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This research investigates the microbial inactivation potential of ternary TiO,-CuO-chitosan
nanocomposites (TCC NCs) applied as surface coatings on cowhide leather. Initially, bare TiO»
nanoparticles (NPs) and binary TiO,—CuO (TC) NCs, with varying CuO NPs content, were prepared using
an in situ sol-gel method. These binary TC NCs were then modified with chitosan at varying weight
percentages (2%, 4%, 6%, and 8%). The resulting NCs were analyzed using various spectral tools. XRD
analysis revealed the dominance of the anatase form of TiO, in both binary and ternary NCs. UV-visible
DRS measurements were used to study the optical properties of the NCs and compare these to those of
individual components. Microscopic analysis indicated the formation of grain clusters with irregular
shapes, with particle sizes ranging between 10 and 20 nm. FT-IR analysis studied the interconnectivity
between TC and chitosan through different functional moieties, while Raman analysis confirmed the
phases of the different constituents. BET analysis showed that TCC 8 NCs (having 8% OF chitosan in TC
NCs) had a surface area 1.4 times greater than bare TiO, NPs. Antibacterial and antifungal studies were
conducted using standard protocols to test the prepared NCs against representative microbes. When
coated on cowhide leather as microbicidal agents, the TCC 8 NCs-coated leather exhibited the highest
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Introduction

TiO, nanomaterials are some of the promising candidates for
antimicrobial studies due to ease of interaction with microbes,
entering easily into the microbes, reactive oxygen species (ROS)
under UV irradiation, etc. which lead to microbial inactivation.
To enhance the microbial inactivation further, various strate-
gies have been adopted for modifying the TiO, host materials.
Among the different strategies, the composite formations of
TiO, nanomaterials with other materials have tuned the phys-
icochemical properties feasible for improving the overall anti-
microbial efficiency. In this regard, nanostructured CuO has
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10, TC 20, TC 30, and TC 50. This study showcases the effectiveness of these functional NCs for the
surface disinfection of leather coatings.

been utilized to modify the TiO,, since CuO has auspicious
antibacterial activity, anti-carcinogenic properties, low-cost,
abundant nature, strong bactericidal properties as well as
high stability. So, the composite of TiO, with CuO nano-
structures exhibits encouraging outcomes in preventing the
growth of microbes, showing a large surface area compared to
bare TiO,. So, such TiO,-CuO nanocomposites (TC NCs) exhibit
promising microbicidal activity.'

An enhancement in the photocatalytic inactivation perfor-
mance of TiO, nanoparticles (NPs) can be understood to be due
to the incorporation of CuO since it is responsible for
enhancing defects within the TiO, lattice such as oxygen
vacancies. Such vacancies also reduce the conduction band,
thereby promoting activation of O®~ species.* In this connec-
tion, some endeavors have been illustrated earlier. Kubiak et al.
reported the hydrothermally synthesized TC NCs, which re-
flected enhanced antimicrobial activity, but the NCs revealed
diminished surface area compared to bare TiO,.” In addition,
surface modification of bare TiO, with CuO nanoclusters by
radiolytic methods can decrease the photocatalytic activity
under both visible as well as UV light, which affects micro-
bicidal activity.*® Along with the hydrothermal and radiolytic
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methods, other sophisticated synthesis methods have been
deployed to design the aforementioned NCs. Banas-Gac et al.
reported thin film bilayers of TC NCs deposited by RF reactive
magnetron sputtering.'® This technique can lead to the devel-
opment of a bottom layer of CuO with a fixed thickness and
a top layer of TiO, with a deliberately variable thickness. This is
used to avoid spurious effects at the interface between layers to
ensure efficient charge transfer. Along with the aforemen-
tioned synthetic approaches, flame-assisted chemical vapour
deposition (CVD) was deployed earlier for the same purpose.*
This work demonstrated the effective use of TC NCs for anti-
microbial study for food storage,*>** still there was a lag asso-
ciated with instability of material at low temperatures. This can
be further reflected by the slower production of ROS by said
samples during the study.**

Though the representative studies regarding TC NCs have
been conducted effectually, the prolonged scope can be ach-
ieved by seeking the use of an easy synthetic approach instead
of sophisticated routes. A wet chemical approach such as the
sol-gel method is one of the easiest synthetic approaches to
designing NCs. So, the present investigation tends to utilize the
same. In addition, as discussed above, though TC NCs exhibit
good antibacterial properties, there is still a chance to enhance
the biocompatibility, surface area, optoelectronic properties,
energetic active sites at the surface, etc. And for this, carbon
nanostructures, organic semiconductors, polymers, noble
metal NPs, etc. have been effectually deployed.'>*

Particularly, chitosan (CS) has gained striking interest
among existing polymers. This is due to its fascinating anti-
bacterial activity, good biodegradation, outstanding biocom-
patibility, non-toxicity and excellent physicochemical
properties.””*® In this manner, to alter the metal oxide's bio-
logical characteristics, CS biopolymer can be combined with
metal oxides, due to its aforementioned characteristics.'* In
addition, the polymeric nature of CS can provide a strong
bonding with the metal oxide surface, providing decent
stability.”>** Hence, moving towards ternary TiO,-CuO-chito-
san (TCC) NCs can be an effective strategy, providing a novel
opportunity to design and study said TiO,-based NCs, as such
microbicidal study for leather coating has not been done yet.
This comprises the various aspects of microbicidal studies with
promising microbicidal activity, biocompatibility, decent pho-
tocatalytic activity when exposed to UV light, chemical stability,
non-toxicity, etc.

So, the present study focussed on the designing of ternary
NCs for microbicidal study. This work includes the synthesis of
binary TiO,~CuO i.e. TC 10 NCs, TC 20 NCs, TC 30 NCs, and TC
50 NCs with varying content of CuO in 10, 20, 30, and 50 wt%,
respectively. Also, the synthesis of ternary TiO,-CuO-chitosan
i.e. TCC 2 NCs, TCC 4 NCs, TCC 6 NCs, and TCC 8 NCs with
varying content of CS in 2, 4, 6, and 8 wt%, respectively, by in
situ sol-gel method and their characterizations using various
sophisticated spectral/analytical tools. Thereafter, a good
diffusion method was used to demonstrate the microbicidal
study. For this, TC NCs and TCC NCs were exposed to fungal
strains such as Candida albicans and Aspergillus niger as well as
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bacterial strains such as E. coli, P. vulgaris, B. cereus, and S.
aureus under dark and light conditions.

Results and discussion
X-ray diffraction (XRD) pattern analysis

The structural properties of all samples were investigated by
using XRD patterns as depicted in Fig. 1a. The XRD pattern of
TiO, NPs was matched with the ICSD card number 75-1537,>*
reflecting the presence of the anatase phase. TiO, NPs exhibit
the characteristic peaks at 26 = 25.140, 37.930, 48.000, 54.060,
and 55.040 that are attributed to the (101), (004), (200), (105),
and (211) crystalline planes, respectively. Thereafter, these
aforementioned peaks for NPs reveal their appropriate
synthesis. In addition, the representative peaks at 26 = 32.57°
(110), 35.62° (002), 38.75° (111), and 48.23° (202), within XRD
patterns of TC 50 NCs, signify the existence of CuO NPs with
TiO, lattice.”® Thereafter, in the case of TCC 8 NCs, due to
a slight amount of CS NPs, its preferred peak (at 20.16°) is not
observed.”® With an increase in the concentration of CS NPs in
TC 50 NCs, the intensity of characteristic peaks of TC 50 NCs
decreases, confirming the successful synthesis of ternary NCs.*”
This effect may result from the exfoliation and uniform
anchoring of CS NPs onto TC 50 NCs.*® The incorporation of CS
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Fig.1 (a) XRD patterns, (b) FT-IR spectra, (c) UV-visible DRS, (d) Tauc
plots, (e) Raman spectra, and (f) localized magnified Raman spectra of
bare TiO, NPs, TC 50 NCs with varying content of CuO (50 wt%), and
TCC 8 NCs with varying content of CS NPs (8 wt%).
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NPs and CuO NPs with TiO, NPs induces a distortion in the
lattice structure, as evidenced by the broadening of the
diffraction peak at 25.14° and the decrease in its intensity.”®
Such interactions may enhance the overall structural properties,
as supported by crystallite size determination using the Debye-
Scherrer equation. In addition, the XRD patterns of bare CuO
NPs, CS NPs, binary TC NCs, as well as TCC NCs, are highlighted
in Fig. S1, in ESL.} Also, the associated desired parameters of
XRD analysis are described in Table S1, ESL.{ Such distorted
NCs can be effectual towards energetic surface areas with a high
defective nature and higher active sites, useful for promoting
antimicrobial assets.>

Fourier transform infrared (FT-IR) analysis

Fig. 1b shows FT-IR spectra of all samples, having a range of
4000-400 cm™ ' at room temperature. For bare TiO, NPs, the
broad bands observed in the range of 500-900 cm " are assigned
to Ti-O and Ti-O-Ti bonds. A similar case is observed for bare
CuO NPs, representing Cu-O bonds at a similar frequency range.
As shown in Fig. 1b, the characteristic peak at 1383 cm™" is
assigned to stretching vibrations of Cu-O-Ti groups, confirming
the successful incorporation of CuO with TiO, NPs.** In addition,
these binary NCs possess the M—OH bond, represented by the
peak at 1622 cm ™', which provides the site for linking CS NPs to
optimized NCs.**** In addition, FT-IR spectra of ternary NCs
along with that of CS NPs and optimized TC 10, TC 20, and TC 30
NCs are given in Fig. S2, ESI.T The characteristic peaks of CS NPs
(around 1600-1200 cm™ ") can be easily seen in the TC 50 NCs.
The intensity of these peaks is observed to be enhanced in TC 50
NCs, as the concentration of CS NPs is enhanced. This reveals the
effective loading of CS NPs on said TC 50 NCs. In addition, for all
samples, an intense broad band appeared in the 3200-3550 cm™*
region that was attributed to the -OH stretching vibration of
surface hydroxyl groups of adsorbed water molecules. Hence, the
associated functional moiety of synthesized NCs aligns well with
that of bare TiO, NPs, which designates proper interconnectivity
within samples.

UV-visible diffuse reflectance spectroscopy (UV-visible DRS)
analysis

The UV-visible DRS spectra were used to investigate the optical
characteristics of synthesized samples. Fig. 1c shows the UV-
visible DRS spectrum of the bare TiO, NPs, TC 50, and TCC 8
NCs. This shows the redshift for TiO, NPs with the incorpora-
tion of CuO NPs with the lattice, revealing an improved optical
property. This was further boosted with the loading of CS NPs
on optimized TC 50 NCs. Such enhanced optical properties
promoted the diminished band gap value of 2.61 eV from
2.74 eV (of TC 50 NCs) and 3.17 eV (of bare TiO, NPs), as shown
in the inset Tauc plot (Fig. 1d). The UV-visible DRS spectra for
other samples and their associated band gap values with band
edges are shown in Fig. S3, ESI and mentioned in Table S2, ESL,f
respectively. Hence, such composition of CuO NPs as well as CS
NPs with TiO, NPs stimulate its absorption strength in the
visible region, supporting to generation of the maximum ROS
for inhibiting the bacterial zone in the presence of visible light

© 2025 The Author(s). Published by the Royal Society of Chemistry
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irradiation."* When the material absorbs light of energy equal
to or greater than its bandgap, electron-hole pairs (e /h") are
generated. These e /h" pairs interact with molecular oxygen
(0,) and water (H,O) to produce ROS, including superoxide
anions (O, ), hydroxyl radicals ("OH), and hydrogen peroxide
(H,0,). These ROS inflict oxidative damage on bacterial cell
walls, proteins, and DNA, thereby enhancing antibacterial effi-
cacy. The diminished bandgap and improved optical absorp-
tion in the visible region increase e /h* generation, maximizing
ROS production and significantly improving the antibacterial
performance of the composite under visible light irradiation.**

Raman analysis

Raman spectra of representative samples are shown in Fig. 1e.
The samples exhibit characteristic peaks of the anatase TiO,
phase in good agreement. The Eg peaks at 145 and 636 cm ™"
correspond to the symmetric stretching vibration of O-Ti-O,
and the B1g and Alg peaks at 394 and 514 cm ™' correspond to
the symmetric and anti-symmetric bending vibrations of O-Ti-
0O, respectively. In addition, the characteristic peak at 291 cm ™"
in spectra of TC 50 and TCC 8 NCs discloses due to CuO NPs.>>%
An increase in the concentration of CuO NPs results in a lower
intensity of the peaks, which is primarily due to the high dis-
persity of CuO NPs over the TiO, nanosheet's surface, sharing
the surface O entities. Similarly, after loading CS NPs on opti-
mized TC 50 NCs, there is a further reduction in the intensity of
original peaks, signifying the integration of CS NPs to form
ternary TCC NCs." In addition, the Raman shift observed in the
NCs compared to bare TiO, NPs, as shown in Fig. 1f, can be
attributed to phase transitions and changes in bond strength,
which arise from incorporating CuO and CS with the TiO, NPs.*

Microscopic analysis

The elemental composition analysis of the TCC 8 NCs was done
using energy dispersive spectroscopy (EDS) analysis as shown in
Fig. 2a. Herein, the characteristic peaks of the elemental Ti, Cu,
C and O are observed, excluding any other peaks due to impu-
rities. This can be claimed by seeing EDS spectra of bare TiO,
NPs and TC 50 NCs as shown in Fig. S4, ESL.f*®* Hence, the
respective EDS spectrum describes the existence of correct
elemental compositions within desired NCs. In concern to the
microscopic analysis of synthesized samples, scanning electron
microscopy (SEM) images are shown in Fig. S5, ESL,{ which
discloses the desired morphology of the samples. Thereafter,
Fig. 2b-d shows the transmission electron microscopy (TEM)
image and selected area electron diffraction (SAED) pattern of
TCC 8 NCs with different magnifications. TCC 8 NCs having
highly aggregated NPs are of irregular shapes as compared to
bare and binary NCs [Fig. S(6 and 7), ESIf]. This can contribute
to the development of rougher surfaces with a highly porous
structure, thereby enhancing the performance of the intended
application.’” These irregular shapes can be further understood
by seeing SEM images as mentioned in Fig. S5, ESI.T Whereas,
from TEM images [Fig. 2b and c], this can be revealed that the
TiO,, CuO as well as CS NPs are uniformly incorporated with
each other.*® Herein, the light grey and dark regions are of TiO,
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Fig. 2 (a) EDS spectrum, (b—d) TEM images, and (e-i) elemental
mapping images of TCC 8 NCs representing elemental C, Ti, Cu, and O.

and CuO NPs, respectively (Fig. S7(a and b)f). In addition, the
particle size of TCC 8 NCs was determined as 31 nm. The SAED
pattern proved that TCC 8 NCs were polycrystalline in nature.*
In addition, a uniform elemental distribution within TCC 8 NCs
can be illustrated in Fig. 2e-i. Likewise, such elemental
mapping dot images of bare TiO, and TC 50 NCs are shown in
Fig. S(6 and 7), ESL}

Brunauer-Emmett-Teller (BET) analysis

The N, adsorption-desorption isotherms of optimized samples
are shown in Fig. 3a. These materials exhibit the type IV
isotherms ascribed to the separation of N, adsorption and
desorption curves. For said ternary as well as binary NCs, higher
surface areas were observed as compared to bare TiO, NPs.*
This may be due to the uniform distribution of NPs with each
other, which can be supported by observing the aforementioned
SEM and TEM images of the TC 50 NCs and TCC 8 NCs. In
addition, the pore size of all samples in the range of 2.4 to
3.6 nm, confirms the mesoporous nature of all samples, which

can be responsible for an improved microbicidal
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Fig. 3 (a) N, adsorption—desorption isotherms, and (b) BJH curves of

bare TiO, NPs, TC 50 and TCC 8 NCs.
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performance.** The said pore size was obtained through Fig. 3b,
which shows the BJH (Barrett-Joyner-Halenda) curve, specific
surface area and pore size from BET analysis are summarized in
Table S3, ESL{ Hence, BET reveals the higher surface area for
desired samples, which are associated with higher energetic
surfaces as well as active sites with porous nature.>® These
observed surface properties may be significant for more access
with the microbes, enhancing the microbicidal performance.*

Setup for microbicidal study

Cytotoxicity study. The cytotoxicity of TC 50 and TCC 8 NCs
was evaluated using an MTT assay on the L929 fibroblast cell line,
with the culture medium being DMEM with high glucose (Cat No-
11965-092) and FBS (Gibco, Invitrogen, Cat No-10270106), as
shown in Fig. 4. Cells were initially incubated at a concentration
of 1 x 10 cells per ml in the culture medium for 24 h at 37 °C
with 5% CO,. They were then seeded at a concentration of 1 x 10*
cells per well in 100 pl of culture medium. Samples at concen-
trations of 2, 4, 6, 8, and 10 pg ml~ " were added to the microplates
(tissue culture grade, 96 wells). Control wells contained 0.2%
DMSO in PBS and a cell line. Each sample was tested in triplicate.
Controls were used to determine the baseline cell survival and the
percentage of live cells after incubation. Cell cultures were incu-
bated for 24 h at 37 °C with 5% CO, in a CO, incubator. After
incubation, the medium was completely removed, and 20 pl of
MTT reagent (5 mg ml~" in PBS) was added. Cells were then
incubated for an additional 4 h at 37 °C in the CO, incubator,
during which the formation of formazan crystals was observed
under a microscope. Viable cells reduced the yellowish MTT to
dark-colored formazan. After removing the medium, 200 ul of
DMSO was added, and the samples were incubated for 10
minutes at 37 °C, protected from light by wrapping with
aluminium foil. The absorbance of each sample was measured
with a microplate reader at a wavelength of 550 nm.

Antibacterial study. In vitro microbicidal studies for binary
TC NCs and ternary TCC NCs were assessed using the agar cup
method. Initially, all samples, including binary and ternary
NCs, were prepared in sterile distilled water (1000 pug ml™") to
create stock solutions. From these stock solutions, 100 pl

—e—Standard | Fo
——TC50
——TCC8

% Cell Viability

B
Standard

Control

Fig. 4 Cytotoxic effect of standard (5-flurouracil), control, TC 50, and
TCC 8 NCs on L929 fibroblast cell line.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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samples were used to evaluate the antibacterial and antifungal
activities of the binary and ternary NCs. DMSO was employed to
dissolve the tested samples, and solutions with concentrations
ranging from 10% to 50% were prepared in DMSO for the
microbicidal study. The microbicidal activity of the NCs was
evaluated using the agar cup method against Gram-positive
species Bacillus cereus 2703 and Staphylococcus aureus NCIM
2654, and Gram-negative species Escherichia coli NCIM 2066
and Proteus vulgaris 2813. These bacterial strains, purchased
from NCIM, NCL, Pune, India, were grown in nutrient broth to
a log phase containing 10° CFU ml~". The bacterial cultures
were then swabbed onto the surface of Mueller-Hinton agar
plates.*® Sterile culture media plates were prepared, and wells
were created using a sterile cork borer (0.7 cm diameter). A 100
ul sample of the respective NCs concentrations was added to
each well. The plates were allowed to diffuse in the refrigerator
for 10 minutes before being incubated for 24 h at 37 °C.
Streptomycin served as a positive control, and DMSO as
a negative control, to compare the microbicidal activity of
various NPs and NCs.***

Testing over leather. To prepare the NC solutions, dimethyl
sulfoxide (DMSO) was used to dissolve the tested samples.
Solutions with concentrations ranging from 10% to 50% were
prepared in dimethyl sulfoxide (DMSO) to screen the micro-
bicidal activity of bare TiO,, CuO NPs, and TC 50 and TCC 8 NCs.

The agar cup method (well diffusion assay) was employed to
assess the microbicidal activity of the synthesized NCs, as
described previously.**® The activity was tested against Gram-
positive species Bacillus cereus 2703 and Staphylococcus aureus
NCIM 2654, and Gram-negative species Escherichia coli NCIM
2066 and Proteus vuigaris 2813. These bacterial strains were
purchased from NCIM, NCL, Pune, India. Log-phase bacterial
cultures, containing 10® cfu ml™" of each strain, were grown in
Mueller-Hinton broth and then streaked aseptically onto sterile
Mueller-Hinton agar plates.*> Wells were created on the agar
plates using a sterile cork borer (0.7 cm diameter), and 100 pl of
the respective NPs and NCs solutions were added to each well. The
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plates were refrigerated for 10 minutes to allow diffusion and then
incubated for 24 h at 37 °C, both in the presence and absence of
light.*” In this assay, Streptomycin was used as a positive control
and dimethyl sulfoxide (DMSO) as a negative control to compare
the microbicidal activity of the various NCs."**®

For the antifungal activity, a similar procedure was followed.
MGYP agar plates [Hi-Media] were prepared and inoculated
with the fungal strain Candida albicans (NCIM 3466). The agar
plates were incubated at 27 °C for 48 to 72 h. After incubation,
the plates were examined for zones of inhibition around the
wells. The microbicidal results were compared with a standard
antifungal agent, Fluconazole (100 pg ml '), as a positive
control and DMSO as a negative control.*

Cytotoxicity assay. The in vitro cell viability assay for TC 50
NCs and TCC 8 NCs was measured using an MTT reduction
assay at Infinite Biotech, Institute of Research and Analysis,
Sangli. L929 Fibroblast cell line was employed for cell viability
assay. Fig. 4 showed lower cytotoxic activity of TC 50 NCs and
TCC 8 NCs against L929 fibroblast cell lines compared to
standard drug 5-Flurouracil,®® which can also be perceived
through Table 1. Based on this, TCC 8 NCs can demonstrate
significantly lower cytotoxicity as compared to binary TC 50
NCs, emphasizing their potential as a safer and more effective
alternative for leather coating applications.

Antibacterial activity. The microbicidal activity was
measured based on the diameter of the zone of inhibition
(Fig. 5) for binary TC NCs with varying content of CuO (10, 20, 30
& 50 wt%), and Fig. 6 for ternary TCC NCs with varying content
of CS NPs (2, 4, 6 & 8 wt%).

Whereas, the results of the antibacterial assays are summa-
rized in Tables 2-5 for binary TC 50 NCs, and ternary TCC 8
NCs, respectively. The zero activity observed for TC 20 and TC 30
against S. aureus is likely due to specific structural or physico-
chemical properties, such as limited surface area or poor
dispersion stability, which may hinder their interaction with
microbial cells. In contrast, TC 10 and TC 50 exhibit antimi-
crobial activity, likely due to optimal concentrations or superior

Table 1 Effects of the compound against L929 fibroblast cell line by MTT assay

Sample Concentration Percentage of Percentage of IC50
Sr. no. code (ng ml™) oD cell viability (%) inhibition (%) (ngml™)
1 Control (lactic acid) — 1.114 — — —
Standard (5- 2 1.004 90.12 9.87
fluorouracil) 4 0.997 89.49 10.50
6 0.970 87.07 12.92
8 0.954 85.63 14.36
10 0.933 83.75 16.24
3 TC 50 2 0.915 82.13 17.86 —
4 0.906 81.32 18.67
6 0.883 79.26 20.73
8 0.872 78.27 21.23
10 0.862 77.37 22.62
4 TCC 8 2 0.963 86.44 13.55 —
4 0.947 85.00 14.99
6 0.931 83.57 16.42
8 0.912 81.86 18.13
10 0.897 80.52 19.47

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Proteus vulgaris(Gram-negative)

} ‘

Escherichia coli(Gram-negative)

Staphylococcus Aureus (Gram-positive)

Fig. 5 Zone of inhibition observed for P. vulgaris (a—c), E. coli
(d—f) and B. cereus (g-i), and S. aureus (j-1) of DMSO, Streptomycin,
TiO,, CuO, TC 10, TC 20, TC 30 and TC 50 NCs.

E. Coli (Gram-negative)

Staphylococeus Aureus (Gram-positive)

Fig. 6 Zone of inhibition observed for P. vulgaris (a and b), E. coli (c
and d) and B. cereus (e and f), and S. aureus (g and h) of DMSO,
Streptomycin, TCC 2, TCC 4, TCC 6, and TCC 8 NCs.

physicochemical characteristics that enhance their efficacy. All
experiments were conducted in triplicates, ensuring the repro-
ducibility of the results. The antibacterial activity of the opti-
mized binary TC 50 NCs and ternary TCC 8 NCs showed that

Table 2 Zone of inhibition of TC 10, TC 20, TC 30, and TC 50 NCs
against S. aureus, B. cereus, E. coli, and P. vulgaris in the presence of
light and the absence of light
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Table 3 Positive and negative control associated with binary TC 50
NCs

Zone of inhibition of positive
and negative control in mm

Test organism Streptomycin DMSO
Staph. aureus 35 00
B. cereus 32 00
E. coli 34 00
Proteus vulgaris 32 00

Table 4 Zone of inhibition of TCC 2, TCC 4, TCC 6 and TCC 8 NCs
against S. Aureus, B. cereus, E. coli and P. vulgaris in the presence of
light and the absence of light

Zone of inhibition of
respective compounds in mm
[in the presence of light]

Sample Test pathogens TCC 2 TCC 4 TCC 6 TCC 8
Binary S. aureus 23 30 24 27
B. cereus 20 21 25 26
E. coli 21 30 31 27
P. vulgaris 19 20 21 23
Zone of inhibition of
respective compounds in mm
[in the absence of light]
Sample Test pathogens TCC 2 TCC 4 TCC 6 TCC 8
Ternary S. aureus 20 26 21 24
B. cereus 16 17 21 22
E. coli 20 24 22 19
P. vulgaris 21 19 20 21

Table 5 Positive and negative control associated with ternary TCC 8
NCs

Zone of inhibition of
respective compounds in mm
[in the presence of light]

Sample Test pathogens BT BC TC10 TC20 TC30 TC50
Binary  S. aureus 11 18 15 00 00 15
B. cereus 13 14 20 13 14 16
E. coli 12 11 14 12 14 20
P. vulgaris 18 13 00 10 12 14
Zone of inhibition of
respective compounds in mm
[in the absence of light]
Sample Test pathogens BT BC TC10 TC20 TC30 TC50
Ternary S. aureus 08 10 11 00 00 13
B. cereus 1 10 10 11 12 15
E. coli 09 15 00 09 11 11
P. vulgaris 12 10 00 12 14 12
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Zone of inhibition of positive
and negative control in mm

Test organism Streptomycin DMSO
S. aureus 26 00
B. cereus 26 00
E. coli 35 00
P. vulgaris 25 00

they exhibited excellent activity against Gram-positive and
Gram-negative pathogens compared to other NCs.***

A detailed study was conducted to evaluate the actual
microbicidal efficiency of coated leathers against fungi C. albi-
cans, unicellular organisms. This study is presented in Fig. 7,
showcasing the effectiveness of the optimized ternary TCC 8
NCs under various conditions, including dark and light envi-
ronments. The results indicate a significant improvement in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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C. Albicans (Unicellular fungi)

Fig.7 Microbicidal activity showing zone of inhibition for (a) bare TiO,
NPs i.e. BT, bare CuO NPs i.e. CT and bare chitosan i.e. CS, (b) TC 10,
TC 20, TC 30,and TC 50 NCs, and (c) TCC 2, TCC 4, TCC 6, and TCC 8
NCs against C. albicans.

microbicidal efficiency when compared to bare TiO,, CuO NPs,
and optimized binary TC 50 NCs.

The outcomes of the microbicidal assays on coated leathers
are consolidated in Table 6, delineating the efficacy of bare
TiO,, CuO NPs, binary TC 10, TC 20, TC 30, and TC 50 NCs, as
well as ternary TCC 2, TCC 4, TCC 6, and TCC 8 NCs, respec-
tively, against the fungal species C. albicans, which are unicel-
lular organisms. The enhanced microbicidal efficiency of TCC 8
NCs can be attributed to several factors. Firstly, these NCs
possess a higher surface area, allowing for increased interaction

with microorganisms. Additionally, their porous nature

Table 6 Zone of inhibition of binary bare TiO,, CuO NPs, TC 10, TC
20, TC 30, TC 50 NCs as well as ternary TCC 2, TCC 4, TCC 6, TCC 8
NCs against C. albicans in the presence of light and the absence of
light

Zone of inhibition of
respective compounds in mm
[in the presence of light]

Sample Test pathogens BT BC TC10 TC20 TC30 TC50
1 Candida albicans 10 10 15 14 11 12
Zone of inhibition of
respective compounds in mm
[in the absence of light]
Sample Test pathogens BT BC TC10 TC20 TC30 TC50
1 Candida albicans 08 10 11 00 00 11
Zone of inhibition of
respective compounds in mm
[in the presence of light]
Sample Test pathogens TCC 2 TCC 4 TCC 6 TCC 8
1 Candida albicans 11 11 19 14
Zone of inhibition of
respective compounds in mm
[in the absence of light]
Sample Test pathogens TCC 2 TCC 4 TCC 6 TCC 8
1 Candida albicans 00 05 11 12

© 2025 The Author(s). Published by the Royal Society of Chemistry
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facilitates better penetration and contact with fungal cells,
leading to improved microbicidal activity. Importantly, TCC 8
NCs exhibit lower cytotoxicity compared to bare TiO,, CuO NPs,
and TC 50 NCs, making them a safer and more effective option
for leather coatings.

The antimicrobial mechanism of TCC 8 NCs involves
multiple interconnected processes, including surface contact
with microbial cells, destruction of intracellular biomolecules,
inhibition of protein and nucleic acid synthesis, disruption of
metabolic functions, cellular disintegration, and the production
of ROS under photon exposure. The enhanced antimicrobial
efficacy of TCC 8 NCs is primarily attributed to their photo-
catalytic generation of ROS, such as "OH, O, *, and H,0,. These
ROS inflict oxidative damage on vital cellular components,
including lipids, proteins, and nucleic acids. Additionally, TCC
8 NCs release ions that penetrate bacterial cell walls, causing
structural damage, membrane disruption, and further
compromising the integrity of bacterial cells.**** The primary
factors driving the antimicrobial activity of TCC 8 NCs include
their interaction with microbial cells, ion release, penetration
resulting in cell wall damage and functional disruption, ROS
generation under photo-irradiation, and subsequent DNA
damage, as depicted in Fig. 8.

Minimum inhibitory concentration. The study demon-
strated that NCs exhibit good antimicrobial activity against the
tested pathogens, with B. cereus showing notable sensitivity.
Therefore, B. cereus was selected for further minimum inhibi-
tory concentration (MIC) studies of the NCs. For the MIC study,
different concentrations of NCs (10, 25, 50, 75, and 100 pg
mL~") were prepared in DMSO. The MIC was determined to
identify the lowest concentration of NCs that inhibits the
growth of the test organisms. Suspensions of the test organism
were prepared in sterile saline and spread onto Mueller-Hinton
agar. Wells were created on the plates using a sterile cork
borer.* Different concentrations (10, 25, 50, 75, and 100 pg
mL ') of 100 pl NCs solutions were added to the wells. The
plates were then incubated at 37 °C for 24 h to assess the
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Fig. 8 Schematic representation of the antimicrobial mechanism of

TCC 8 NCs illustrating the sequential steps (A to D) upon interaction
with microbial cells.
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TCC 8 NCs against B. cereus

Fig.9 MIC of B. Cereus showing zone of inhibition for (a and b) TC 50
NCs at different concentrations (10, 25, 50, 75, and 100 ug mL™Y), (c
and d) TCC 8 NCs at different concentrations (10, 25, 50, 75, and 100
pg mL™h.

inhibitory effect of the NPs on B. cereus. The zone of inhibition
is shown in Fig. 9 and results are recorded in Table 7.

From this study, we conclude that the MIC for TC 50 and
TCC 8 NCs is 50 pg ml~ ", as antimicrobial activity was observed
at this concentration. Additionally, it was noted that the anti-
microbial activity increased as the concentration of NCs
increased beyond 50 pg ml~". The MTT assay indicated that the
NCs exhibited biocompatibility and low cytotoxicity. In this
study, TCC 8 NCs were found to be more effective than TC 50
NCs against clinical strains of B. cereus. A concentration of 50 ug
ml ™" of both NCs demonstrated antibacterial activity without
cytotoxicity to human cells, suggesting their potential use as
antibacterial agents.>>*¢

Table 7 Zone of inhibition of binary TC 50 NCs as well as ternary TCC
8 NCs against B. cereus in the presence of light and the absence of
light

TC 50 in presence of light

Test pathogen  Zone of inhibition in mm

10 25 50 75 100
Concentration pgml™* pgml™ pgml™ pgml™ pgml™*
B. cereus 00 00 21 23 27
TCC 8 in presence of light
B. cereus 00 00 23 25 27
Positive and negative control

Zone of inhibition in mm

Test pathogen DMSO Water Streptomycin
B. cereus 00 00 29
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Traditionally, antimicrobial compounds or antibiotic
potential were measured in the form of the zone of inhibition
i.e. millimeter or centimetre.’” MICs are defined as the lowest
concentration of an antimicrobial that will inhibit the visible
growth of a microorganism after overnight incubation.”® In the
current study, MIC of particular NCs was done by agar well
diffusion method, at 50 pg ml~! concentration both TC 50 and
TCC 8 NCs show the zone of inhibition, here higher potency was
considered based on higher zone of inhibition.

Some research paper suggests that as the concentration of
NCs increases zone of inhibition increases but at certain
concentrations NCs show a saturation effect and show the same
or no zone of inhiation.” Hence at 100 pg ml~* contraction TC
50 and TCC 8 NCs show same zone of inhibition.

Experimental section
Materials

All chemicals used were of analytical grade and used as received
without further purification. Bare TiO, NPs were synthesized by
the sol-gel method as reported earlier by our group.®® While, for
CuO NPs synthesis, the same method was deployed but with
petite modification. The aforementioned synthesizes are
described in ESL.}

Synthesis of TiO,-CuO NCs

TC NCs were prepared using an in situ sol-gel route with
a different composition of the content of CuO NPs (such as 10,
20, 30, and 50 wt%). Synthesized CuO NPs were added imme-
diately after the complete precipitation of titanium hydroxide
[Ti(OH),] within the running route of TiO, NP synthesis. The
final blackish-colored precipitates were formed, which were
followed by washing, drying, and annealing as discussed in
ESI.{ The synthesized samples were assigned as TC 10, TC 20,
TC 30, and TC 50 NCs having CuO NP content of 10, 20, 30, and
50 wt%, respectively.

Synthesis of TiO,-CuO-chitosan NCs

An in situ sol-gel method was used for synthesizing TCC NCs
with varying content of commercial CS NPs (such as 2, 4, 6, and
8 wt%). The CS NPs were dispersed in distilled water (DW) using
a probe sonicator. These chitosan solutions were added directly
during the synthesis of the TC NCs route after the hydroxylation
of TC precursors. The blackish-colored precipitates were
formed, which were subsequently washed, dried, and annealed
at 450 °C for 2 h. Then these samples were designated as TCC 2,
TCC 4, TCC 6, and TCC 8 NCs for 2, 4, 6, and 8 wt% of CS NPs,
respectively, within binary NCs.

Preparation of nanoparticles finished leather discs and its
microbicidal activity

Leathers were cut into circular pieces (8 mm diameter x 1.0 mm
thick).®* A cleaning treatment was performed to remove all
impurities. Different concentrations of NCs were prepared in
dimethyl sulfoxide (DMSO), and 100 pl of the NCs solution was
infused onto the surface of each leather disc using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a micropipette.®* The discs were then dried at room temperature
and prepared for further antifungal activity testing. Before
testing, the NP-infused leather discs were subjected to UV
treatment for 10 minutes to sterilize the surfaces and prevent
contamination during the experiments. For the antifungal
activity tests, sterile Muller-Hinton agar plates were used. The
respective test organisms were spread on the sterile plates, and
the leather discs were placed aseptically on the surface. The
plates were incubated at 37 °C for 24 h.

Characterization tools

The Bruker, AXS D8 Advance was used to obtain the powder
XRD patterns of the samples. FT-IR spectra were obtained using
an FT-IR spectrometer (Bruker, Germany ALPHA). Optical
properties were studied using UV-visible DRS through a UV-
visible spectrophotometer (LABINDIA, UV 3092). Raman
spectra were obtained using a Raman spectrometer (Bruker
MultiRAM, Germany). Microscopic analysis was done using
TEM + EDS (JEM-2100F JEOL, Japan) operating at 125 kV. SEM
images were analyzed using (JEOL Ltd Japan, JSM-6360). Surface
area and pore size analysis were carried out using a BET surface
analyzer (Quantachrome NOVA1000e, USA).

Conclusions

The microbicidal activity of the NCs is significantly improved by
the composite of TiO, and CuO NPs with CS NPs. The NCs
demonstrate long-lasting protection against the growth of
microbes on leather surfaces through their robust coating
performance as compared to bare TiO, NPs. This durability is
crucial for applications in sectors like leather production of
leather goods, where microbial contamination can lead to
product deterioration. TCC NCs were prepared using an in situ
sol-gel route with a different composition of the content of CS
NPs (such as 2, 4, 6, and 8 wt%) for microbicidal application.
The instrumental and spectroscopic techniques have revealed
its chemical and structural properties. At the different concen-
trations of samples, TC 50 NCs and TCC 8 NCs showed a low
percent inhibition against the L1929 fibroblast cell line
compared to standard drug 5-Fluorouracil. In the microbicidal
assay, experimentally obtained results showed that the said TCC
8 NCs show excellent microbicidal activities with respect to
other ternary NCs, including TCC 2, TCC 4, and TCC 6, as well as
binary NCs such as TC 10, TC 20, TC 30, and TC 50; this can be
used in leather coating. In addition, TCC 8 NCs showed the
good antibacterial as well as antifungal activity in the presence
of light as compared to in the absence of light. The functional
TCC 8 NCs offer improved microbicidal activity, biocompati-
bility, and the potential for multifunctionality, making them
a promising option for creating sophisticated microbicidal
coatings for leather objects. With these regards, TCC 8 NCs have
prospects for the development of multi-functional coatings in
addition to their microbicidal qualities. For example, they can
enhance the value of leather objects in a variety of applications
by offering UV protection, water repellency, and even self-
cleaning capabilities. Further investigation and advancement

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in this field may yield inventive approaches to enhancing
leather goods' lifespan, hygienic qualities, and sustainability.
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