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Abstract: In this study, the preparation of zirconia (ZrO) nanoparticles (NPs) infused carboxymethyl cellulose (CMC)
hydrogel films. CMC hydrogel was prepared by adding citric acid (CA) to the CMC solution. The ZrO, NPs were
synthesized by the sol-gel method and modified using ascorbic acid (AA) and CA. The modified ZrO, NPs suspension was
incorporated into the CMC hydrogel paste to prepare zirconia-infused CMC hydrogel films (ZCMCH). The prepared
ZCMCH was characterized using FTIR, UV-Visible, XRD, and SEM. The stretching vibrations in the wavenumber range
of 450-750 cm™ in FTIR analysis confirmed the successful formation of ZrO, NPs. XRD analysis revealed an average
crystallite size of 10.80 nm for ZrO, NPs, and the diffractogram of ZCMCH exhibited characteristic peaks at 26 values of
approximately 16°, 29°, and 40°, confirming the incorporation of ZrO, NPs within the CMC hydrogel matrix. SEM
analysis confirmed the proper distribution of ZrO, NPs throughout the CMC hydrogel matrix with an average particle
diameter of 4.81 um. Furthermore, the ZCMCH was evaluated for antimicrobial analysis against selected microbial strains,
bacteria (Escherichia coli and Bacillus subtilis), and fungus (Candida albicans). The antimicrobial efficacy of the samples
was assessed by the agar well diffusion method, showing an inhibition zone of 1.6 cm against bacteria and 1.4 cm against
fungus. These findings suggest that the developed ZrO, NPs infused CMC hydrogel holds considerable potential for

biomedical applications.
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Introduction

Hydrogels are three-dimensional, cross-linked, hydrophilic, — and no hazardous chemicals are formed during the process

branched, or linear polymers that are super-absorbent. They ~ of decomposition!?!.

imbi iologi i ions!!] . .
can imbibe water, physiological, or saline solutions’™.  c¢|jylose is one of the most abundant existing natural

Hydrogels can be classified into two types: natural polymers that can be used for the preparation of cellulose-

polymer-based hydrogels and synthetic polymer-based  p,eq hydrogels®. The hydroxyl groups in cellulose-based

hydrogels. Natural polymer-based hydrogels have recently
supplanted synthetic polymer-based materials due to

several benefits, like biocompatibility, biodegradability,

hydrogels have a strong capacity to establish hydrogen
bonds and play an important role in their ability to retain

large amounts of water or nutrients for a longer time!!.
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Since the cellulose does not itself dissolve in water, its
derivative, namely, carboxymethyl cellulose (CMC), being
water soluble, is used for the preparation of cellulose-based

hydrogelsl®!.

CMC has a lot of carboxymethyl groups attached to the
cellulose backbonel®l. The most important step in creating a
hydrogel is cross-linking, which holds the 3D structure and
improves the physical and mechanical characteristics of the
hydrogell”l. The hydrophilic nature of CMC makes it
practicable to blend and crosslink with various materials
such as natural polymers, synthetic polymers, and inorganic
materials®®. Different cross-linking procedures, like
physical, chemical, and polymerization methods, are used
to make hydrogel from cellulose and its derivatives!”),
Among these, chemical cross-linking is now the most
common approach for making CMC hydrogel®. Recently,
there have been many reports of enhanced performance of
CMC hydrogel by the inclusion of metal oxide NPs.
Because of unique optical, electrical, mechanical, and
structural properties, ZrO> NPs have appeared as promising

filler materials in the fabrication of nanocomposites

(NCs)!1o- 111,

NPs play a significant role in modifying the polymer matrix
during the formation of NCs. To increase the dispersion of
NPs, surface modification with different modifiers has
received significant attention. The use of unmodified metal
oxides like zirconia NPs for NCs preparation was restricted
to low NPs concentrations because NPs aggregation (due to
Van der Waals attraction) precludes proper dispersion into

the polymer matrix!'2],

Biosafe organic compounds, such as ascorbic acid (AA) and
citric acid (CA), have been used for surface modification of
metal oxides and to enhance the biocompatibility and
biodegradability of the organic polymers, as well as for the
dispersion of NPs!!'% 131 AA contains 4 hydroxyl (-OH)
groups, whereas CA contains three —OH groups that can
bind to metal oxides and function as a cross-linking agent!”
121 The hydrophilicity and porosity of hydrogels make them
suitable for antibacterial applications. Also, ZrO, NPs

14,

themselves can exhibit antimicrobial properties

Therefore, hydrogels containing inorganic antimicrobial
materials can both improve their antimicrobial capabilities
and sustain antimicrobial activity for a very long time!'3].
Since too many drug-resistant bacteria have emerged
because of the improper use of antibiotics and other
antimicrobial medications, hydrogel as an antimicrobial
biomaterial may be a more flexible and adaptable option

than conventional antibiotics!®l.

In this paper, ZCMCH was fabricated for its antibacterial
and antifungal activity. These prepared samples were
characterized and investigated for their antibacterial
activities against the gram-positive bacteria Bacillus
subtilis (B. subtilis) and the gram-negative bacteria
Escherichia coli (E. coli), including antifungal activities

against the fungi Candida albicans (C. albicans).
Materials and methods
Materials

Chemicals used in this experiment, such as zirconium
oxychloride octahydrate (ZrOCl,.8H,0), sodium hydroxide
(NaOH), citric acid (C¢H3O7), and ascorbic acid (CsHgOg)
were manufactured by Himedia Laboratories Pvt. Ltd.,
India, and CMC powder was taken from Cellulose
Solutions Private Limited, India, purchased from local
suppliers in Kathmandu, Nepal. All chemical materials

were used without any further purification.
Methods
Synthesis of ZrO: NPs

ZrOCl,.8H>O was used as a precursor material for the
preparation of ZrO, NPs. The precipitation of Zirconium
hydroxide, Zr(OH),, was obtained by slowly adding 0.2 M
NaOH (5 drops per minute) to the aqueous solution of 0.05
M ZrOCl,.8H,0O at room temperature, while continuously
stirring with a magnetic stirrer until the milky white
solution formed. The pH was maintained at 10.58. After the
procedure was completed, the solution was kept at room
temperature for 24 hours for aging. Then, the solution was
filtered using Whatman filter paper No. 42. A whitish gel
was obtained as a residue, which was thoroughly washed

using distilled water until a neutral pH was achieved and
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dried in a hot air oven for 3 hours at 80 °C. The final product
was crushed by mortar and pestle and kept for 6 hours in a

muffle furnace at 600 °C for calcination. Finally, the white

NaOH Solution

Left overnight
———
ZrOCl,.8H,0
solution
Magnetic Stirrer
Titration
calcination

Zirconia Nanoparticles

Milky white colour

powder was obtained as zirconia NPs['7: 81 Figure 1

illustrates the process of ZrO, NPs synthesis, beginning

N

=

with the titration.

E

Filtration

[ e—

Wash 4/5 times
with distilled

water

80°C

Gels (White colour)

Figure 1: Schematic representation of the synthesis of ZrO, NPs.

Surface Modification of ZrO:

For better homogeneous distribution of ZrO, NPs in the
polymer matrix, the surface modification of the ZrO, NPs
has been performed. In the first step, 0.10 g of ZrO, NPs
was dispersed in 20 mL of distilled water and ultrasonicated
for 30 minutes. Then, 0.02 g of citric acid and 0.02 g of AA
were dissolved in 20 mL of distilled water separately, and
each of them was ultrasonicated for 30 minutes to achieve
homogeneous solutions. In the second step, the CA solution
was added to the ZrO, suspension and ultrasonicated for 30
minutes. After that, the AA solution was added to the ZrO»—
CA suspension and ultrasonicated for 60 minutes to prepare
the modified ZrO,!'"). Figure 2 displays the process of
surface modification of ZrO, NPs using CA and AA

Preparation of CMC hydrogel

1 g of CMC was dissolved in 30 mL of distilled water, and
0.075 g citric acid was dissolved in another 30 mL with
continuous stirring using a magnetic stirrer. The citric acid

solution was added dropwise to the CMC solution with

continuous stirring at 60 °C for 60 minutes. The formed
viscous solution was transferred to a petri plate, left at room
temperature for 48 hours, and then dried in an oven at 35

°C for 420 minutes[?".
Preparation of ZrO: NPs infused CMC hydrogel

The modified ZrO, (5% relative to the CMC powder) was
added to a CMC-CA paste-like solution and stirred for 60
minutes to form an optimal mixture of modified ZrO, NPs-
CMC-CA. The solution was then poured into a petri dish
and left at room temperature for 48 hours. It was then stored
for 420 minutes at 35 °C in a hot air oven. A pale brownish-
yellow thin film layer was produced!. Figure 3
demonstrates the overall preparation of ZrO, NPs infused

CMC hydrogel.

Antimicrobial assay

Microbial strains of FEscherichia coli (Gram-negative
bacteria) ATCCS8739, Bacillus subtilis (Gram-positive
bacteria), ATCC 6051, and Candida albicans (Human
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pathogenic fungi) ATCC 2091 were cultured in liquid broth ~ Characterization Techniques
(LB) media. The Mueller-Hinton Agar (MHA) plates were UV-Visible Spectroscopy
prepared, and the mixture was autoclaved at 15 psi pressure

at 121 °C for 25 minutes. The sterilized media was cooled UV-Visible spectroscopy was conducted to study the

down to 40-50 °C, followed by transferring into petri dishes optical absorbance characteristics of ZrO. NPs and

(25 mL each). Liquid bacterial seed was spread with the modified ZrO: NPs. The measurements were carried out

help of a sterile cotton swab on the surface of the media using a UV-Visible spectrophotometer (Shimadzu UV-

plates. The wells were made on the surface of agar, and 1900i, Japan) equipped with a 10 mm quartz cuvette. A

ZCMCH (0.00284 g) and the standard kanamycin solution deuterium lamp served as the UV light source, and a 20 W

(5 mg/mL, 10 uL loaded) and standard itraconazole halogen lamp was used for the visible range. A silicon diode
detector recorded the spectra within a wavelength range of

190-800 nm.

solution (20 mg/mL, 10 puL loaded) were used as a positive
control for antibacterial and antifungal activities,
respectively. The media plates were then incubated for 24 Fourier Transform Infrared (FTIR) Spectroscopy
hrs at 37 °C. The zone of inhibition of antimicrobial test ~ FTIR analysis was performed using an IR Affinity-1

results was observed after 24 hours.
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Figure 2: Schematic flowchart showing the functionalization of ZrO: NPs with CA and AA.
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Figure 3: Schematic representation of the preparation of ZrO: NPs infused CMC hydrogel.

spectrophotometer (Shimadzu, Japan) to identify functional
groups, species, and vibrational modes. The spectra were
recorded in the range of 4000—400 cm™ with a resolution of

4cem™.
X-ray Diffraction (XRD) Analysis

The crystalline phase and structure of the samples were
analysed using an X-ray diffractometer (Bruker D2 Phaser)
with a monochromatic Cu Ka radiation source (A= 0.15418
nm). Scans were recorded over a 20 range of 20° to 80° at
the Nepal Academy of Science and Technology (NAST),
Nepal. The instrument was operated at 30 kV accelerating
voltage and 10 mA emission current. Crystallite sizes were

calculated using the Debye-Scherrer equation.
Scanning Electron Microscopy (SEM)

Surface morphology of ZrO»-infused CMC hydrogel was

examined by scanning electron microscopy (SEM).
Samples were coated with a 20 nm gold layer to enhance
conductivity and image resolution. SEM analysis was
performed using a Camscan 44 microscope with an
accelerating voltage of 20 kV, and images were captured at

a working distance of 39 mm.
Results and Discussion
UV-Visible Spectroscopy

The UV-Visible spectra of pure ZrO, NPs and modified
ZrO; NPs were acquired in the wavelength region of 200-
400 nm. There is no peak observed in the range of (270-320)
nm for pure ZrO, NPs, while modified ZrO, NPs exhibit a
sharp and noticeable peak at about 292 nm in their UV-
Visible absorption spectrum, as shown in Figure 4. A
similar kind of result has been demonstrated in the given

literature®!l. The spectrum of pure ZrO, has no peak due to
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agglomeration of particles in pure ZrO;; in contrast,
modified ZrO; exhibits good nanoparticle dispersion. The
obtained UV-visible spectra of modified ZrO, NPs and pure
ZrO; NPs demonstrate that the dispersion of ZrO, NPs is

enhanced via modification using CA and AAI'%,

Acid modified ZrO»
Pure ZrOp
Z
g 292
-:9"':
Z
L
<
T
200 250 300 350 400

Wavelength (nm)
Figure 4: UV- Visible spectra of pure ZrO: and modified ZrO: NPs.

Fourier Transform Infrared (FTIR) Spectroscopy

The synthesized ZrO, NPs via the sol-gel technique were
analysed by FTIR to identify the functional group present
in the particles, as shown in Figure 5. The spectra in the
region of 500-750 cm! show the characteristic of the
tetragonal Zr-O-Zr vibration[?> ), The peak at 482 cm™ was
assigned to the Zr-O vibration, confirming the synthesis of
the ZrO, structure. The peak observed at 1515 cm™ may be
related to adsorbed moisture. The band at 3525 cm’!
corresponds to the hydroxyl groupst'"> 23, Further, the
ending vibrations of absorbed water molecules connected to
the ZrO, NPs are present at 1628 cm’'. Identical peak
positions were reported in the literaturel'®). Hence, the peak
obtained by FTIR is in good agreement with the literature
which the formation of ZrO»

report, confirmed

nanostructures!!!> 22 231,

The FTIR spectrum was compared for identifying pure
materials, pure CMC, and ZrO, NPs infused CMC
hydrogel. Figure 6 displays the properties of the absorption
peaks for CMC and ZrO; NPs infused CMC hydrogel. The
bands observed in the 1000-1200 cm! region were assigned
to the —C—O- stretching on the polysaccharide skeleton!?4],
The absorption bands in the range 450750 cm™! are due to
Zr-O vibration modes, which confirmed the bending of

ZrO, NPs in CMC hydrogel*. The peak at 1415 cm™! is

related to -CH; scissoring vibrations, and asymmetrical
stretching vibrations of the carboxylate groups are
associated with the peaks at 1587 cm™'. The stretching
vibration of —C—O—C- stretching vibration has a peak at
1323 ¢cm'?% 11, The stretching vibration of the hydroxyl
group —OH in ZrO, NPs infused CMC hydrogel was
identified at around 3375 cm™!, and the peak at 2920 cm™!
is the characteristic C-H stretching of -CH, (from both
CMC and ZCMCH) that hints at the formation of ZrO> NPs
infused CMC hydrogel.

——Z10, NP

Transmillance (a.u.)

481

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm™')

Figure 5: FITR spectrum of ZrO: NPs.

X-Ray Diffraction Analysis

X-ray diffraction (XRD) analysis was used to investigate
the structure of pure zirconia nanoparticles (ZrO, NPs),
pure carboxymethyl cellulose (CMC) hydrogel, and the
ZCMCH are shown in Figure 7. The XRD pattern of pure
ZrO, nanoparticles exhibits distinct peaks at different
positions with varying intensities across all samples. In the
case of zirconia NPs, diffraction peaks were seen at

approximately 20 = 30.18°,

—— ZOCMCH
= Purc CMC

663

~——

———
1415
13

1587

Transmittance (a.u.)

1055

3305

3
1020

[}
%
n

3
1085

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (em™')

Figure 6: FTIR spectra of pure CMC and ZCMCH.
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35.11°, 50.28°, and 59.94°, which can be indexed to the
respective (hkl) values were found to be (101), (110), (112),
and (211) planes, respectively, confirming the formation of
crystalline tetragonal zirconia and were in good agreement
with the literature report!! 261, The obtained XRD result was
further used to obtain the crystallite size of the prepared
zirconia NPs using Debye-Scherrer’s equation. The average
crystallite size of the synthesized ZrO, NPs was found to be
10.80 nm, and the relatively broadened nature of these
peaks indicates the disordered fraction of the zirconia
particles. Table 1 illustrates the peak position, full-width
half maximum (FWHM), grain size, hkl values, and average
crystalline size. In contrast, the XRD pattern of the pure
CMC hydrogel displays a broad diffuse peak centred
around 20 ~ 18-22° characteristic of an amorphous
polymeric structure with no long-range crystalline order.
For the ZCMCH composite, the diffraction pattern was
dominated by the amorphous background of CMC, while
the characteristic zirconia peaks were significantly reduced
in intensity and partially broadened. This reduction was
attributed to the homogeneous dispersion of zirconia
nanoparticles within the polymer matrix and the dilution
effect of the amorphous hydrogel phase. Mostly, no
additional diffraction peaks were observed in the
composite, indicating that no new crystalline phases were
formed during composite preparation. These results
confirm the successful incorporation of nanocrystalline
zirconia into the CMC hydrogel while preserving the
structural characteristics of both components(?*27],

Scanning Electron Microscopy (SEM)

SEM analysis was used to examine the size and shape of

Table 1: Determination of crystallite size of the ZrO: NPs.

Peak FWHM/| Grain | (hkl) | Average
Position B) Size crystallite

(20) (radian) ‘D’ Size (nm)
(degree) (nm)

30.18 0.63 13.03 | (101)

35.11 0.72 11.56 | (110) 10.80

50.28 1.02 8.60 (112)

59.94 0.91 10.03 | (211

ZCMCH
Pure CMC hydrogel
Pure Zirconia NPs

Intensity (a.u.)

101y
1

|
(‘ (112)

‘ 1
\ ‘ R
@1
[\ i k\ (110) A A
J \ / \ /
\/' \ /N o~ \\,,V\/»'/ "N

T T T T T T
10 20 30 40 50 60 70 80

20 degree

Figure 7: XRD patterns of ZCMCH, CMC hydrogel, and ZrO: NPs.

ZrO, NPs infused in CMC hydrogel®®. The surface
morphology of the ZrO. incorporated CMC hydrogel,
together with the corresponding particle size distribution.
The SEM micrograph (Figure 8a) shows a rough,
interconnected surface typical of cross-linked CMC
networks, consistent with the fibrillar morphologies
commonly reported for CMC-based hydrogel. The ZrO,
nanoparticles appeared as bright, relatively spherical
structures embedded within the matrix, which aligned with
the known SEM characteristics of ZrO, nanoparticles
synthesized via sol-gel and related methods®®. SEM image
demonstrated that metal oxide nanoparticles can be
homogeneously distributed within carboxymethyl cellulose
matrices when strong polymer particle interactions occur,
minimizing agglomeration and enhancing morphological
stability*’l. For example, homogeneous dispersion of ZnO
nanoparticles in CMC hydrogel was observed and attributed
to the interaction between the nanoparticle surface and
polymer chains, which prevents cluster formation and

promotes stability within the matrix 30311,

In Figure 8a, no pronounced nanoparticle agglomeration
was observed in the hydrogel sample, suggesting that the

CMC hydrogel network effectively stabilized ZrO»

nanoparticles during synthesis. Comparable behaviour was
reported in other CMC nanocomposite systems, where the
polymer matrix restricted nanoparticle mobility and

enabled  distribution in metal oxide polymer

nanocomposites?”],

The histogram analysis revealed an average particle
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Figure 8: Morphological analysis (a) SEM image of ZrO: NPs infused in CMC hydrogel and (b) Histogram of size distribution of NPs on the

hydrogel surface.

diameter of 4.81 um, which is larger than the XRD-derived
crystallite size of 10.80 nm. This difference is attributable
to the fact that XRD measures the crystalline domains of
nanoparticles in a dry powder state. In contrast, SEM
captures agglomerated nanoparticle clusters within the
hydrogel matrix[32 331, These interactions may be driven by
high surface energy and van der Waals interactions between
the hydrogel network and ZrO, nanocrystalite. The two
values are complementary as the XRD result confirms the
nanocrystalline nature of the synthesized ZrO,, while the
SEM histogram reflects the interactive behavior of
nanocrystallites within the CMC polymer matrix(3% 331,
Such dispersion and distribution were relevant for enhanced
interfacial contact, which is favourable for applications

involving surface-dependent phenomenal3% 311,

Antimicrobial activity

Antibacterial Analysis

Using the Agar diffusion method, ZrO; NPs-infused CMC
hydrogel exhibits activity against the bacterial pathogens B.
subtilis and E. coli. Table 2 displays the zone of inhibition
values found for CMC hydrogel infused with ZrO, NPs.
The sample showed a substantial growth-inhibitory impact
against both bacteria. The zone of inhibition of ZrO,
nanoparticle-infused CMC hydrogel against E. coli bacteria
was 1.6 cm, and the same result was observed against B.
subtilis bacteria, as shown in Figure 9. According to the
cited literature, a similar property has been demonstrated

for ZrOQ, NPs[22:28,36,37]

Antifungal Analysis

ZrO; NPs infused CMC hydrogel exhibited antifungal
activity by effectively inhibiting the growth of C. albicans
in the antifungal images depicted in Figure 10. Their
increased surface area exhibited a substantial inhibitory
effect against fungal strains. The zone of inhibition of ZrO,
NPs infused CMC hydrogel against C. albicans bacteria
was 1.4 cm, as mentioned in Figure 10. The antifungal
activity of zirconia nanoparticles has been reported in the

literature!?81.

Table 2 illustrates the visual assessment of the inhibition
zone for bacterial and fungal growth evaluated for the

standard (Kanamycin) and ZCMCH.

Table 2: The zone of inhibition of organisms in ZCMCH.

Samples E. coli B. subtilis | C. albicans
(ATCC (ATCC (ATCC
8739) 6051) 2091)
ZCMCH 1.6 cm 1.6 cm 1.4 cm
Positive 2.6 cm 2.5cm 2.5cm
control (c+)

Conclusion

ZrO2 NPs were successfully synthesized using the sol-gel
method and modified with biocompatible citric and
ascorbic acids to enhance their dispersion and compatibility
within polymeric systems. The ZrO. NPs, functionalized
with CA and AA for enhanced bifunctionality, were
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Figure 9: Antibacterial activity of ZrO: NPs infused CMC hydrogel a) E. coli b) B. subtilis.

Figure 10: Antifungal activity of ZrO: NPs infused CMC hydrogel
against Candida albicans

incorporated into the CMC hydrogel matrix. The structural
and morphological properties of the NPs and hydrogel were
characterized using a range of analytical techniques,
including UV-Visible Spectroscopy, FTIR, XRD, and
SEM.

FTIR spectra displayed characteristic absorption peaks in
the range of 480-750 cm!, confirming the presence of Zr-
O vibrations. XRD analysis indicated a tetragonal crystal
structure with an average crystallite size of 10.80 nm. SEM
imaging revealed a homogeneous distribution of ZrO- NPs
within the CMC hydrogel network. The combined results
from FTIR, XRD, and SEM confirmed the successful
synthesis and integration of ZrONPs within the CMC
hydrogel. Furthermore, the antimicrobial performance of
the ZrOz-infused CMC hydrogel was evaluated and

demonstrated significant antibacterial and antifungal

activity. This suggests that the incorporation of ZrO: NPs
enhances the functional properties of CMC hydrogel,
material for antimicrobial

making them potential

applications.
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