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Abstract

Objectives: The aim of this work was to fabricate a biocompatible nanocom-
posite by combining titanium-coated chitosan with selenium, zinc oxide and
zirconium nanoparticles through an electroplating technique to enhance bio-
logical functionality. Methods: Chitosan substrates were coated with tita-
nium using electroplating followed by the incorporation of Se, ZnO and Zr
nanoparticles. The resulting nanocomposites were examined using UV-Vis
spectroscopy, UV-DRS, Raman spectroscopy, FT-IR and X-ray diffraction (XRD)
to evaluate structural, chemical, elemental composition and morphological fea-
tures. Antibacterial efficiency and cytocompatibility were assessed through in
vitro biological assays. Findings: Characterization results confirmed the forma-
tion of a stable titanium-reinforced chitosan matrix with uniformly dispersed
nanoparticles. Compared to pristine chitosan, the nanocomposite exhibited
improved structural integrity and surface features. Biological studies showed
a statistically significant enhancement in antibacterial and antifungal activity
(p < 0.05) attributed to the synergistic action of Se, ZnO, and Zr nanoparticles,
while maintaining high cell viability with negligible cytotoxic effects. Novelty:
This study demonstrates a distinct electroplating-based route for integrating
multiple bioactive nanoparticles into a titanium-modified chitosan framework,
offering a multifunctional biomaterial with enhanced antimicrobial efficacy and
preserved cytocompatibility for biomedical applications.
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1 Introduction

The development of multifunctional biomaterials with enhanced mechanical stability, antimicrobial activity, corrosion
resistance and biocompatibility has gained increasing attention due to their wide potential in biomedical and healthcare
applications ). Among naturally derived polymers, chitosan has emerged as a promising material owing to its biodegradability,
biocompatibility, non-toxic and inherent antimicrobial properties. Chitosan is a natural polysaccharide obtained from chitin,
which is abundantly present in the exoskeletons of shellfish, insects and fungal sell walls®,®. Owing to the presence of amino
and hydroxyl group, Chitosan (CS) can act as reducing and capping agent during nanocomposite synthesis. The Primary amine
groups impart a positive charge to chitosan enabiling strong electrostatic interactions with negatively charged biological surfaces
and providing enhanced stability to chitosan-based matrics .

Based on their electronegativity behaviour, chitosan can effectively facilitate the formation of nanocomposites. However,
pristine chitosan exhibit poor mechanical strength and limited functional stability which can restrict its use in demanding
applications such wound dressings, implant coatings and tissue engineering scaffolds . To address these limitations, extensive
efforts have been directed toward incorporating inorganic nanomaterials into chitosan matrices to synergistically improve
mechanical integrity, antimicrobial performance and corrosion protection®,?,®). Zinc oxide (ZnO) nanoparticles have
attracted significant attention due to their broad-spectrum antibacterial activity, corrosion inhibition capability and ability to
promote cell proliferation ), 19, Recent studies have demonstrated that ZnO-reinforced chitosan composites exhibit enhanced
antibacterial efficacy, improve corrosion resistance and superior biocompatibility, making them suitable for wound healing and
implant surface coatings!"),12). Selenium nanoparticles are recognized for their antioxidant and antimicrobial behavior ('*)
while Zirconium-based materials contribute to improved mechanical stability, wear resistance, and corrosion resistance along
with excellent biocompatibility!¥). The synergistic integration of these nanoparticles within a chitosan-titanium matrix is
therefore expected to generate a multifunctional nanocomposite with superior physicochemical, electrochemical and biological
performance 19,19,

Despite numerous reports on chitosan-based nanocomposites, studies focusing on the combined incorporation of selenium,
zinc oxide, and zirconium nanoparticles within a titanium-coated chitosan framework using electrochemical deposition
methods 17),(18) Electroplating offers a controlled approach to achieving uniform coatings with strong interfacial adhesion and
tunable surface features 1), ??), The present work addresses this research gap by developing Ti-coated chitosan nanocomposites
embedded with selenium, ZnO, and zirconium nanoparticles via electroplating and evaluating their coating stability, structural
and surface characteristics using UV-Vis spectroscopy, UV-DRS, Raman spectroscopy, FT-IR and X-ray diffraction (XRD).
The outcomes of this study aim to provide valuable insights into the design of advanced nanocomposite biomaterials for
antimicrobial and biomedical applications.

2 Methodology

In this work, titanium sheet has been selected among the measurements of 40mm length, 10mm breadth and 1mm thickness.
The test sample was prepared using analytical grades chemicals. Sigma- Aldrich delivered Chitosan (deacetylation degree >75%).

2.1 Synthesis of CS/Se, CS/Zn0O and CS/Zr Nanoparticles by Electrodeposition Method

Electroplating is a widely used metal deposition technique in which an electrolyte medium is employed to form a uniform
coating on a substrate. The selection of appropriate process parameters is critical to achieving high-quality and adherent
coatings. Prior to electroplating, the titanium specimens were mechanically polished using emery sheets to enhance surface
roughness and improve coating adhesion. Hank’s solution was used as the electrolyte medium in this study due to its
physiological relevance. Hank’s solution is a buffered salt solution rich in bicarbonate ions and is commonly used in cell culture
systems to maintain stable pH conditions. The solution was prepared by dissolving NaCl (8 g), KCl (0.4 g), CaCl,, (0.14 g),
MgSO, (0.06 g), MgCl,, (0.1 g), Na, HPO, (0.06 g), KH,PO, (0.06 g), NaHCO; (0.35 g), and D-glucose (1 g) in 1 L of distilled
water.

The electroplating experiments were carried out using a potentiostat/galvanostat equipped with an impedance analyzer
(Model 73022, Autolab Instruments, Metrohm) in a conventional three-electrode electrochemical cell at 36 °C. The titanium
substrate served as the working electrode with an exposed area of 0.1 cm?, a saturated calomel electrode (SCE) was used as
the reference electrode, and a platinum wire acted as the counter electrode. Potentiodynamic polarization measurements were
performed in the potential range of —0.5 to +1.5 V versus SCE at a scan rate of 50 mV s™!. Experiments were conducted at
different coating concentrations, as summarized in Table 1.
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Table 1. Electroplating Process Parameters

Sl. No. Input parameters Units Levels

1. Chitosan Gram 0.4
2 Selenium Gram 0.2
3. Zinc Oxide Gram 0.2
4 Zirconium Gram 0.2

3 Results and Discussion

3.1 Characterization Of Cs/Se, Cs/Zno And Cs/Zr Nanocomposite

3.1.1. Uv-Visible Spectral Analysis
The UV-Vis spectral behavior observed in this study demonstrates enhanced optical modification of chitosan upon nanoparticle
incorporation compared with previously reported ZnO-chitosan systems developed for drug delivery®. In a weakly acidic
medium, chitosan exhibits a characteristic absorption band associated with surface plasmon resonance around 330 nm. While
earlier studies reported absorption bands in the 350-380 nm range corresponding to ZnO-chitosan interactions, the CS/ZnO
nanocomposite deposited on a titanium substrate in the present work exhibited a pronounced red shift to approximately 420
nm as shown in Figure 1(i). This larger shift indicates stronger electronic coupling and improved nanoparticle dispersion
facilitated by the electrochemical deposition process. In addition, the observed peak shifts for CS/Se (350 to 360 nm) in
Figure 1(ii) and CS/Zr (230 to 310 nm) in Figure 1(iii) further confirmation of the successful formation of multi-nanoparticle
chitosan composites. These characteristic peak shifts clearly indicate the successful formation of CS/Se, CS/ZnO, and CS/Zr
nanocomposites on the titanium substrate, as confirmed by UV-Vis spectral analysis.

Opverall, the UV-Vis results highlight the advantage of the titanium-supported electrochemical approach in achieving
enhanced interfacial interactions and broader functional versatility compared to previously reported chitosan-based
nanocomposites.

3.1.2. Uv-Visible Diffuse Reflectance Spectra [UV-DRS] Investigation

UV-Visible diffuse reflectance spectroscopy (DRS) was employed to characterize the optical properties of the solid particularly
optically rough films and powder-based materials. The incorporation of selenium, Zinc oxide and Zirconium nanoparticles
into the chitosan matrix resulted in distinct change in the reflectance spectra. Pure chitosan exhibited an absorption edge
around 300-350 nm, whereas the CS/Se nanocomposite showed a pronounced red shift to approximately 470 nm. Similarly,
the characteristic absorption band of chitosan at about 350 nm shifted to nearly 400 nm upon the incorporation of ZnO
nanoparticles, while the CS/Zr nanocomposite displayed a shift toward approximately 500 nm. These spectral shifts confirm
the successful formation of CS/Se, CS/Zn0O, and CS/Zr nanocomposites, as shown in Figure 1(iv-vi).

The optical band gap energies were estimated using the Kubelka-Munk function. The calculated band gap values were
approximately 3.6eV for pristine chitosan and 2.43eV for CS/Se, 3.6eV and 3.1eV for chitosan and CS/ZnO, respectively, and
3.6eV and 4.0eV for chitosan and CS/Zr. The observed reduction and variation in band gap energies can be attributed to the
incorporation of small amounts of Se, ZnO, and Zr nanoparticles into the chitosan matrix deposited on the titanium surface,
which modifies the electronic structure of the composites.

3.1.3. X-Ray Diffraction (XRD)

The X-ray diffraction (XRD) analysis revealed that the chitosan/selenium (CS/Se) and chitosan/zinc oxide (CS/ZnO)
nanocomposites exhibited well-defined crystalline structures. All diffraction peaks observed in the XRD patterns showed
excellent agreement with the corresponding standard data from the Joint Committee on Powder Diffraction Standards (JCPDS)
files, confirming phase purity and the absence of detectable impurities. The XRD patterns of chitosan incorporated with Se, ZnO,
and Zr nanoparticles deposited on the titanium substrate under optimized conditions are presented in Figure 2(vii-ix).

The CS/Se nanocomposite exhibited three prominent diffraction peaks at 26 values of approximately 20°, 24°, and 44°,
corresponding to the (222), (012), and (011) crystallographic planes, respectively (JCPDS card no. 88-0618). Similarly, the
CS/Zn0O nanocomposite showed major reflections indexed to the (211), (220), and (200) planes, confirming the crystalline
nature of ZnO within the chitosan matrix. For the CS/Zr nanocomposite, sharp diffraction peaks were observed at 26 values
near 45°, 54°, and 57°, corresponding to the (100), (110), and (012) planes, respectively, in agreement with standard JCPDS
data.
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Fig 1. In (i), (ii), (iii) UV-Visible spectrum of (a) CS and (b) CS/Se, CS/ZnO and CS/Zr nanocomposite. In (iv), (v), (vi) UV-DRS Spectrum
of (a) CS and (b) CS/Se, CS/ZnO and (b) CS/Zr nanocomposite.

The presence of characteristic diffraction planes such as (011), (220), and (110) confirms the successful coordination
and uniform distribution of selenium, zinc oxide, and zirconium nanoparticles within the chitosan biopolymer matrix. The
crystallite sizes were calculated using the Debye-Scherrer equation (D = K\/Bcosf). Pristine chitosan exhibited an average
crystallite size in the range of 11-13.1 nm, while nanoparticle incorporation increased the crystallite size to approximately 17 nm
for CS/Se, 16.2 nm for CS/ZnO, and 15.2 nm for CS/Zr. This increase indicates enhanced crystallinity and structural ordering
induced by nanoparticle integration. Unlike earlier reports that frequently describe nanoparticles agglomeration within
chitosan matrices ®”). The present system exhibits well-defined hexagonal crystalline structures, highlighting the effectiveness
and novelty of the electrochemical deposition approach.

3.1.4. Fourier Transform Infrared (FT-IR) Analysis.

Fourier transform infrared (FTIR) spectroscopy was used to analyze the functional groups of chitosan (CS) and its
nanocomposites, as shown in Figure 2(x-xii). The FTIR results obtained in this study are consistent with previously reported
biopolymer-metal nanocomposite systems, while also demonstrating distinct interaction features arising from the chitosan
matrix and electrochemical deposition method. In the study on T. terrestris incorporated titanium-doped ZnO/cellulose
nanocomposite films1%), characteristic cellulose bands associated with O-H stretching and C-O-C vibrations were retained
after nanoparticle incorporation, with slight band shifts attributed to hydrogen bonding and metal-polymer coordination.
Similar retention of polymer backbone vibrations was observed in the present work, where the characteristic O-H, N-H, and
amide I bands of chitosan remained prominent, indicating preservation of the biopolymer framework.
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Fig 2. In (vii), (viii), (ix) XRD spectrum of (a) CS and (b) CS/Se, CS/ZnO and CS/Zr nanocomposite. In (x), (xi), (xii) FT-IR Spectrum for
(a) CS and (b) CS/Se, CS/ZnO and (b) CS/Zr nanocomposite.

However, compared to cellulose-based systems, the chitosan nanocomposites exhibited more pronounced band shifts in the
low-frequency region (650-720 cm™!), reflecting stronger coordination interactions between metal nanoparticles and chitosan
functional groups such as amine and hydroxyl moieties. The observed shifts for CS/Se ( 720 cm ™! shifted to 654 cm™1), CS/ZnO
(694 cm™* to 720 cm™!), and CS/Zr (670 cm™! to 699 cm 1) nanocomposites suggest enhanced metal-ligand interactions
relative to previously reported ZnO-cellulose composites. This enhanced interaction is attributed to the presence of both amine
and hydroxyl functional groups in chitosan, which promotes improved nanoparticle stabilization and interfacial bonding.

3.1.5. Corrosion Studies

In this study, corrosion ©,® inhibition performance of the CS/Se, CS/ZnO and CS/Zr nanocomposite coated on titanium was
evaluated using weight loss measurement, cyclic voltametry, electrochemical impedence spectroscopy and potentiodynamic
polarization techniques. In this experimental investigation, a titanium sheet with dimension of 40mm x 10mm x 1mm were
selected and the weight of the selected specimen was measured by using Denver analytical balance (Germany). Solutions such
as acidic, alkaline, neutral and Hank’ solutions were extensively included to accelerate the presence of corrosion on the material
surface.

https://www.indjst.org/ 219


https://www.indjst.org/

Kiruthiga et al. / Indian Journal of Science and Technology 2026;19(4):215-223

As this work aims to explore titanium-based materials for bone replacement applications, Hank’s solution was selected as the
reference (blank) electrolyte to simulate physiological conditions. The titanium specimens were immersed in 100 mL of Hank’s
solution for a duration of 144 hours to evaluate the corrosion rate. The corresponding corrosion data obtained from the weight
loss measurements are presented in Table 2.

Table 2. Corrosion rate of CS/Se, CS/ZnO and CS/Zr
Nanocomposite ~ Weight(mg)  Corrosion Inhibition Efficiency(%) Corrosion rate

CS/Se 0.4 96 0.0056
CS/ZnO 0.4 99 0.0056
CS/Zr 0.4 98 0.0056

3.1.6. Electrochemical Impedence Spectroscopy (EIS)

Nyquist plots of chitosan-coated titanium immersed in HanK’s solution, both in the absence and presence of SeNPs, ZnONPs,
and ZrNPs coatings, are shown in Figures 3(xiii-xv). The Nyquist plots were used to evaluate key impedance parameters,
including the charge transfer resistance (Rct) and double layer capacitance (Cdl). For chitosan-coated titanium, the Rct and
Cdl values were found to be approximately 125 -cm? and 78 pF/cm?, respectively.

Upon incorporation of nanoparticles, a significant increase in Rct and a corresponding decrease in Cdl were observed.
Specifically, the Ret value increased from 125 to 810 Q-cm? for CS/Se, from 125 to 900 -cm? for CS/Zn0O, and from 125 to
812 Q-cm? for CS/Zr coatings. Simultaneously, the Cdl values decreased from 78 to 4.6 uF/cm? for CS/Se, to 4.1 uF/cm? for
CS/ZnO0, and to 4.6 uF/cm? for CS/Zr. The increase in Rct combined with the reduction in Cdl indicates enhanced surface
protection and increased interfacial stiffness due to the formation of a stable electrical double layer on the titanium surface. The
variation of Rct with Cdl values is summarized in Table 3.

Table 3. Electrochemical Impedances

Electrodes  Charge Transfer Resistance Double Layer Capacitance IE;mp
Rey (Qcm?) ZnO (uF/cm?) (%)

Ti 125 78 90

Ti-CS/Se 810 4.6 99

Ti-CS/ZnO 900 4.1 99

Ti-CS/Zr 950 3.8 98

3.1.7. Potentiodynamic Polarization

Potentiodynamic polarization measurements were carried out to obtain a detailed assessment of the corrosion behavior of
nanoparticle-coated titanium in Hank’s solution. The polarization curves were recorded by scanning the potential from —0.5 to
+1.5 V versus the saturated calomel electrode (SCE) at a scan rate of 50 mV s™!. The corresponding electrochemical parameters
and inhibition efficiencies are summarized in Table 4.

Table 4. Corrosion Parameters in Hank’s Solution

Elec- Corrosion potential Current Anodic Tafel slope Cathodic Tafel slope CIE(%)
trodes (mV) density(uA/cm™2) (mV/dec™!) (mV/dec™!)

Ti 512 2.29 77 238 90
Ti-CS/Se  -469 74.60 117.95 210.70 99

Ti- -490 1.16 270 285 99
CS/ZnO

Ti-CS/Zr  -426 1.16 333 166 98

The corrosion potential (E_,,.,.) and corrosion current density (i.,,.,.) were determined using the Tafel extrapolation
method. Compared to uncoated titanium, the nanoparticle-coated samples exhibited a positive shift in E . ,.,. and a significant
reduction in i,,.,., indicating enhanced corrosion resistance. The anodic and cathodic Tafel slopes remained nearly constant
for all coatings, suggesting that the corrosion mechanism was not significantly altered. Among the coatings, CS/Se exhibited the
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lowesti,,,.,. and the most positive E . ..., indicating superior corrosion protection. Corrosion inhibition efficiencies calculated
from icorr values were found to be approximately 99% for CS/Se and CS/ZnO, and 98% for CS/Zr, corroborating the impedance
results.

These findings indicate that the nanocomposite coatings predominantly suppress anodic dissolution while also influencing
cathodic reactions, leading to the formation of a stable protective layer on the titanium surface. The polarization behaviors of
the coated samples are shown in Figure 3(xvi-xviii).
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Fig 3. In (xiii), (xiv), (xv) EIS spectrum for (a) CS and (b) CS/Se, CS/ZnO and CS/Zr nanocomposite. In (xvi), (xvii), (xviii) Potentiodynamic
polarization of (a) CS and (b) CS/Se, CS/ZnO and (b) CS/Zr nanocomposite.

3.1.8. Biological Application

The antifungal activity of CS/Se, CS/ZnO, and CS/Zr nanocomposites against Candida albicans is presented in Tables 5- 7.
All samples exhibited a concentration-dependent response. Pristine chitosan showed weak antifungal activity, with inhibition
zones increasing marginally from 0 to 3 mm as the concentration increased from 20 to 100.:g/ml. In contrast, all nanocomposite
coatings demonstrated enhanced antifungal performance at corresponding concentrations. Detectable inhibition (~1 mm) was
observed for all nanocomposites even at low concentrations (20-40 pig/ml), where pristine chitosan remained largely inactive.
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Table 5. Antifungal activity of CS and CS/Se nanocomposite

Organism/zone of inhibition(mm)
Nanocomposites Concentrations (1g/ml)  Candida albicans

CS CS/Se
20 0 1
40 1 1
samples 1 3
80 2 4
100 3 5
Control G 10p1/disc 0 0
(glacial acetic
acid)

Table 6. Antifungal activity of CS and CS/ZnO nanocomposite

Organism/zone of inhibition(mm)
Nanocomposites Concentrations (ug/ml)  Candida albicans

CS CS/ZnO
20 0 1
40 1 1
Samples 60 1 2
80 2 4
100 3 4
Control G 10p1/disc 0 0
(glacial ~acetic
acid)

Table 7. Antifungal activity of CS and CS/Zr nanocomposite

Organism/zone of inhibition(mm)
Nanocomposites Concentrations (ug/ml)  Candida albicans

CS CS/Zr

20 0 1

40 1 1
Samples 60 1 3

80 2 4

100 3 6
Control G 10p1/disc 0 0
(glacial ~acetic
acid)

At 10041g/ml, inhibition zones of 5 mm and 4 mm were recorded for CS/Se and CS/ZnO, respectively, while CS/Zr exhibited
the highest activity with a maximum inhibition zone of 6 mm. The control (glacial acetic acid) showed no inhibitory effect.

The improved antifungal performance of the nanocomposites compared to pristine chitosan confirms the beneficial role of
metal nanoparticle incorporation. Compared with previously reported !”) chitosan/ZnO systems that primarily emphasized
antibacterial effects at higher ZnO loadings, the present coatings exhibit a stronger and more consistent antifungal response
against Candida albicans, including activity at lower concentrations. Among the formulations, CS/Zr showed superior efficacy,
followed by CS/Se and CS/ZnO. Overall, the antifungal effectiveness followed the order: CS/Zr > CS/Se > CS/ZnO > CS. This
enhancement is attributed to synergistic mechanisms involving disruption of fungal cell wall integrity, increased reactive oxygen
species generation, release of metal ions, and increased membrane permeability, collectively leading to effective inhibition of
fungal growth.
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4 Conclusion

The present study successfully demonstrates the fabrication of chitosan-based bio-nanocomposite coatings containing
selenium, zinc oxide, and zirconium nanoparticles on titanium substrates using an electrochemical deposition technique. UV-
visible and UV-DRS analyses confirmed nanoparticle incorporation through characteristic absorption bands and reduced band
gap energies. XRD results revealed the crystalline nature and hexagonal structure of CS/Se, CS/ZnO and CS/Zr nanocomposites,
while FT-IR analysis verified strong coordination between chitosan functional groups and the embedded nanoparticles.

Electrochemical corrosion measurements in Hank’s solution revealed outstanding protective performance, with inhibition
efficiencies reaching 99% for CS/Se and CS/ZnO and 98% for CS/Zr, attributed to the formation of a dense and adherent barrier
layer. Increased charge transfer resistance and decreased double-layer capacitance confirmed the formation of a compact and
stable protective layer on titanium.

The antifungal results confirm that nanoparticle-modified chitosan exhibits significantly enhanced activity against Candida
albicans compared to pristine chitosan. Among the formulations, CS/Zr showed the highest inhibition followed by CS/Se
and CS/ZnO, demonstrating a clear concentration-dependent response. These findings emphasize the effectiveness of
metal nanoparticle incorporation in improving the antifungal performance of chitosan-based biomaterials. Overall, the
combined corrosion protection and antifungal performance highlight the potential of these multifunctional chitosan-based
nanocomposite coatings for biomedical and implant-related applications.
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