifungal Activity

The hydrogels were evaluated for antifungal activity
against fungal strains, including Candida albicans and As-
pergillus niger, using the agar well diffusion method. The
standard antifungal drug clotrimazole exhibited inhibition
zones of 16 mm against Candida albicans and 26 mm
against Aspergillus niger. In comparison, the CA4Z3 hy-
drogel at a concentration of 300 mg/well produced a 4 mm
inhibition zone against Candida albicans, while no inhibi-
tion (0 mm) was observed against Aspergillus niger (Fig-

ure 9). These findings revealed that the antifungal activ-
ity of the hydrogel was significantly lower than that of the
standard drug. The limited inhibition may be attributed
to the robust chitinous cell walls and melanin pigments
present in these fungi, which enhance resistance to oxida-
tive stress and reduce the susceptibility of the cells to ZnO
nanoparticle attack [30]. Nevertheless, the incorporation
of ZnO nanoparticles into polymeric hydrogel matrices
may provide a synergistic antifungal platform with poten-
tial applications in biomedical and agricultural fields.

Figure 9: Antifungal activity of CA4Z3 nanocomposite hydrogels.

3.2.3. Cytotoxicity Activity

Several studies have investigated the cytotoxicity of ZnO
nanoparticles using the MTT assay, demonstrating their
effects on awide range of animal cell types [31]. Figure 10
shows the cell viability% of CA4Z3 nanocomposite hydro-
gels. The concentrations of 25, 50, 100, 250, and 500
µg/mL yielded percentages of 95, 90, 90, 85, and 82%, re-
spectively. CA4Z3 was classified as non-toxic according
to the criteria defined by ISO 10993-5 [32]. The average
cell viability was greater than 80% at all concentrations.
As the result, among the CA4-ZnO nanocomposite hydro-
gels, CA4Z3 exhibited a higher percentage of cell viabil-
ity, particularly at lower concentrations (25, 50, and 100

µg/mL), indicating its suitability and safety for biomedi-
cal applications (Figure 11).

3.2.4. Antioxidant Activity

The antioxidant activity of CA4Z3 nanocomposite hydro-
gels was evaluated using the DPPH radical-scavenging as-
say, with ascorbic acid as the reference standard. The in-
hibition rates ranged from 32% to 94% at different con-
centrations (25, 50, 100, 250, and 500 µg/mL), with cor-
responding values of 32%, 42%, 67%, 90%, and 94%, re-
spectively. CA4Z3 hydrogels exhibited antioxidant activ-
ity of 42%, 53%, 61%, 68%, and 79% at concentrations of
25, 50, 100, 250, and 500 µg/mL, respectively, as shown
in Figure 12.
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Figure 10: MTT Assay of CA4Z3 at different concentrations.

Figure 11: The cytotoxicity MTT assay of CA4Z3 at various concentrations.

At lower concentrations (25 and 50 µg/mL), CA4Z3
exhibited moderate inhibition, whereas ascorbic acid
showed comparatively lower inhibition. At medium con-
centrations (100–250 µg/mL), the antioxidant activity of
CA4Z3 gradually increased, followed by a further increase
in activity at higher concentrations. At the maximum con-
centration (500 µg/mL), CA4Z3 exhibited good inhibition
compared with ascorbic acid. These results suggest that
the ZnO nanocomposite hydrogel possesses significant an-
tioxidant properties, which may be attributed to the inter-

action of ZnO nanoparticles with free radicals. This may
promote electron donation and hydrogen transfer to DPPH
radicals through the hydrophilic functional groups (-OH,
-NH, and -COOH) present in the hydrogel matrix. The
interaction between ZnO nanoparticles and the polymeric
network facilitates enhanced radical-scavenging efficacy.
The IC50 of CA4Z3 was 149 µg/mL for the DPPH method.
The scavenging activity and IC50 value exhibit an inverse
relationship [33]. Similar findings have also been reported
by Patel et al. (2011) [34].

Ruben et al.

12

Ecological & Sustainable Materials Connect

ACCEPTED A
RTIC

LE

https://scifiniti.com/
https://scifiniti.com/journals/ecological-sustainable-materials-connect


2026, Vol. 1, Article ID. 2026.0003
https://doi.org/10.69709/ESM.2026.109909

Figure 12: Antioxidant activity of CA4Z3 at distinct concentrations.

3.3. Computational Studies of CA4-ZnO
Nanocomposite Hydrogels

3.3.1. Density Functional Theory (DFT)

Since the CA4-ZnO nanocomposite hydrogels exhibited
biological activity, DFT and molecular docking studies
were conducted to explore their mechanism of action. Ini-
tially, an intrinsic reaction coordinate (IRC) analysis was
performed using the three basic monomers, namely citric
acid, triethanolamine, and 2-furoic acid, which were uti-
lized in the synthesis of the hydrogels. The IRC study re-

vealed the structure selected for optimization at the DFT
level. The monomers were further optimized at the 6-
31G(d) level using the B3LYP (Becke, 3-parameter, Lee–
Yang–Parr) functional, and the FMOs (Frontier Molecular
Orbitals) were visualized to evaluate the molecular orbital
aspects of reactivity. After geometry optimization, the
molecular electrostatic potential (MESP) was generated
to identify probable reactive regions of the molecule. The
optimized molecules were subsequently used for dock-
ing studies. The DFT-derived values for the CA4-ZnO
nanocomposite hydrogels are presented in Table 5.

Table 5: The values generated from DFT calculations of CA4-ZnO nanocomposite hydrogels.

Description HOMO
eV

LUMO
eV

Band
Gap eV

Energy
H Dipole D Symmetry

CA4-ZnO −6.171 −2.086 4.085 −3740.41 7.8291 C1

The FMO analysis revealed that, although the three
monomers combine to form the hydrogel network, the
IRC results indicated that the FMOs were unevenly dis-
tributed across the individual monomers. After optimiza-
tion, it was observed that the HOMO (Highest Occu-
pied Molecular Orbital) was primarily localized on the tri-
ethanolamine moiety of the hydrogel, whereas the LUMO
(Lowest Unoccupied Molecular Orbital) was distributed
slightly over the citric acid moiety, in close proximity to

the ZnO nanoparticles within the hydrogel network (Fig-
ure 13). The 2-furoic acid moiety exhibited no lobes over
its structure, indicating the absence of significant reac-
tive regions within this segment. The denser lobes ob-
served near the ZnO nanoparticle region suggest the pres-
ence of prominent reactive regions around its center. The
MESP illustrates the distribution of electrostatic potential
across the molecular surface, including the presence of
positive potential regions, as shown in Figures 14 and 15.
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These findings suggest that the corresponding moiety con-
tributes to the desired biological activity through elec-
tronic effects arising from the coexistence of negative and
positive potential regions. A higher-potential region was

observed near the ZnO nanoparticle region, and the bio-
logical activity was enhanced through the incorporation
of ZnO nanoparticles into the hydrogel matrix.

Figure 13: Frontier molecular orbital (FMO) and intrinsic reaction coordinate (IRC) of the CA4-ZnO nanocomposite hydrogel.

3.3.2. Molecular Docking (PDB ID: 1N67 and
4DXD)

In view of their biomedical properties, the nanocompos-
ite hydrogels were subjected to docking studies against
important receptors associated with antibacterial activ-
ity and wound healing, including the FtsZ (filamenting
temperature-sensitive mutant Z) protein complex [35] and
the Staphylococcus aureus protein target Clumping Fac-
tor A [36]. Infections caused by drug-resistant strains of

Klebsiella pneumoniae represent a major challenge to the
efficacy of conventional antibiotics. Therefore, there is
an increasing need to investigate alternative antimicrobial
therapies, particularly hydrogels synthesized from simple
monomeric compounds [37]. Considering the biologi-
cal importance of hydrogel derivatives, the present study
aimed to synthesize, characterize, and investigate the bi-
ological potential of the hydrogel using a simple, conve-
nient, and eco-friendly synthetic methodology.
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Figure 14: The optimized geometry of the CA4-ZnO nanocomposite hydrogels.

Figure 15: The MESP of the CA4-ZnO nanocomposite hydrogels.

The molecular docking study was conducted to
evaluate the interactions between CA4-ZnO nanocompos-
ite hydrogels and the FtsZ protein complex (PDB ID:
4DXD), given their strong antibacterial properties. Ad-
ditionally, CA4-ZnO nanocomposite hydrogels were eval-
uated against the Staphylococcus aureus protein Clump-
ing Factor A (PDB ID: 1N67), which demonstrated sig-
nificant antibacterial activity. Both nanocomposite hydro-
gels exhibited favorable docking scores. However, the

CA4-ZnO nanocomposite hydrogel demonstrated stronger
and more favorable binding interactions with the Clump-
ing Factor A protein, as shown in Table 6. The CA4-ZnO
nanocomposite hydrogel also demonstrated superior lig-
and efficiency across all evaluated parameters, including
standard ligand efficiency (−0.188), surface area-adjusted
ligand efficiency (−0.633), and log-normalized ligand ef-
ficiency (−1.543).
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Table 6: Docking properties of CA4-ZnO nanocomposite hydrogels against Clumping Factor A.

Property Clumping Factor a From Staphylococcus Aureus (1N67) CA4-ZnO

Docking Score −7.154

Glide Ligand Efficiency −0.188

Glide Ligand Efficiency SA −0.633

Glide Ligand Efficiency LN −1.543

Glide G Score −7.154

Glide Evdw −21.263

Glide Ecoul −21.754

Glide Emodel −42.555

Glide Energy −43.017

XP GScore −7.154

XP HBond −1.860

In the CA4-ZnO–Clumping Factor A complex, the
ligand is tightly anchored via hydrogen bonds with polar
residues (ASN267, SER268, and GLN235) and stabilized
by hydrophobic contacts (VAL270, VAL323, ALA269,
and ILE232) and potential electrostatic interactions with
ASP273. Water-mediated interactions and minimal sol-
vent exposure further enhance binding stability. These
findings suggest that CA4-ZnO nanocomposite hydrogels
may serve as effective modulators of S. aureus proteins.

3.3.3. ADMET (Absorption, Distribution,
Metabolism, Excretion, and Toxicity)

The water solubility of a compound (LogS) represents the
solubility of the compound at 25 ◦C. Drugs with higher
water solubility are absorbed more efficiently than lipid-

soluble compounds, and the obtained value of −2.99 in-
dicates favorable aqueous solubility. Similarly, intestinal
absorption predicts the percentage of an orally adminis-
tered drug that is absorbed. The low absorption value ob-
served in this study suggests that the compound may be
more effectively administered through alternative routes
rather than oral delivery.

The blood-brain barrier (BBB) indicates the ability
of a drug to penetrate the brain and represents an impor-
tant factor in minimizing side effects and toxicity while
enhancing therapeutic efficacy. The evaluated nanocom-
posite hydrogels were predicted to cross the BBB, as pre-
sented in Table 7. The obtained value suggests favorable
BBB permeability for the investigated drug delivery sys-
tem.

Table 7: ADMET properties of CA4-ZnO nanocomposite hydrogels.

Properties CA4-ZnO

Molecular Weight 592.82

Water Solub −2.99

Caco2 perm −0.23

Intest Abs 32.4

Skin Perm −2.73

Glycopro substrate Yes

BBB Perm −2.43

CNS Perm −3.85

CYP1A inhibitor No

Log P 0.624

Surface area 223.12
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4. Conclusions

In the current research, pH-responsive CA4 hydrogels
with varying nano-ZnO concentrations were developed.
The UV analysis of the CA4-ZnO nanocomposite hydro-
gel revealed a strong peak at 300 nm, indicating the pres-
ence of ZnO nanoparticles. FTIR spectroscopy revealed
peaks at 1073 cm−1 and 1041 cm−1, corresponding to
the C-O-C stretching vibrations. The peak observed
at 670 cm−1 confirmed the incorporation of zinc oxide
nanoparticles into the hydrogel network. The SEM-EDX
analysis of [CA4-ZnO] revealed a heterogeneous, non-
porous, and rough surface structure resulting from the in-
corporation of ZnO nanoparticles within the hydrogel ma-
trix. The ZnO nanoparticles were irregularly distributed
throughout the matrix. The EDX spectrum confirmed
the presence of carbon (C), oxygen (O), nitrogen (N),
and zinc (Zn), with corresponding weight percentages of
56.16%, 30.69%, 3.29%, and 7.51%, respectively. The
TEM analysis of [CA4-ZnO] nanocomposite hydrogels
revealed a nanoparticle size of approximately 38 nm. The
TGA study demonstrated that the ZnO nanocomposite hy-
drogel exhibited considerable thermal stability, with mul-
tiple degradation stages involving water loss and poly-
mer decomposition. The swelling behavior of the hydro-
gel was also evaluated at varying pH values (2.0–11.0),
and the results showed that the swelling capacity and
swelling equilibrium were higher under neutral condi-
tions (pH 7). The swelling studies clearly demonstrated
that citric acid has the ability to modulate the swelling
behavior of the hydrogel. The increased concentration of
nano-ZnO in CA4Z3 resulted in a higher swelling ratio
than that of the other hydrogel formulations. Antibac-
terial investigation of [CA4-ZnO] nanocomposite hydro-
gels showed moderate inhibitory activity against S. au-
reus, B. subtilis, and K. pneumoniae, whereas no an-
tibacterial activity was observed against E. coli, possi-
bly because of differences in cell membrane permeabil-
ity toward the antibacterial agent. Similarly, the anti-
fungal assay showed low inhibition, which may be at-
tributed to the presence of robust chitinous cell walls
and melanin pigments in Aspergillus niger and Candida
albicans. These structural features provide resistance
against oxidative stress and ZnO nanoparticle-mediated
activity. The antioxidant activity results demonstrated
that CA4Z3 hydrogels exhibited significant antioxidant
properties, particularly at higher concentrations of 100,
250, and 500 µg/mL. The average cell viability in the
cytotoxic assays was greater than 80% at all concen-
trations, indicating potential suitability for biomedical
applications. The docking studies revealed that the
nanocomposite hydrogels could serve as effective mod-

ulators of S. aureus proteins and demonstrated the poten-
tial to readily cross the blood-brain barrier (BBB). Over-
all, the study concludes that the developed biocompati-
ble, pH-sensitive hydrogels have promising applications
in industrial and biomedical fields, including tissue en-
gineering, wound healing, drug delivery, and other high-
performance biomedical applications.

List of Abbreviations

ADMET Absorption, Distribution, Metabolism,
Excretion and Toxicity

ALA269 Alanine at Position 269
ASN267 Asparagine at Position 267
ASP273 Aspartic Acid at Position 273
BBB Blood-Brain Barrier
BHI Brain Heart Infusion
CA Citric Acid
CFU Colony-Forming Units
CT Citric acid–Triethanolamine
CTF Citric acid–Triethanolamine-2 Furoic Acid
DFT Density Functional Theory
DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethyl Sulfoxide
DPPH 2,2-Diphenyl-1-Picrylhydrazyl
EDX Energy Dispersive X-ray
FA 2 Furoic Acid
FMO Frontier Molecular Orbital
FT-IR Fourier Transform Infrared Spectroscopy
FtsZ Filamenting Temperature-Sensitive

Mutant Z
GLN235 Glutamine at Position 235
HOMO Highest Occupied Molecular Orbital
HR-TEM High-Resolution Transmission Electron

Microscopy
ILE232 Isoleucine at Position232
IRC Intrinsic Reaction Coordinate
LogS Logarithmic Value of the Aqueous

Solubility of the Compound
LUMO Lowest Unoccupied Molecular Orbital
MESP Molecular Electrostatic Potential
MO Molecular Orbital
MTT 3-(4,5-dimethylthiazol-2-yl)-

2,5diphenyltetrazoliumBromide
PBS Phosphate- Buffered Saline
SEM Scanning Electron Microscopy
SER268 Serine at Position 268
TEA Triethanolamine
TGA Thermalgravimetric Analysis
UV Ultraviolet Spectroscopy
VAL270 Valine at Position 270

Ecological & Sustainable Materials Connect
17

Ruben et al.

ACCEPTED A
RTIC

LE

https://scifiniti.com/
https://scifiniti.com/journals/ecological-sustainable-materials-connect


2026, Vol. 1, Article ID. 2026.0003
https://doi.org/10.69709/ESM.2026.109909

VAL323 Valine at Position 323
ZnO Zinc Oxide
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