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Abstract

This study describes a simple way for making films from natural sources, which is relevant since
there is a rising demand for new materials that can make biocompatible films that are both
effective and economical for use in biomedical applications. Fish bone waste and chitosan, a
natural polymer used to manufacture thin films, are the sources of hydroxyapatites. The addition
of zirconia (ZrO) to the thin films created a new nanocomposite known as ZrO,-Chitosan-
Hydroxyapatite (Zr-CS-HAP) films. These films demonstrated biocompatibility and have the
potential to be produced in huge quantities. The structural, morphological, and biological studies
were explored for possible biomedical applications like wound dressing, bone tissue
regeneration, etc. The films showed good anti-oxidant and UV-protecting properties.
Cytotoxicity of films by MTT test suggests that HeLa cell lines showed moderate to good
cytotoxicity and better cervical properties. The films tested for Apoptosis-Necrosis in HelLa cells
showed induced apoptosis of 52% and Necrosis of 21.3% in HeLa cells, similar to standard
control.
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1 Introduction

Bioceramic materials used for knee, femur, hip, teeth, and other biological implants are designed
to be highly absorbent and, in addition to their adequate load-bearing ability, can encourage the
formation of natural bone tissue on the surfaces of artificial joints (Mythili et al. 2015). The
creation of hybrid biomaterials with antibacterial, antifungal, anti-proliferative, and antioxidant
capabilities is crucial for promoting quicker and more effective healing. In order to achieve
superior orthopedic outcomes, an implant material must be mechanically and biologically sound
and pass a corrosion-resistant test (Cunha et al. 2020). Metallic bio implant materials are
essential in clinical applications because of their better mechanical qualities in physiological
conditions. Hydroxyapatite [Ca1o[PO4]s[OH]-], a calcium /phosphate-based bio-ceramic (Komal
et al. 2020) chemically like an inorganic constituent of bone tissue, and is non inflammatory, non
immunogenic, biocompatible but also bioactive, has the ability to form a direct bond with living
tissue (Fathi et al. 2008). It promotes tissue growth and is used as a prosthetic implant and filler
material to replace damaged bones. Hydroxyapatite is promising for bone therapy, bone
replacement, bone repair material, and wound dressing material (Rinaudo, 2006). Although HAP
has a significant potential for wound healing because to its high biocompatibility and excellent
angiogenic activity, traditional HAP materials are not suitable for wound dressing due to their
high brittleness and poor mechanical qualities. However, the ability to add different dopants or
reinforcements to HAP improves its qualities and expands its applications (Lansdown, 2002).
Zirconium dioxide (ZrO2) is a widely used material due to its excellent properties like
biocompatibility, excellent mechanical strength, elastic modulus equivalent to that of bones, low
stress, and high fracture toughness (Horti et al. 2020). Zirconia-based composite materials have
superior corrosion resistance, high hardness, fracture toughness, and less magnetic susceptibility,
making them useful for a variety of biomedical applications. One of the major components used
in biomedicine is chitosan (CS), obtained by deacetylation from chitin, a natural polysaccharide
found in crustacean shells. Chitosan has many biological properties, such as antibacterial,
nontoxic, and biodegradable. The degree of deacetylation (DDA) has a considerable impact on
the solubility of chitosan. Chitosan is soluble up to a pH of 9 when its DDA is less than 40%.
The Development and characterization of chitosan films were done to study the morphology and
physical, mechanical, and degradation properties (Yang et al. 2010).

2 Methodology

Local market fish bones are defatted and deproteinized. Crushed bone species cleaned after 2
hours in acetone and heated to 250°C for six hours while stirring in a highly concentrated 4N
sodium hydroxide solution with a 1:40 solid/liquid weight ratio. 20 g of bone powder in a
crucible is heated at 650°C @ 5°C for 6 h and 950°C for 6 hours (Barakat et al. 2008). A beaker
with 1M ammonium hydroxide contained the estimated amounts of ZrOCl», a precursor to ZrOg,
and bone powder to maintain pH 8. At 65-70°C, the mixture is stirred often. After washing and
drying overnight at 45° C, the solid is calcined at 700° C for an hour. With vigorous stirring,
Glacial acetic acid [1%v/v] dissolved chitosan at 25°C in 24 hours. Zr-HAP powder was added
in various amounts after dissolving. A 0.5 N NaOH solution and distilled water rinse neutralized
excess acetic acid. For film preparation, plasticizer glycerol was added and agitated at 40° C for
30 minutes to 60 mL. Glycerol as a plasticizer is added and swirled at 40° C for 30 minutes by
eliminating air bubbles and particles to make the film. The solution was cast and evaporated onto
a glass plate and dried for 72 h at 25 °C to form the film after 10 min of stirring at 40° C (lline et
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al. 2022). Zr concentrations and weight percents are in Table 1. The prepared films were
characterized with XRD, SEM, FTIR (Srinivasan et al. 2018). A calibrated digital Vernier
Calliper-gauge micrometer measures film thickness. Five locations are measured and averaged
for each film. Film microstructure and quality may change with doping (Gao, 2004). Porosity
was measured using a standard approach (Khorasani et al. 2019). Each film was weighed before
and after 60 minutes in dry ethanol until saturated.

Table 1 Details of the weight percentages of the components used in the preparation of the film

S.No Sample Name Chitosan Percentage ZrO; in Glycerol (mL)
(deacetylated)
Zr-HAP
1 Zr-CS-HAP-1 (Sample 1) | 1% wt/v 1 wtlv % Zr on HAP 2.5
2 Zr-CS-HAP-2 (Sample 2) | 1% wtlv 2 wtiv % Zr on HAP 3.5
3 Zr-CS-HAP-3 (Sample 3) | 1% wt/v 3 wt/v % Zr on HAP 4.5
4 Cs 1% wt/v - 2.5
5 CS-HAP 1% wt/v - 2.5

To assess swelling and water-uptake (WU%), 25 x 25 mm films were submerged in 5 mL of
saline solution (NaCl 0.9% wi/v) adjusted to pH 6.6. WU at 120 minutes was calculated using
weight differential %. Hydrated samples were submerged in solution and baked at 60 °C for 24
hours to quantify erosion by weight. Erosion (E%) measures film weight loss in saline. For 24 h
at 37 °C, the films were immersed in saline solution to measure disintegration and integrity.

Biological assessment

Human Cervix adenocarcinoma cell line HeLa is supplied from NCCS in Pune, India for film
cytotoxicity. At 37°C with 5% CO- and 18-20% Oz, the cells were in DMEM with high glucose
media, 10% FBS, and 1% antibiotic-antimycotic solution in a CO incubator. Their subculture
changed every two days. Colorimetric MTT cell proliferation assay used to measure cell
proliferation and cytotoxicity (Gerlier and Thomasset, 1986). Antimicrobial susceptibility was
tested on fungus (Saccharomyces cerevisiae), bacteria (Escherichia coli), and bacteria
(Staphylococcus aureus). KIRBY Bauer Disc Diffusion showed a Zone of Inhibition for these
species (Indumathi et al. 2019). To measure film antimicrobial activity, overnight liquid cultures
of selected bacteria were diluted with 1 g L-1 peptone and 8.5g L-1 sodium chloride. UV light
sterilized 1.3 cm CS and Zr-CS-HAP film discs for 10 minutes. To each disk in a sterile tube,
200l of liquid inoculum was added. The films were inoculated for 0, 2, 4, and 6 hours at 37 °C.
Each tube was diluted with 1.8 mL peptone water (Tabassum et al. 2021). We cultivated 20 pl
aliquots of each diluted solution on Muller Hinton Agar at 37 °C before counting colonies. A
triple statistical analysis was performed on each experiment (Raphael and Meimandipor, 2017).
Two samples of Zr-CS-HAP -2 and -3 were tested for antioxidant activity using DPPH free
radical scavenging (McDonald et al. 2006). Apoptosis, Necrosis, and other types of cell death
were characterised by the expression of phosphatidylserine on the cell surface, which is detected
by using Annexin-V as a probe (Homburg et al. 1995). Thus, viable, early apoptotic, late
apoptotic, and necrotic cells are represented by the populations Annex-V-/IP-, Annex-V+/IP,
Annex-V+/IP+, and Annex-V-/IP+, respectively (Obrien and Bolton, 1995). Following staining,
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propidium iodide is represented by the pink stain and Annexin V by the green stain. The yellow
tetrazolium dye MTT is reduced to formazan crystals by the MTT Assay test, which can be used
to measure cytotoxicity and cell proliferation. To evaluate viability, the MTT test (3-[4,5-
dimethyl-2-thiazol]-2,5-diphenyl-2H-tetrazolium bromide) was employed.

3 Results and discussion

XRD can determine Zr-CS-HAP's crystal structure and microstructure orientation using the thin
film detector. XRD patterns show strong crystallinity, ZrO>, HAP, and Chitosan peaks. Zr-CS-
HAP diffraction peaks display the tetragonal phase of ZrO, coinciding with JCPDS card no. 89-
7710, with a significant peak at 2o value 30.0°, corresponding to the (101) plane. HAP peaks at
20 values of 26.0° (002), 32.2° (211), 40.1° (310), and 45.9° (222) match the hexagonal
structure of hydroxy apatite and JCPDS card no 09-0432 (Ashkezari et al. 2023). Chitosan had
low peaks at 2 theta 15, 20.0°, and 36.7°, as before (R pallela et al. 2012). FTIR functional
groups of the composite film are presented in Figure 1. O-H stretching causes the spectrum's big
peak at 3385 cm—1. Chitosan amine peaks at 1629 cm—1 (Madeha and Ntanoyenkosi, 2024).
Peaks at 567, 1055, and 1566 cm—1 (phosphate groups) indicate HAP (Panda et al. 2003).
Spectrum data at 854, 1,413, and 1,451 cm-1 suggests carbonate ions. Also observed are Zr-O
stretching peaks at 466 and 434. The spectrum shows all ZrO», Chitosan, and HAP peaks. A
Labsphere UV-2000F ultraviolet transmittance tester measured a few films' UPF (Balraj et al.
2017). Figure 1 depicts Zr-CS-HAP UV-visible diffuse reflectance spectra with various zirconia
loadings. Figure shows absorption is concentrated at 308, 316, and 330 nm. Valence band to
conduction band transition may explain this. ZrO2 nanosheets displayed no extrinsic states and a
high peak at 319 and 330 nm, according to literature. This suggested minor ZrO2 nanosheet
surface defects (Fatemh and Mohammad, 2014).
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Fig.6 UV-Vis DRS spectra, FTIR and XRD of Zr-CS-HAP thin films

A calibrated digital Vernier Calliper-gauge micrometer measures film thickness at five locations
for each film and calculates the average. Doping could alter film quality and microstructure.
Table 2 shows the weights of the films before and after 60 minutes in dry ethanol till saturated.
SEM micrographs of zirconia loaded on HAP films at different magnifications are shown in
Figure 2. Figures (2a) and (2b) show just chitosan film, (2c) and (2d) show rod-shaped CS-HAP
films, and (2e) and (2f) exhibit Zr-CS-HAP films. Homogeneous films with considerable ZrO>
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dispersion or nanofibers embedded in HAP films. SEM images reveal a film thickness of 14-49
pm. These values match vernier caliper measurements. Figure 3 illustrates EDAX pattern and
metal % at a given time.

Table 2 Details of thickness, porosity, and UPF values critical wavelength and percentage
transmittance

Sample | Thickness | Porosity | Water % Water UPF UPF T T
Name (mm) (%) uptake/time Erosion | uptake | value rating

min"(%) UVA% | UVA%

%/min

Zr-CS- | 0.025 26.61 1.6 50.0 2.9 153.38 | excellent | 0.57 2.25
HAP-1
Zr-CS- | 0.019 28.51 1.7 51.1 2.9 155.26 | excellent | 0.73 2.16
HAP-2
Zr-CS- | 0.020 29.78 2.2 52.3 2.5 140.15 | excellent | 0.31 2.21
HAP-3
CS 0.036 20.27 1.0 40 2.4 19.09 poor 0.68 2.27
CS- 0.09 22.81 3.2 66 2.5 15.9 poor 0.65 2.31
HAP
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Fig. 2 Scanning Electron Microscopes : (2a) & (2b) chitosan film, (2c) & (2d) CS-HAP, (2e) &
(2f) Zr-CS-HAP

MTT Assay

Cytotoxicity should not be exhibited by biomaterials used in biological applications. Using an
MTT assay, Zr-CS-HAP thin films were examined in vitro to determine the nontoxic
concentration. This MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay,
measures mitochondrial activity by watching how cells transform MTT into formazan crystals
while they are still alive. The capacity of metabolically active cells to transform MTT into
formazan crystals was assessed. Based on the observations in Statistical data of cell cytotoxicity
study by MTT assay, it is suggesting that against HeLa cell lines, Test Compounds, namely Zr-
CS-HAP-2 and Zr-CS-HAP-3 showing moderate cytotoxic potential properties with the ICso
Concentrations of 280ug/mL and 519ug/mL respectively. To demonstrate the mechanism of
action of films on human cervical cancer cells, more research was conducted, including
investigations on the cell cycle using Pl staining, apoptosis using Annexin V/PI staining,
apoptotic protein expressions such as Caspase 3,7,9, Bcl2, p53, and ROS.

) 29.21 44.47
Na 22.99 24.36
Mg 0.33 0.33
P 39.49 27.13
K 0.46 0.28
Ca 3.52 2.14
Fe 1.21 0.53
Zr 2.80 0.75
reermeer Full Scale 533 cts Cursor: 0000 ket Totals 100.00

Fig.4 An EDAX Pattern of Zr-CS-HAP and a percentage of metal at a particular point

It is acknowledged in the literature that CS is nontoxic, and the incorporation of HAP induces
proliferative properties (Koopman et al. 1994). Moreover, the ZrO, was also reported to be
bioinert, and these coatings were expected to improve the interaction with cells and tissues. The
proliferation of the cells is due to the presence of calcium in hydroxyapatite. Calcium-sensing
receptors trigger chemotaxis and proliferation in response to elevated extracellular calcium
levels. In this regard, Zr-CS-HAP would be more beneficial because calcium can encourage
development and proliferation through the mechanical strength of Zr-based ceramics.

Anti-Microbial Susceptibility

The antibacterial activity of Zr-CS-HAP films was evaluated against three different
microbiological strains to see whether the powder's absorption into the film affected the behavior
of Zirconium and HAP. The disc diffusion method and viable cell count assay measured the
films' antibacterial and antifungal properties. The Zr-CS-HAP films repressed Escherichia Coli
Gram Negative, Staphylococcus aureus Gram Positive, and Saccharomyces cerevisiae. Table 3
lists the species and zone of inhibition. Films with less Zr-CS-HAP have smaller inhibition
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zones. How well the inoculum kills germs depends on its concentration. Gram-positive bacteria
show no influence from Zr-HAP in the film (Figure 4a). Staphylococcus aureus may be resistant
to Chitosan films with a 1.5 log unit reduction. The regular Chitosan film and Zr-HAP film differ
slightly yet considerably. Figure 4b targets Gram-negative E. coli. Both examples had two log
units fewer live bacteria after two hours with UV-absorbing powder in their matrix, proving that
the CS film is still effective against bacteria. A small shift occurred after 4 hours, and both
samples reached 5 log CFU/mL after 6 hours. As with other antibacterial coatings, a modest
uptick suggests weak microbial return. Although the bacterial population has grown, it is still
modest. A Saccharomyces cerevisiae test on the CS film showed just a slight decrease in active
microorganisms (Figure 4 c), ruling out considerable action. Live cells increased after 6 hours as
the Zr-CS-HAP film grew. Fungal activity-promoting compounds may be released during
incubation. The elements may be organic bits or molecules. Although the chemicals have been
revealed in organism tests, the CS matrix's high antibacterial activity may have hidden their
benefits. But additional investigation is needed. Overall, Zr-CS-HAP films have outstanding
Gram-positive and Gram-negative antibacterial activity, peaking between 2 and 4 hours. Good
wound dressings, Zr-CS-HAP films absorb UV radiation and are antibacterial.

Table 3 Details of the Microorganisms Used and Zone of Inhibition

S.No | Name of the Microorganisms | Antibiotic Disc | Zone of Inhibition

1 Control Nil
Escherichia Coli Zr-CS-HAP -2 1.5mm
Zr-CS-HAP -3 1.8 mm

2 Control Nil
Staphylococcus aureus Zr-CS-HAP- 2 1.0 mm
Zr-CS-HAP- 3 1.0 mm

3 Control Nil
Saccharomyces Cerevisiae | Zr-CS-HAP- 2 1.0 mm
Zr-CS-HAP- 3 1.6 mm

() Staphylococeus anrens

& (TrLSHAP|
# (S

5 (b} Escherichia Coli

{c)Saccharomyces Cerevisia

TR

Figure 4 (a) Antimicrobial assay of simple chitosan (CS) and chitosan with Zr-HAP powder (Zr-
CS-HAP-2) film capacity to inactivate Gram-positive bacteria
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DPPH RSA

The CS-Zr-HAP films were studied for DPPH radical scavenging (RSA). The 2,2, diphenyl-
picrylhydrazyl (DPPH) technique has several medicinal and food-related uses. Antioxidant
activity of chemicals, especially phenolic compounds, can be evaluated using this approach. The
Spectrophotometer/ELISA reader's observations in the statistical results of the DPPH RSA study
show that the test compounds Zr-CS-HAP-2 and Zr-CS-HAP-3, inhibited DPPH RSA in a dose-
dependent manner with IC50 values of 663 pg/mL and 993ug/mL, respectively (Figure 5). The
standard control for the study was ascorbic acid. The measured DPPH radical scavenging
conclusions of the tested compounds (Zr-CS-HAP-3) reveal that they have significant dose-
dependent DPPH radical scavenging potency, while Zr-CS-HAP-2 and other samples have
moderate DPPH radical scavenging activity. Ascorbic acid & Zr-CS-HAP-2 both showed notable
DPPH radical scavenging efficacy in a dose-dependent manner (Ngugen et al. 2022).

Table 4 Comparative DPPH % inhibition in a dose-dependent manner

Concentration (ug/mL) | Zr-CS-HAP- 2 | Zr-CS-HAP-3

DPPH alone 0 0

Ascorbic acid-10 44.45 44.45

62.5 4.45 0.13

125 8.58 292

250 13.44 6.95

500 30.87 10.40

1000 73.44 55.27

Apoptosis and necrosis

Annexin V/PI double labelling was used to quantify cell apoptosis and necrosis, and the results
are displayed in Fig. 5. When compared to the control group, the Zr-CS-HAP-2-treated cells
showed variable levels of necrosis instead of apoptosis. In late apoptosis or when the treatment
period was prolonged, the necrosis rates of the Zr-CS-HAP-2-treated cells rose from 21.35% to
43.11%. (A) % live, apoptosis and necrotic population observed in HelLa cells treated with
culture medium alone (Untreated), (B) Camptothecin and Test compound,(C) Zr-CS-HAP-
2, with 72.83pug/mL concentration (D) Quadrant plots showing the % of HeLa cells that are
alive, in apoptosis, and necrotic after being subjected to the amounts of Camptothecin (3.8
MM/mL), Test compound, Zr-CS-HAP-2, and culture media alone (Untreated), respectively.
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255
256 Table 5 Apoptosis and necrosis assay of cells exposed to Zr-CS-HAP-2 films
% population of cells Necrosis | Late apoptosis | Live | Early apoptosis
Untreated 0 0.72 98.85 | 0.43
Camptothecin-3.8uM/mL 0.19 52.82 28.81 | 18.18
Zr-CS-HAP- 2 with 72.83ug/mL | 21.35 8.93 26.61 | 43.11
257
258  The above graph and table clearly show that the study's Std control drug Camptothecin, the test
259  substance Zr-CS-HAP-2, significantly increased the amount of apoptosis (52%) and necrosis
260  (21.35%) in HelL a cells.
261
262 Conclusions
263  Chitosan, ZrO2 HAP-based hybrid films were successfully prepared. The characteristics of these
264  films indicate that they are suitable for biomedical applications like wound dressings because
265 they help to reduce bacterial infections and bone tissue engineering applications. MTT assay,
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DPPH, Apoptosis, and Necrosis studies also state that the Zr-CS-HAP-2 films have an impact
and possibility to explore in bone tissue engineering applications. Between two and four hours,
the Zr-CS-HAP films exhibit the highest level of antibacterial activity against both Gram-
positive and Gram-negative pathogens. The fungal organism Saccharomyces Cerevisiae has been
demonstrated to be mildly affected by Zr-CS-HAP film. Its bioactivity, biodegradability, and
biocompatibility make it highly beneficial in many scientific domains.
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