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Abstract

In this work, hydrogels (CA4) were synthesized through esterification reaction using 2-furoic acid
(FA), triethanolamine (TEA), and Citric acid (CA) subsequently incorporated with nano-ZnO
particles to obtain [CA4-ZnO] hydrogels. By evaluating the synthesized [CA4-ZnO]
nanocomposite hydrogels with UV, FTIR, 'H NMR, '3C NMR, TGA and SEM-EDX analytical
methods. It confirmed that nano Zinc oxide were incorporated within the CA4 network. Swelling
behavior and the pH range from 2.0 to 11.0 were used to closely study the properties of hydrogels.
As a result, neutral media (pH 7.0) shows the highest swelling percentage, rather then acidic and
alkaline medium. Swelling equilibrium results enhance greatly with increase in nano ZnO
concentration. Thermo gravimetric analysis (TGA) showed that the hydrogels of the [CA4-ZnO)]
nanocomposite were thermally stable up to 300 °C. The Antibacterial studies were conducted with
the gram positive bacteria like Staphylococcus aureus, Bacillus subtilis, and Gram negative

bacteria namely Klebsiella pneumonia, Escherichia coli produces excellent results in inhibition
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percentage. The antifungal study shows the lower zone of inhibition. The Cytotoxic study indicates
good percentage in cell viability and the antioxidant analysis exhibits good zone of inhibition
percentage. The optimized hydrogels docking studies revealing that the biological activity has been
improved with inclusion of nano ZnO in the hydrogels. [CA4-ZnO] nanocomposite hydrogels with
the latter protein showed a stronger and more favorable binding to Clumping Factor A. The [CA4-
ZnO] nanocomposite hydrogels is capable of overcoming drug resistance and nano zinc oxide
based hydrogels had respective anti-bacterial and wound healing properties. Thus, the hydrogels
explored in the present study be beneficial for tissue engineering, wound healing, and other high-

performance uscs.

Keywords: Nanocomposite hydrogels, Swelling behavior, Antibacterial studies, Antioxidant

analysis, Molecular docking, Clumping Factor A.

INTRODUCTION

Hydrogels are polymeric networks effective in capturing and retaining massive amount of water.
They are polymeric materials that can enlarge and store a significant volume of water within their
structure while remaining insoluble in water. Due to their high water level, hydrogels exhibit a
high degree of flexibility, resembling to the natural tissues. The hydrogels absorb water because
of hydrophilic groups in the polymer backbone . Hydrogels are characterized by their swelling
capacity within the hydrogel network. However, polymer—water interaction forces are the primary
factor responsible for hydrogel swelling. Polymer—water interactions, electrostatic forces, and
osmotic pressure play the role in the expansion of hydrogel polymeric network. The swelling
behavior of hydrogels can be categorized into non-ionic, ionic (anionic, cationic, and amphoteric),
and hydrophilic hydrogels containing hydrophobic groups. The non-ionic hydrogels, like poly(N-

vinyl pyrrolidone) and poly(ethylene oxide), swells in aqueous media because of water—polymer



interactions. The hydrogels exhibit good transparency and can be easily modified. Hydrogels are
ecologically friendly and self-healing ?!, Timely distribution of medicines or nutrients PHydrogels
have the ability to sense changes due to pH, temperature, or metabolite Concentration etc., 1,
Chemical crosslinking enhances the mechanical strength of the hydrogels [®!. This approach is
extremely effective for the formation of in situ hydrogels structures. Physical cross-linking
techniques involve ionic interactions as well as temperature-dependent and pH-dependent
mechanisms for cross-linking. ). The wide range of applications are tissue engineering and the

891 efficient wound therapy '),

design of biological tissues in both in vitro and in vivo systems
drug delivery ['!], gene therapy ['?], wide range of tissue engineering applications, notably the repair
of blood arteries, the skin, heart valves, cartilage, along with tendons ['3, contact lens
manufacturing !4, biosensorsand Waste water remediation technique '3, Zinc oxide (ZnO)
nanoparticles have attracted considerable attention in biomedical applications due to their excellent
antibacterial activity, biocompatibility, and stability. ZnO nanoparticles can effectively inhibit the
growth of a wide range of microorganisms through the generation of reactive oxygen species and
the disruption 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 nanoparticles, such as silver (Ag20) 1%, gold (Au), copper oxide
(CuO)!'™ | titanium dioxide (TiO-), Magnesium oxide (MgO) and zinc oxide (ZnO) ['*¥), have been
widely investigated for antibacterial and wound healing applications because of their strong
antimicrobial efficiency and ability to accelerate the healing process. Therefore, ZnO nanoparticles

were incorporated into the CA4 matrix to prepare the CAs—ZnO nanocomposite in order to improve

its antibacterial performance and wound healing potential.



Bio-polymeric three-dimensional hydrogels networks are formed from biocompatible
components that can absorb and hold large quantity of water while maintaining its structural
integrity. Due to its biocompatibility, biodegradability, and tunable physicochemical
characteristics, they have gained significant attention in biomedical applications. In the present
study, the hydrogel network was developed using citric acid, triethanolamine, and 2-furoic acid as
functional building components. Citric acid acts as an effective crosslinking agent due to the
presence of multiple carboxylic groups, which facilitate the synthesis of a stable polymeric
network through esterification and hydrogen-bonding interactions. Triethanolamine contributes to
the stabilization of the hydrogel structure through intermolecular interactions, while 2-furoic acid
introduces additional functional groups that enhance the physicochemical properties of the

hydrogel.

To further improve the functional performance of the hydrogel, zinc oxide (ZnO) nanoparticles
were incorporated into the polymeric matrix to form a CA4—ZnO nanocomposite hydrogel. The
incorporation of ZnO nanoparticles into the hydrogel network enhances its antimicrobial efficiency

and promotes tissue regeneration, which is suitable for the biomedical applications.

2. EXPERIMENTAL
2.1 Methods
2.1.1 Stage I: Synthesis of Pre-polymers
The Citric acid (CA) was used as the monomer. A quantity of 0.025 mol (4.803 g)

Citric acid (CA), were diluted in 5 mL of ethanol and then transferred in to the round-bottomed

flask fitted with the mechanical stirrer until the monomer completely dissolved in ethanol.



Triethanolamine (TEA) [0.025 mol (3.3006 g)] diluted in 5 mL of ethanol was added to citric acid,
drop by drop using a dropping funnel. The mixture had been stirred for an hour at 140 °C. The
development of a sticky white gel implies the formation of pre-polymer (Citric acid-

Triethanolamine [CT]).

2.1.2 Stage II: Synthesis of Bio-polymeric Hydrogels

2-Furoic acid (FA) (0.025 mol, or 2.802 g) were dissolved in 5 mL of ethanol and
transferred into the pre-polyester CT and stirred continuously for 2 hours in mechanical stirrer up
to 140 °C. The formation of glassy brown gel of Citric acid-Triethanolamine-2 Furoic acid (CTF)
confirms the synthesis of parent hydrogels. The resultant gel was immersed in pure ethanol for 24
hours to eliminate unreacted monomers, further it was dried using a vacuum oven at 35 °C
temperatures for 24 hours. A similar approach has been taken by altering the chemical composition
of monomers. Table 1 lists the experimental details of a series of synthesized biopolymeric
hydrogels. Among the different series of hydrogels, CA4 is taken for further research based on

their higher swelling behavior compared with other series of synthesized hydrogels.



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

Monomer
S.No | Samples | Composition (mole) Description of Hydrogels
CA | TEA | FA
| CTF 0.025 | 0.025 | 0.025
2 FA, 0.025 | 0.025 | 0.01
3 FA, 0.025 | 0.025 | 0.02
4 FA; 0.025 | 0.025 | 0.03
5 FA4 0.025 | 0.025 | 0.04
6 TEA; | 0.025 | 0.01 | 0.025 | Transparent in nature -Brown
7 TEA, | 0.025 | 0.02 | 0.025 | glassy gel - Insoluble in water
8 TEAs; | 0.025 | 0.03 | 0.025
9 TEA4 | 0.025 | 0.04 | 0.025
10 CA, 0.01 | 0.025 | 0.025
11 CA; 0.02 | 0.025 | 0.025
12 CA; 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

The 0.5 wt% of Zinc oxide (ZnO) nanoparticles with the particle size of less than 100 nm were

incorporated into the CA4 biopolymeric hydrogel matrix and stirred constantly for 1 hour at 35 °C,

leading to the formation of nanocomposite biopolymeric hydrogels [CA4-ZnO]. Similarly, 1.0 wt%

and 2.0 wt% of ZnO was carried out in same process with CA4 biopolymeric hydrogels, separately

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 hydrogels matrix. The samples were named CA4Z;,

CA4Zs, and CA4Z3 based on the CA4 hydrogel matrix composition and the ZnO nanoparticles.

Here, CA4 represents the base hydrogel formulation (0.040 + 0.025 + 0.025 moles), Z indicates

ZnO nanoparticles, whereas the subscript numbers i.e., 1, 2 and 3 correspond to 0.5 wt%, 1.0 wt%

and 2.0 wt% of ZnO nanoparticles, respectively.

Table 2: Formulation of CA4 Hydrogel in distinct composition with ZnO nanoparticles

CA4 Hydrogel ZnO
Description of
S.No Sample Composition (moles) | Nanocomposite
Hydrogels
(wt %)
1 CA4Zy 0.040 + 0.025 + 0.025 0.5 Transparent in nature -
2 CA4Z> 0.040 + 0.025 + 0.025 1.0 Brown glassy gel -
3 CA4Z3 0.040 + 0.025 + 0.025 2.0 Insoluble in water

2.2 CHARACTERIZATIONS

2.2.1. Fourier transform infrared (FTIR) spectroscopy analysis




The FTIR Shimadzu 8400S spectrophotometer was utilized to successfully examine the molecular
structure of [CA4-ZnO)], utilizing samples made with the standard KBr disc method. The spectra

were obtained between 4000 to 500 cm’.

2.2.2 UV-Vis Spectrophotometer

An ultraviolet-visible double-beam (UV-Vis) spectrophotometer was used to characterize the
[CA4-ZnO] complex. Periodically, samples of the compound were taken in order to track the

reaction's conclusion. The sample spectra were captured between 190 to 1100 nm in wavelength.

2.2.3 Scanning Electron Microscopy (SEM -EDX)

To evaluate the polymer and cross linker concentrations affect surface shape, we studied the
hydrogel [CA4-ZnO] using advanced scanning electron microscopy (SEM). This SEM, combined
with an Energy-Dispersive X-ray spectrometer (EDX), facilitates rapid and exact qualitative and

quantitative study of elemental compositions, offering crucial insights of our investigation.

2.2.4 High-Resolution Transmission Electron Microscopy (HR-TEM)
200-300 kV for High-Resolution Transmission Electron Microscopy (HR-TEM) is an advanced
characterization technique that uses a high-energy electron beam to obtain ultra-high-resolution

images and structural information of materials at the nanoscale.

2.2.5 Thermo gravimetric analysis (TGA)



Thermo gravimetric analysis (TGA) with SDT Q 600, Polymeric hydrogels thermal characteristics
was investigated using simultaneous TGA (TA Instruments). TGA curves were captured at

temperatures ranging from ambient to 500 ° C.

2.2.6 Swelling behavior

The 0.200 g of dried hydrogel was soaked in buffer solutions ranging in pH from 2.0 to 11.0 in
room temperature. In regular time intervals, the expanded hydrogels was carefully withdrawn from
the swelling medium, and then wiped with the filter paper to remove excess water, weighed, and
then returned to the original solution. This rigorous approach guarantees that their absorption
capacity is measured. Finally, surface water from the hydrogels was removed with filter paper.

The efficiency of water consumption can be calculated using the following equation (1):
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Where, W= Initial weight of the dried out hydrogel

Wsq= The weight of the enlarged sample at equilibrium.

2.3 Biological Applications

2.3.1 Antibacterial studies

The antibacterial study was investigated by conventional agar well diffusion method. Each
bacterial isolate was immersed in Brain Heart Infusion (BHI) broth and diluted around 10° colony-
forming units (CFU) per milliliter. They were flood-inoculated onto the surface of Media (Mueller
Hinton Agar for Bacteria) and dried. Using the sterile cork borer, the wells of 5 mm were made in

the agar medium. Subsequently, 30 pL of the sample solution (50pg compound dissolved in 500



uL DMSO) was placed in each well. The plates were then incubated for 18 hours at 37°C for
bacterial cultures. Antimicrobial activity was determined by measuring the diameter of the
inhibition zone. Dimethyl Sulfoxide (DMSO) was employed as the solvent control while
ciprofloxacin was utilized as the standard antibacterial agent. The tests were performed in
triplicate. The hydrogels were induced with bacteria specifically Staphylococcus aureus, Bacillus

subtilis, Klebsiella pneumonia, and Escherichia coli.

2.3.2 Antifungal studies
The Antifungal activity is carried out with C.albicans and A.niger. The Clotrimazole 20 mg/well
is taken as standard. The diameter of the zone of inhibition (mm) was taken as the indicator of

activity against the test pathogens.

2.3.3 Cytotoxic studies

The mouse fibroblast cell line (L929) was plated separately on a 96-well plate at a concentration
of 1x104 cells/well in DMEM (Dulbecco’s Modified Eagle Medium )media containing 10% fetal
bovine serum and 1X antibiotic antimycotic solution in a CO2 incubator set at 37°C with 5% COs.
After being cleaned with 1X PBS (Phosphate-Buffered Saline) in 200 pL , the cells were cultured
for 24 hours in serum-free medium with different concentrations of the test sample and DMSO
(25%) as the positive control.. At the end of the treatment period, the 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 cell was incubated for 4 hours at 37°C in a CO>
incubator. After incubation period, the medium containing MTT was discarded and the cells were
rinsed with 200 pL of PBS. The formed crystals were dissolved in100 uL. of DMSO and mixed

thoroughly. The color intensity development was assessed at 570 nm, and the development of



purple-blue formazan dye was evaluated by measuring the absorbance 570 nm through a

microplate reader.

2.3.4 Antioxidant studies

Blois's (1958) approach was used to measure the sample's DPPH (2,2-diphenyl-1-picrylhydrazyl)
radical scavenging activity. 0.5 ml of the sample solution in methanol was mixed with the 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 minutes. The absorbance at 517 nm was measured using UV
spectrophotometer. Ascorbic acid was taken as the positive control. The percentage of the DPPH

free radical scavenging was determine using the standard formula.

% of Inhibition = Absorbance of control — Absorbance of sample / Absorbance of control x100.

2.3.5 Computational Studies
A pilot computational study was determined to investigate the antibacterial activity and protein
binding aspects of CA4 hydrogels and ZnO nanoparticles incorporated hydrogels. Therefore, the

[CA4—ZnO] nanocomposite hydrogels were subjected to molecular docking studies.

3. RESULTS AND DISCUSSION

3.1.1 FT-IR Spectroscopy of [CA4- ZnO] Nanocomposite Hydrogels

A stretching frequency observed at 3360 cm™ relates to the hydrogen bonded O-H stretching

vibration [!*2%1 which shows the decreasing of stretching frequency from 3414 cm™ to 3360 cm™!



might be due to the incorporation of nano ZnO into the polymer network. The peak at 2982 cm™!

represents the C-H stretching vibration. A distinct sharp peak at 1732 cm™ ascribed to C= O

stretching ?!!. A new absorption peaks at 1610 cm™ and 1474 cm™! were attributed to the COO"

stretching vibrations. The prominent spectral peak at 1294 cm™ is due to the presence of C-N

stretching vibrations found in triethanolamine. The C-O stretching vibration was seen in 1176 cm’

! of the polyester network. The peak at 1073 cm™ and 1041 cm™ were due to C-O-C stretching

frequency. The spectral peak appeared at 670 cm™ which confirms the incorporation of zinc oxide

nanoparticles in the main chain of hydrogels as shown in Fig. 1 221,
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Fig.1: FT-IR Spectroscopy of [CA4- ZnO] Nanocomposite Hydrogels



3.1.2 UV Spectroscopy of [CA4- ZnO] Nanocomposite Hydrogels

UV-Visible spectroscopy is a key analytical technique used to characterize citric acid, 2-
furoic acid, triethanolamine based hydrogels incorporating zinc oxide (ZnO) nanoparticles. This
method helps to confirm the incorporation of ZnO nanoparticles in hydrogel matrix. Fig. 2 clarifies
the UV-visible spectral finding of [CA4-ZnO] nanocomposite hydrogels. ZnO nanoparticles
absorb ultra UV-visible light most effectively between 250 to 800 nm [?*). The wavelength
spectrum of [CA4 - ZnO] revealed a broad absorption peak at 300 nm, corresponding to absorbing
capacities of 0.1 respectively. The absorbance of a nanocomposite hydrogel is caused by n—n*
transitions. The Amax primarily involving chromophores with a carbonyl group. This transition
involves an electron from non-bonding (n) orbital, specifically a one-pair on a heteroatom like

oxygen being promoted to an antibonding (n*) orbital.
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Fig.2: UV Spectroscopy of [CA4- ZnO] Nanocomposite Hydrogels

3.1.3 SEM & 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 (Fig.3) shows
a heterogeneous, non-porous, with rough surface structure due to hydrogel matrix packed with
ZnO nanoparticles, which are scattered irregularly. The interaction of the hydrogel polymer chains

with ZnO increases swelling ability, and functional qualities.

To validate the synthesis of the [CA4 - ZnO] complex of CAsZ3 nanocomposite hydrogels,
EDX analysis was performed, and the resulting peaks are shown in (Fig.4). The EDX analysis
shows that the produced nano composite contains ZnO NPs. In weight percentage, the respective

amount of C, O, N, and Zn were 56.16, 30.69, 3.29 and 7.51 %, respectively. The plot of [CA4 -



ZnO] nanocomposite hydrogels shows the presence of carbon, nitrogen, oxygen, and zinc (Table

3).
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Fig.3 : SEM analysis of [CA4- ZnO] Nanocomposite Hydrogels of CA4Z;3
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Fig. 4 : EDX analysis of [CA4- ZnO] Nanocomposite Hydrogels of CA4Z3

Table. 3: The weight percentage of elements in [CA4- ZnO] Nanocomposite Hydrogels of

CA4Z3
SL.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

3.1.4 HR-TEM analysis of [CA4- ZnO] Nanocomposite Hydrogels

The size and structure of nanoparticles within the hydrogel network are examined using
transmission electron microscopy (TEM). TEM pictures shows the spherical ZnO NPs evenly
scattered and located in the CA4-ZnO hydrogel matrix. The usual size of CAs-ZnO was 38 nm
(Fig. 5). The well-defined spherical morphology of the ZnO nanoparticles indicates strong
interaction between hydrogel matrix and the ZnO nanoparticles. Furthermore, the lower
concentrations of spherical ZnO nanoparticles increased biological activity as it is evident from

antibacterial studies ** .



Fig. 5 : HR-TEM analysis of [CA4- ZnO] Nanocomposite Hydrogels

3.1.5 TGA of [CA4-ZnO] Nanocomposite Hydrogels

Thermogravimetric Analysis (TGA) was to study the thermal stability in [CAs - ZnO]
nanocomposite hydrogel as shown in Fig. 6. The TGA curve shows three-stage disintegration. The
earliest step of deterioration occurs between 50°C and 100°C, lead to 9 % drop in weight due to
the elimination of residual water. The second stage decay occurred at temperatures ranging from
150 to 250 °C, which results in a 23% weight loss caused by the breakdown of the 2-furoic acid
substitutes from the hydrogel material's (Fig. 6). The third step of degradation is seen at 300 °C,
resulting in a 16 % weight loss because of the breakdown of ZnO nanoparticles embedded in the
nano hydrogel network >, In conclusion, the TGA study reveals that the ZnO nanocomposite
hydrogel has considerable thermal stability, with several degradation stages that include water loss,
polymer decomposition etc,. In general ZnO nanoparticles exhibit higher thermal stability under
normal conditions, but its stability is affected by factors like the presence of other materials

impurities and high temperature environment, which can lead to decomposition, Hence in our case,



due to the interaction of biopolymeric hydrogels which found to be inferior due to polymeric filler

interactions (261,
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Fig. 6 : TGA of [CA4- ZnO] Nanocomposite Hydrogels

3.1.6 Swelling equilibrium (%) of [CA4- ZnO] Nanocomposite Hydrogels

The ZnO nanoparticles of 0.5 %, 1.0 % and 2.0 % namely CA4Z1, CA4Z> and CA4Z3 were
incorporated in CA4 hydrogels.. The swelling behavior of CA4-ZnO nanocomposite hydrogels at
varies pH values (2.0, 4.0, 7.0, 9.0, and 11.0) and the results was shown in Table 4. As the swelling
equilibrium values of the hydrogels have pH- dependent swelling, with maximal swelling observed
at neutral to slightly alkaline (pH 7-9), owing to the ionization of functional groups (such as -
COOH and -OH) in the polymeric matrix, which improves electrostatic repulsion and favors higher
water uptake. CA4Z3 had the largest swelling percentage (127% at pH 7), followed by CA4Z>

(121%), and CA4Z; (117%) as shown in Fig 7. Increasing the concentration of ZnO nanoparticles



appears to boost swelling capacity, could be due to interactions with hydrophilic groups. At acidic
pH (2-4), swelling ratios were reduced due to functional group protonation, which resulted in
hydrogen bonding and network contraction. At higher alkaline pH 11, swelling was partially
reduced, resultant of charge shielding and partially breakdown of the hydrogel network (7).
Overall, the swelling investigation demonstrates that including ZnO nanoparticles into the
hydrogel is advantageous for applications in drug administration, wound dressing, and biomedical
systems that require controlled release at physiological pH 28!, The biological activities for the
present investigation were carried out with CA4Z3 nanocomposite hydrogels due to their good

swelling behavior.

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

Sample ZnO Swelling Equilibrium (%)
S.No CA4 Nano
Synthesized
Hydrogel pH
Yoros Particles

(in grams) (wt%) 4 4 7 9.0 11
1 CA4Z, 0.200 0.5 100 | 107 | 118 | 104 | 100
2 CA4Zs 0.200 1.0 108 | 113 120 | 115 107
3 CA4Z; 0.200 2.0 112 | 117 | 127 | 121 | 117




140 +

120 -
100 - pH
m2
“6380_ m4
g n7
4]
60 - m9
m11
40 -
20 -

CA4Z, CAZ, CAZ;
Varies series of [CA4-Zn0] nanocomposite hydrogels

Fig. 7 : Graphical representation of Seq % studies of [CA4- ZnO)] at different pH

3.2 Biological activity of [CA4- ZnO] Nanocomposite Hydrogels
3.2.1 Antibacterial activity

CAu4Z3 outperformed all other [CA4 - ZnO] hydrogel compositions in terms of antibacterial
performance, as shown in Fig 8. The activity was studied towards gram positive (S. aureus and B.
subtilis) and the gram negative (E. coli, and K. pneumoniae) strains of bacteria with Ciprofloxacin
as the standard reference drug. Standard Ciprofloxacin inhibits pathogens that involve S. aureus
(25 mm), B. subtilis (18 mm), K. pneumonia (20 mm), and E. coli (30 mm). The CA4Z3 hydrogels
have inhibitory zones at 0 mm on E. coli, 8 mm in S. aureus, 10 mm in B. subtilis, and 6 mm on
K. pneumoniae (Fig. 8). These observations and findings indicates that the hydrogel shows
moderate inhibitory zone with the S. aureus, B. subtilis and K. pneumonia, where as E. coli shows

no antibacterial activity owning to variations in their cell membrane permeability towards the



antibacterial agent [*), As a result, these data show that CA4Z3 hydrogels have moderate inhibitory

effects with the potential for biological applications.

Bacillus subtilis Staphylococcus aureus

Fig. 8 : Antibacterial activity of CA4Z3 Nanocomposite Hydrogels

3.2.2 Antifungal activity

The hydrogels was evaluated towards the antifungal activity against the fungal strains like
Candida albicans and Aspergillus niger using the agar well diffusion method. The standard
antifungal drug Clotrimazole exhibited zones of inhibition of 16 mm in Candida albicans and 26

mm in Aspergillus niger. In comparison, the CA4Z3 hydrogel at a concentration of 300 mg/well



produced a 4 mm inhibition zone against Candida albicans, while no inhibition (0 mm) was
observed against Aspergillus niger (Fig.9). These study reveals that the antifungal activity of the
hydrogel is significantly lower than 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 oxidative stress and reduce the susceptibility of the cells to ZnO nanoparticles attack
391 Nevertheless, the incorporation of ZnO nanoparticles into polymeric hydrogel matrices may
still provide a synergistic antifungal platform with potential applications in biomedical and

agricultural fields.

C.albicans A. niger

Fig. 9 : Antifungal activity of CA4Z3 Nanocomposite Hydrogels
3.2.3 Cytotoxicity activity
Several studies on the cytotoxicity investigated by MTT assay for ZnO nanoparticles
have been conducted, with had an effect on a wide range of animal cells B!, Fig 10 shows the
sustainability % of CA4Z3 nanocomposite hydrogels. The concentrations of 25, 50, 100, 250, and

500 pg/ml yielded percentages of 95, 90, 90, 85, and 82 % respectively. CAsZ; is classified as non-



toxic as defined by ISO 10993-5 [*2. The average cell viability is greater than 80 % in all
concentrations. As the result, among CA4-ZnO nanocomposite hydrogels, CA4Z3 hydrogels
exhibits good percentage of cell viability especially in case of low concentrations (25, 50, and 100

pg/ml) which is good and safe to use in biomedical applications (Fig. 11).

(A) 150
:;': - | — == =
=
=  50-
2
S
>
=<
0 LJ | ] L] L] L] L
N D ) D >
é‘o\ eSS ~S D <3 Y
S
.42"‘
>
]
Concentration in pg/ml
2

Fig. 10: MTT Assay of CA4Zs3 at different concentrations
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Fig. 11: The Cytotoxicity MTT assay of CA4Z3 at various concentrations

3.2.4 Antioxidant activity

The antioxidant activity of CA4Z3 nanocomposite hydrogels was measured with DPPH
radical scavenging assay using Ascorbic acid as the reference, in which the inhibition rates range
from 32%, 42%, 67%, 90%, and 94% across various concentrations ( 25, 50, 100, 250, and 500
pg/ml). CA4Z3 hydrogels had the highest antioxidant capability, inhibiting DPPH radicals at

concentrations of 42%, 53%, 61%, 68%, and 79% (25, 50, 100, 250, and 500 pg/ml) as in Fig. 12.
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Fig. 12 : Antioxidant activity of CA4Z3 at distinct concentrations

At lower concentrations (25 and 50 pg/ml), CA4Z3 exhibits moderate inhibition, while
ascorbic acid exhibits lesser inhibition. At medium concentrations (100-250 pg/ml), CA4Z;
activity slowly increases then the ascorbic acid. At the maximum dose (500 pg/ml), CA4Z3 shows
good inhibition when compared to the ascorbic acid. The results suggest the resulting ZnO

nanocomposite hydrogel exhibits significant antioxidant properties, that may be attributed to the



presence of the ZnO nanoparticles free radical interactions. It promotes the electron donation and
the transfer of hydrogen to DPPH radicals in hydrophilic functional groups (-OH, -NH, -COOH)
in the hydrogel matrix. The interaction within ZnO nanoparticles and their polymeric network
facilitates more significant radical-scavenging efficacy. The ICso of CA4Z3 was 149 pg/mL for
DPPH method. The scavenging activity and ICso value are opposite to each other!*}l. The identical

reports have also been found in literature according to Patel et al., 201134],

3.3 Computational Studies of CA4-ZnO nanocomposite hydrogels
3.3.1 Density Functional Theory (DFT)

Since the CA4—ZnO nanocomposite hydrogels showed biological activity, DFT and molecular
docking studies was conducted to explore their mechanism of action. Initially an IRC (intrinsic
reaction coordinate) analysis was carried out using three basic monomers namely citric acid,
Triethanolamine and 2-Furoic acid which was utilized in the synthesis of the hydrogels. The IRC
study revealed the structure selected for the optimization using the DFT level. The monomers was
further optimized at the 6-31 D level with B3LYP (Becke, 3-parameter, Lee—Yang—Parr) and
FMOs’ (Frontier Molecular Orbital ) were visualized to evaluate the MO (Molecular Orbital)
aspects of reactivity. After achieving optimized geometry, the Molecular Electrostatic Potential
(MESP) was generated to identify the probable regions of the molecule. The optimized molecule
was used for docking studies. The values derived from the DFT calculations for the CA4-ZnO

nanocomposite hydrogels as shown in Table 5.



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

hydrogels
Description HOMO | LUMO Band Energy | Dipole D | Symmetry
eV eV gap eV H
CA4-ZnO -6.171 -2.086 4.085 -3740.41 | 7.8291 Cl

The FMO analysis reveals that although the three monomers combine to form the hydrogel.
The IRC results revealed that the FMOs spread unevenly across the monomers. But after the
optimization it is seen that the HOMO (Highest Occupied Molecular Orbital) is centered on the
Triethanolamine-part of the hydrogel and the LUMO (Lowest Unoccupied Molecular Orbital)
spreads slightly over the Citric acid moiety very near to the ZnO nanoparticles in the hydrogels
(Fig 13). The 2-Furoic acid part shows no lobes over its structure, indicates the lack of reactive
space at its centre. Denser lobes near the ZnO nanoparticles part suggests that the transition metal
complex has created enough lobes near its centre for reactivity. The MESP displays the distribution
of electrostatic potential across the molecular surface, including some positive region as shown in
Fig 14 & Fig.15. This suggests that this moiety helps to achieve the desired biological activity
through electronic effects, owing both the negative and positive regions. A higher potential region
was observed near the ZnO nanoparticles part and the biological activity is enhanced with

inclusion of ZnO nanoparticles metal in the hydrogels.
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Fig. 13 : Fragment molecular orbital (FMO) and intrinsic reaction coordinate (IRC) of the

CA4-ZnO nanocomposite hydrogels
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Fig. 14 : The Optimized geometry of the CA4-ZnO nanocomposite hydrogels
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Fig. 15 :The MESP of the CA4-ZnO nanocomposite hydrogels




3.3.2 Molecular Docking (pdb id:1N67 and 4DXD)

In view of the biomedical properties, nanocomposite hydrogels were identified for
docking studies against important receptors involved in healing anti-bacterial infections, FtsZ
(Filamenting temperature-sensitive mutant Z) in protein complex ! and biomedical targets
involving Staphylococcus aureus proteins: Clumping Factor A ¢! Infections caused by drug-
resistant strains of Klebsiella pneumoniae pose the major threat to the efficacy of conventional
antibiotics. Therefore, there is an increasing need to investigate the alternate antimicrobial
therapies, especially hydrogels synthesized from simple monomeric compounds 7). Considering
the biological importance of hydrogel derivatives, the present study aimed to synthesize,
characterize, and investigate its biological potency of the hydrogel using simple, convenient, and

ecofriendly synthetic methodology.

The molecular docking study was evaluated for the interactions of CA4-ZnO
nanocomposite hydrogels as it had good antibacterial property and it involved FtsZ in the protein
complex with PDB ID: 4DXD, and CA4-MgO nanocomposite hydrogels with Staphylococcus
aureus proteins: Clumping Factor A (PDB ID: 1N67) that showed great anti-bacterial property.
Both the nanocomposite hydrogels showed favorable docking scores. However, CA4-ZnO
nanocomposite hydrogels with the latter protein showed a stronger and more favorable binding to
Clumping Factor A as shown in Table 6. CA4-ZnO nanocomposite hydrogels also demonstrated
superior ligand efficiency across all evaluated metrics, including standard (—0.188), surface area-
adjusted (—0.633), and log-normalized values (—1.543).

In the CA4- ZnO Clumping Factor A complex, the ligand is tightly anchored via hydrogen
bonds with polar residues (ASN267, SER268, GLN235), and stabilized by hydrophobic contacts

(VAL270, VAL323, ALA269, ILE232) and potential electrostatic interactions with ASP273.



Water-mediated interactions and minimal solvent exposure further enhance binding stability.
These findings suggest CAs- ZnO nanocomposite hydrogels may serve as a more effective

modulator of S. aureus proteins.

Table. 6: The properties and clumping factor A for CA4-ZnO nanocomposite hydrogels

Clumping Factor A From
Property 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

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 . Drug with higher water solubility are absorbed more efficiently than lipid- soluble compounds,

and the obtained value of -2.99indicates favorable solubility in aqueous media. Similarly,



intestinal absorption predicts the percentage of orally administered drug. The low absorption value
in this study suggests that the compound have more effectively administered through alternative

routes rather than oral delivery.

The blood-brain barrier (BBB) indicates the ability of a drug to penetrate into the brain and is an
important factor in minimizing side effects and toxicity with enhancing the drug efficacy. The
evaluated nanocomposite hydrogels was predicted to readily cross the BBB as presented in Table.

7. The obtained value suggests favorable BBB permeability for the investigated drug system.

Table. 7: The properties and BBB ranges for CA4-ZnO nanocomposite hydrogels

Properties CA4+ZnO
Molecular Weight 592.82
Water Solub -2.99
Caco2 perm -0.23
Intest Abs 324
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




4 CONCLUSIONS

In the current research, pH-responsive CA4 hydrogels with variable nano ZnO concentrations were
developed. The UV analysis of the [CA4-ZnO] complex polymeric hydrogel reveals a strong peak
at 300 nm, demonstrating the presence of nano ZnO particles. The FTIR spectroscopy reveals the
peak at 1073 cm™ and 1041 cm! shows the C-O-C stretching frequency. The peak appeared at 670
cm’! which confirms the incorporation of zinc oxide nanoparticles in the main chain of hydrogels.
The SEM-EDX of [CA4- ZnO] reveals heterogeneous, non-porous, with rough surface structure
due to hydrogel matrix packed with ZnO nanoparticles, which are scattered irregularly and EDX
spectrum has respective amount of C, O, N, and Zn with 56.16, 30.69, 3.29 and 7.51 %,
respectively. The TEM analysis of [CA4-ZnO] nanocomposite hydrogels reveals the 38nm in size.
The TGA study reveals that the ZnO nanocomposite hydrogel has considerable thermal stability,
with several degradation stages that include water loss, polymer decomposition. The swelling
outcomes of hydrogel were also tested at varying pH 2.0-11.0, and they shown that swelling and
swelling equilibrium were higher in neutral (pH 7) medium. The swelling studies clearly
demonstrate the citric acid has the ability to tune the swelling behavior. The increased
concentration of nano ZnO (CA4Z3) results in a higher swelling ratio than other hydrogel
compounds. Antibacterial investigation of [CA4-ZnO] nanocomposite hydrogels shows moderate
inhibitory zone with the S. aureus, B. subtilis and K. pneumonia, where as E. coli exhibites no
antibacterial activity because of difference in its cell membrane permeability towards the
antibacterial agent. Similarly, antifungal activity has low zone of inhibition because of the tough
chitinous membranes of cells and melanin pigments found in Aspergillus niger and Candida
albicans, making them resistant to oxidative stress and ZnO nanoparticles attack. The antioxidant

activity shows that CA4Z; hydrogels have significant antioxidant properties, in higher



concentration of 100, 250 and 500 pg/ml. The average cell viability in cytotoxic assays was greater
than 80 % in all concentrations which is good and safe to use in biomedical applications. The
docking studies reveals nanocomposite hydrogels can serve as a more effective modulator of S.
aureus proteins and be readily cross the blood-brain barrier (BBB). As a result, the study concludes
that the produced biocompatible pH sensitive hydrogels have promising uses in industrial and

biological applications like tissue engineering, wound healing drug delivery and other high

performances.
List of Abbreviations
LIST OF ABBREVIATIONS
CA Citric acid
TEA Triethanolamine
FA 2 Furoic acid
CT Citric acid —Triethanolamine
CTF Citric acid—Triethanolamine-2 Furoic acid
ZnO Zinc oxide
FT-IR Fourier Transform Infrared Spectroscopy
SEM Scanning Electron Microscopy
TGA Thermal Gravimetric Analysis
HR-TEM High-Resolution Transmission Electron Microscopy
uv Ultraviolet Spectroscopy
EDX Energy Dispersive X-ray
DPPH 2,2-Diphenyl-1-picrylhydrazyl




MTT 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazoliumBromide
DMSO Dimethyl sulfoxide

FMO Fragment Molecular Orbital

MO Molecular Orbital

HOMO Highest Occupied Molecular Orbital

LUMO Lowest Unoccupied Molecular Orbital

MESP Molecular Electro Static Potential

IRC Intrinsic reaction coordinate

BBB Blood-brain barrier

DFT Density functional theory

FtsZ Filamenting temperature-sensitive mutant Z

ADMET Absorption, Distribution, Metabolism, Excretion and Toxicity
GLN235 Glutamine at position 235

ASN267 Asparagine at position 267

VAL270 Valine at position 270

VAL323 Valine at position 323

ALA269 Alanine at position 269

1LE232 Isoleucine at position232

BHI Brain Heart Infusion

CFU Colony-Forming Units

DMEM Dulbecco’s Modified Eagle Medium

PBS Phosphate- Buffered Saline

LogS logarithmic value of the aqueous solubility of the compound
SER268 Serine at position 268




ASP273 Aspartic acid at position 273
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