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tosan/CuO-GO nanocomposite as
an antibacterial coating for functional leather with
enhanced mechanical and thermal properties†

Khandaker Tanzim Rahman,ab Md. Nur-E. Alamc and M. Nuruzzaman Khan *a

The advancement of eco-friendly and effective antibacterial outer surfaces for medical textiles and leather

products is considered important by industries and end users. Herein, positively charged chitosan (CS) and

copper oxide nanoparticle-decorated negatively charged graphene oxide (CuO-GO) were assembled

layer-by-layer to create an innovative nanocomposite (CS/CuO-GO) coating onto the leather surface.

GO was prepared from graphite powder. Eco-friendly synthesis of CuO nanoparticles with Aloe vera leaf

extract was reported and utilized to prepare the CuO-GO nanocomposite. The as-prepared materials

were tested through FTIR, XRD, UV-vis spectroscopy, TEM, and DLS analyses. Different amounts of CS/

CuO-GO coated leathers showed efficient antibacterial activities against Escherichia coli (E. coli) and

Bacillus subtilis (B. subtilis) using a “kill-release” approach. This was largely attributed to the cooperative

interaction between the contact-killing of the chitosan layer, the discharge of Cu2+ ions, and the

bacterial-repelling properties of the anionic GO layer. The FE-SEM analysis confirms the existence of

a CuO-GO layer on the leather surface with an effect on the macroscopic level performances. The XPS

analysis confirms the chemical state of the coated materials on the leather surface. Tensile, tear, and

stitch tear strength increased after coating with the CS/CuO-GO nanocomposite. The WVP of the

coated leather remains within the range after coating with different wt% of the CS/CuO-GO

nanocomposite. The durability of the nanocomposite coating on leather surfaces was thoroughly

examined through dry and wet rub fastness tests. Results clearly showed that the strong coating greatly

enhanced the antibacterial effectiveness of leather against mechanical wear. The impacts of CS/CuO-

GO nanocomposite coating on the leather surface hydrophilicity were evaluated using water contact

angle measurements. Water-borne chitosan-based CuO-GO nanocomposite showed a good eco-

friendly leather finishing system. It could extend their applications to sports and medical textiles to

impart antibacterial effects.
1 Introduction

In recent decades, research on nanomaterials has received
substantial consideration from academics and industrial
researchers owing to their unique catalytic, thermoelectric,
mechanical, and optical properties. An outstanding feature of
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nanoparticles is their effective antibacterial activity. There has
been a growing interest in bactericidal coatings designed to
eliminate adherent bacteria. For instance, the utilization of
nanoparticle-based antibacterial coatings on functional
surfaces is gaining popularity owing to their myriad of benets
and versatile advantages.1 A wide range of nanomaterials are
reported to be microbiocidal and used for the fabrication of
functional surface coating, which include MOFs,2,3 PAN-nano-
polymers,4 silver and palladium salt precursors,2,5–7 and carbon
quantum dots.8 The surface coating of various functional
materials with nanoparticles to impart desired properties is an
attractive approach for biocidal coatings. A variety of metal and
metal oxide nanoparticles (NPs), including Ag NPs, TiO2 NPs,
CuO NPs, ZnO NPs, Se NPs, and their nanocomposites, are
employed to make antimicrobial-coated surfaces.9,10 Unfortu-
nately, numerous materials and methods have been employed
to produce antibacterial products that are not eco-friendly,
hazardous to people, and promote the growth of antibiotic-
resistant germs.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Graphene oxide (GO) is a 2D carbon material with a high
surface area to volume ratio and exceptional antibacterial,
electrical, thermal, mechanical, and optical properties. It
exhibits excellent antibacterial properties primarily attributed
to its numerous physical or chemical interactions with bacterial
cells, thus eliciting a potent antibacterial effect. The cutting
edges of GO nanosheets harm the cell membrane during
physical contact.11 It contains hydroxyl, epoxy, carboxyl, and
carbonyl functional groups on the basal planes, which are
usually formed by the chemical oxidation of graphite.12 These
functional groups effectively react with polymers to yield hybrid
materials. The incorporation of GO with varying ake sizes into
different polymer matrices to achieve specic properties has
been reported elsewhere.13 However, the aggregation of GO
nanosheets due to the van der Waals forces could result in poor
enhancement of the physical properties of the nanocomposites.
Recent techniques have demonstrated effectiveness in mini-
mizing the agglomeration of graphene oxide within polymer
matrices. For instance, Kale et al. synthesized GO-silica nano-
composite as nanollers in the waterborne polyurethane (WPA)
matrix and coated them on leather surfaces.14 A signicant
improvement was observed in the tear resistance, surface
adhesion, and abrasion resistance properties due to the
reduced clusters of GO inWPA. Similar results were reported for
nanocomposites comprising graphene oxide and metal oxides,
viz. ZnO, TiO2, Ag, CuO etc.11,15,16 Similarly, Cu and its oxide-
based composites are very popular for their eco-richness,
effortless preparation, and coating of clinical equipment due
to their biocidal effects. CuO NPs appear to have varied anti-
bacterial action depending on the characteristics of the bacte-
rial cells. For instance, the gram nature of their cellular walls
appears to inuence the antibacterial action of CuO NPs. When
CuO NP concentrations greater than 9.5% were applied, 100%
of Gram-negative Escherichia coli cells were destroyed; however,
there was a reduced killing efficiency against Gram-positive
Staphylococcus aureus.17

Therefore, GO could be a suitable platform to host and be
functionalized with CuO. This hybridization of GO and CuO is
known to improve the active sites, include superior function-
ality and signicantly reduce the agglomeration of GO nano-
sheets. These CuO-GO nanocomposites can be synthesized by
a facile bottom-up technique, without loss of their potential for
antibacterial and antioxidant activities.18

Leather is a breathable, so, exible, long-lasting, and
comfortable material that has been chosen as a suitable mate-
rial for biocidal coating. Several approaches have been under-
taken to create different antibacterial coating materials that can
effectively decrease bacterial adhesion and prevent biolm
development.19 Natural polycationic materials like biocompat-
ible chitosan (CS), known for their contact-active distraction of
the microbe cytoplasmic layer, have been widely employed in
the advancement of bactericidal coatings.20 The antibacterial
properties of cationic polymers may be reduced when they are
immobilized on a substrate, limiting their diffusion into cell
membranes.21 Besides, the chitosan lms possess lower
mechanical properties, air–vapour permeability, and
hydrophilicity.
© 2025 The Author(s). Published by the Royal Society of Chemistry
To address this limitation, several nanoller materials with
distinct properties can be used to enhance the mechanical
strength and water permeability. For example, Liu et al.
synthesized a nanoparticle coating composed of PEGylated CS-
protected Ag NPs (PEG-g-CS/AgNPs), and the surface properties
were enhanced aer the application of such composite.22 In
addition, the slow release of biocidal Ag+ ions gradually elimi-
nates bacteria in the environment. This potent efficacy stems
from the dual mechanisms of bacteria shielding and discharge
through PEGylation, along with the double bacteria-killing
properties derived from CS and the discharge of Ag+ ions.

Inspired by these interesting research outcomes, copper
oxide nanoparticles decorated negatively charged graphene
oxide (CuO-GO) and positively charged chitosan (CS) were
assembled layer-by-layer (LBL) to form a nanocomposite (CS/
CuO-GO) coating on the leather surface. The CuO nano-
particles were synthesized using Aloe vera plant extract. The
functionalization of CuO nanoparticles on GO akes may
prevent the agglomeration of GO and enhance the uniform
coating of GO onto the leather surface. Moreover, the combined
antibacterial and antifungal properties of CuO-GO were
improved to some extent. Additionally, chitosan and the CuO-
GO nanocomposite were applied using LBL spray-coating with
PVA as an adhesive on the leather surface. The inuence of the
CS/CuO-GO coating on the morphological-, thermal-, mechan-
ical-, and cyclic antibacterial effects was investigated. The novel
CS/CuO-GO coated leather was evaluated for abrasion and tear
resistance, and water vapor permeability. To the best of our
knowledge, this is the rst study of LBL spray-coating of CS/
CuO-GO nanocomposite on leather surface and it may lead to
an innovative approach to using nanomaterial as surface
coating in industry with extensively improved biocompatible
polymer composite.
2 Materials and methods
2.1 Materials

Crust bovine leather was supplied by Reliance Tannery Ltd
(Hemayetpur-Savar, Dhaka, Bangladesh). Bacillus subtilis and E.
coli were donated by the microbiology lab at the University of
Dhaka. Polyvinyl alcohol (PVA) (MW = 115 000 g mol−1),
potassium permanganate (KMnO4), nutrient agar, and nutrient
broth were procured from Research lab Fine Chem, India.
Chitosan akes (degree of diacylation, 90%; viscosity, 10–150
mPa s) were purchased from Sisco, India. Sodium hydroxide
(NaOH), 37 wt% hydrochloric acid (HCl), and glacial acetic acid
(CH3COOH) were bought from Merck, India. Sodium nitrate
(NaNO3) and copper nitrate trihydrate (Cu (NO3)2$3H2O) were
sourced from Loba Chemic, India, and Sigma Aldrich, Germany
provided conc. sulfuric acid (H2SO4), conc. nitric acid (HNO3),
and 30 wt% hydrogen peroxide (H2O2). Graphite powder (C) was
sourced from Uni-Chem, China.
2.2 Preparation of graphene oxide (GO)

The synthesis of GO was conducted by adapting the modied
Hummer's method.23 Initially, a 3 : 1 (w/v) mixture of H2SO4 (57
RSC Adv., 2025, 15, 12162–12178 | 12163
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mL) and HNO3 (18 mL) was prepared. Then, graphite powder
(3.0 g) was dispersed in the mixture with vigorous stirring for
15 min at room temperature. Subsequently, KMNO4 (9.0 g) and
NaNO3 (1.5 g) were added in small portions over 30 min. Aer
that, the mixture was stirred for 2 h at 25 °C, and then
magnetically stirred for 12 h at room temperature to form
a paste. Distilled water (90 mL) was added to the paste and
stirred for 3 h at 35 °C to produce a deep brownmixture. 300 mL
of distilled water and 30% H2O2 were added continuously into
a deep brownmixture until it turned yellow. Finally, the mixture
was treated with 5% HCl (200 mL) to remove manganese ions,
washed to reach a neutral pH, and then dried at 60 °C.
2.3 Green synthesis of CuO nanoparticles

The eco-friendly synthesis of CuO NPs was achieved using Aloe
vera (Aloe barbadensis Miller) extract following an environmen-
tally benign method.24 Initially, Aloe vera leaves were washed
thoroughly, sliced, dried, and then boiled in 250 mL of water in
a ask at 100 °C for 15–20 min. The extract was cooled, ltered
in two steps, and kept at 4 °C. In the next phase, 5 mL of the Aloe
vera extract and 50mL of 0.01 mol L−1 of copper nitrate solution
were combined and vigorously stirred at 100–120 °C for 24 h.
The solution showed a color transformation from deep blue to
light green, and nally to brownish red, signalling the forma-
tion of CuO NPs. Subsequently, the solution was centrifuged at
8000 rpm for 20 min. The precipitate was dried in an oven dryer
at 105 °C for 20 h. Finally, the dark brown CuO NPs were
calcined in a muffle furnace at 500 °C for 6 h before further use.
2.4 Preparation of CuO-GO nanocomposites (CuO-GO NCs)

CuO-GO nanocomposite was prepared following the reported
method25 with modications. Initially, 1 g GO was suspended in
200 mL of distilled water and ultrasonicated for 2 h at ambient
temperature. Concurrently, 0.4 g of CuO NPs were dissolved in
100 mL of distilled water. These two solutions were then mixed
and ultrasonicated for 1 h at RT. The combination was then
heated to 85 °C for 2.5 h and allowed to cool. Following this, the
mixture was centrifuged at 8000 rpm for 20 min, washed with
Scheme 1 Layer-by-layer assembly of CS and CuO-GO nanocomposite

12164 | RSC Adv., 2025, 15, 12162–12178
distilled water and ethanol until a neutral pH was achieved, and
dried in an oven at 60 °C for 8 h.
2.5 LBL coating of chitosan and CuO-GO onto leather

At rst, 2 wt% of chitosan solution was mixed with PVA (5 wt%
of chitosan) solution for proper binding with the leather
surface. Then, 1 mg mL−1 and 5 mg mL−1 of CuO-GO were
separately dispersed in water by sonication for 3 h. Chitosan
solution was sprayed onto the leather surface, properly dried,
and the aqueous dispersion of CuO-GO nanocomposite was
spray-coated onto the chitosan-coated leather surface. Finally,
CuO-GO-embedded chitosan-coated leather was obtained aer
proper drying. This process was carried out two times to impart
double coating on the leather surface. Pristine leather, chitosan-
coated leather, and 1 mg mL−1 and 5 mg mL−1 of CS/CuO-GO
NCs coated leather were prepared (Scheme 1) for analysis.
2.6 Characterization techniques

The surface morphology of the as-prepared nanocomposite
coated surface was analysed on an ultra-high-resolution FE-SEM
(JSM-7610F, Jeol, Japan) at acceleration voltages ranging from
0.1 kV to 30 kV. With an accelerating voltage of 5–10 kV,
a secondary electron detector was used to observe the surfaces
of the specimen. XPS survey spectra and HR-XPS scan spectra
were attained using an Escalab Xi+ system (Thermo Fisher
Scientic, Czech Republic). The survey scans were obtained
using an Al Ka gun having a spot size of 500 mm, a step size of
1.00 eV, a pass energy of 50.0 eV, and 10 scans for thorough
analysis. In the HR-XPS spectra analysis, the pass energy was
10.0 eV, and the step size was 0.10 eV. A total of 10 scans were
conducted for the C 1s and O 1s measurements, while 30 scans
were performed for N 1s. Fourier transform infrared spectra
were measured with an FTIR instrument (Bruker, Alpha II,
Germany) over the range of 400 cm−1 to 4000 cm−1 with a scan
number of 128. X-ray Diffraction was analysed on a Bruker AXS
D8 diffractometer (Germany). The measurement was taken in
continuous mode (operated at 40 kV and 20mA) over an angular
range of 10° to 70°. The hydrodynamic mean diameter of the
coating onto a leather surface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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CuO NPs was measured using a dynamic light scattering (DLS)
device (Nano Partica sz-100V2 series, Horiba Scientic, Japan).
Thermogravimetric analysis was carried out on a PerkinElmer
8000 TGA analyser (USA). TGA was conducted in aluminium
cells with N2 ow from room temperature to 800 °C at a rate of
10 °C min−1. The contact angle was measured using a contact
angle measurement device (DMe-211, Kyowa Interface Science
Co., Ltd, Japan) in static conditions. The contact angle values
were measured within 0–5 seconds aer placing the drop.

2.7 Antibacterial activity assay of CS/CuO-GO NC coated
leather

2.7.1 Zone of inhibition test (ZOI). The ZOI test was con-
ducted following the AATCC test method 90-2011. E. coli and B.
subtilis were designated as model Gram-negative and Gram-
positive bacteria, respectively. Bacterial solutions with concen-
trations of 1 × 106 CFU mL−1 and 1 × 108 CFU mL−1 were
evenly poured into 150 mL of agar solution at 50 °C. Agar
solution containing the bacteria was poured into a culture dish
with a volume of 30 mL. Aer allowing it to stand at room
temperature for 10 minutes, rounded leather samples with
a diameter of 6 mm were placed into the culture dish. The dish
was then incubated for 24 h at 37 °C. The average width of ZOI
on either side of the round sample was calculated using the
following equation:26

W = (T − D)/2

where W = width of ZOI, mm; T = total diameter of round
sample and clear zone, mm; D = diameter of the round sample,
mm.

2.7.2 Bacterial killing efficiency assay of treated leather
samples. A dry leather sample weighing 500 mg was washed
multiple times with sterilized water, then cut into pieces and
placed in a tube containing 10 mL of sterilized PBS with
a bacterial concentration of 1 × 104 CFU mL−1. The tubes were
incubated at 37 °C with shaking at 150 rpm on an orbital
shaker. At the initial time point (0 h) and 1 h, a 20 mL aliquot of
the bacterial solution was taken from each tube and mixed with
nutrient agar. The culture dish was held at 37 °C for 18 h.
Aerwards, the colonies were counted to get the number of
colony-forming units. The bacterial killing efficiency26 is
dened as:

Killing efficiency (%) = (cell count at 0 h − survivor cell counts at

1 h)/cell count at 0 h × 100%

To study the cyclic antibacterial properties of treated leather,
samples were removed from the bacterial solution aer 1 h and
rinsed with sterile PBS for 10 min. This process was repeated
twice more, totalling three cycles of assessment.

2.8 Release behavior of Cu2+ from CS/CuO-GO coated leather

The study investigated the release of copper ions from cross-
linked CS/CuO-GO spray-coated leather using atomic absorp-
tion spectroscopy (AAS, PinAAcle 900H, Netherlands). A 500 mg
© 2025 The Author(s). Published by the Royal Society of Chemistry
dry leather sample was dissolved in 10 mL of a 4 : 1 mixture of
concentrated nitric acid (HNO3) and hydrogen peroxide (H2O2)
for nitrolysis, then diluted to 100 mL with water to determine
the copper content. To measure the Cu2+ ion release rate,
another 500 mg dry leather sample was placed in 10 mL of
phosphate-buffered saline (PBS, pH 7.4) and incubated at 37 °C.
At specic intervals, 10 mL of solution was withdrawn and
replaced with fresh PBS, and the released Cu2+ concentration
was measured using AAS.
2.9 Mechanical tests

Mechanical tests were conducted to assess the impact of CS/
CuO-GO nanocomposite coating on the leather surface.
Tensile, tear strength, and stitch sear strength (Tensile tester
STD 172, Soraco, Italy), and Dry & Wet Rub Fastness (SATRA,
STM 421, UK) were measured according to ASTM D412c, ASTM
D624, DIN 53331, and DIN 54021, respectively. The average test
results were determined using the values obtained from three
replicates, ensuring accuracy and reliability in our ndings.
2.10 Water vapor permeability test

The water vapor permeability of materials was tested to nd out
the effectiveness of the nanocomposite-coated leather in case of
comfort. Water vapor permeability of leather samples was
conducted following the standard SATRA TM-172 using a WPV
machine (SATRA STM 473, UK). The amount of water vapor that
can be transmitted through a leather sample is determined by
passing a desiccant air of specied humidity at a set velocity
into the sample with the help of a WVP apparatus. The circular
leather sample is cut into a circle with a diameter of 34 mm.
First, pure silica gel was taken into a test pot and at least 2/3rd
or 1/2 of it was lled. Then, the 1st weight was measured. The
sample was xed into the open end of the test pot with the grain
facing the outside direction of the pot. It was kept for 8 h.
Finally, the nal mass of the conjugated sample was taken. The
water vapor permeability of the leather sample was measured
using the following formula:

WVP = (M2 − M1)/A (T2 − T1)

Here, M1 = pot weight before the work, M2 = pot weight aer
the vapor passed, A = area of the sample, T2–T1 = total time.
2.11 Porosity measurement

Porosity was determined using the liquid displacement method
described in Sarker et al.27 Ethanol was utilized as a displace-
ment liquid due to its non-interference with the three-
dimensional structure of the leather sample. Then, the leather
samples' length, width, and height were measured with a digital
calliper, followed by immersion in ethanol and centrifugation
for 10 min at 1200 rpm to speed up the inltration process. The
excess ethanol was removed with lter paper, and the leather
samples were weighed repeatedly until a constant mass was
obtained. The analysis was performed in triplicate, and the
porosity was calculated using the following formula:
RSC Adv., 2025, 15, 12162–12178 | 12165
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Porosity = (W2 − W1)/rV × 100%

where W1 and W2 are the weight of the leather samples before
and aer immersion in absolute ethanol, respectively; r is the
density of absolute ethanol and V is the volume of the leather
sample.
2.12 Statistical analysis

All experimental data were done in triplicate. The experimental
results are reported as means ± standard deviations values
(SDs). A one-way ANOVA test was conducted for statistical
analysis using Origin 9.1 to identify signicant variations
between triplicates. To evaluate the ndings, p # 0.05 was
counted as statistically signicant.
3 Results and discussion
3.1 Characterization of GO, CuO NPs, and CuO-GO
nanocomposites

The formation of colloidal CuO nanoparticles, GO and CuO-GO
nanocomposites was evaluated by XRD, UV-visible spectros-
copy, zeta potential, and TEM analyses. The hydrodynamic size
of colloidal CuO NPs was analysed by DLS.

XRD analysis of GO showed that the major diffraction peak
was at a 2q angle of 10.78°, which corresponds to the (002)
reection of GO28 and represents d-spacing of 0.81 nm higher
than that of primordial graphite (0.34 nm) (Fig. 1a). The small
diffraction peak at 26.7° indicates the hexagonal lattice of
natural graphite.22 The X-ray diffractogram of CuO nano-
particles is shown in Fig. S1 (ESI).† The crystal planes (−111),
(111), (−202), (020), (202), (−113), and (−311) are represented
by the diffraction peaks for pure CuO at 2q angles of 35.5°,
38.68°, 48.70°, 53.36°, 58.31°, 61.5° and 65.96°, respectively.
They are connected to the distinctive diffraction patterns of the
CuO nanoparticle's monoclinic phase (according to the JCPDS
card number 41-0254).28,29 It was suggested that GO exfoliation
might obscure the diffraction peak. The XRD pattern of the
CuO-GO nanocomposite revealed 2q angles at 35.5°, 38.68°,
Fig. 1 (a) XRD spectra and (b) UV-visible spectra of GO and CuO-GO n

12166 | RSC Adv., 2025, 15, 12162–12178
48.70°, 53.36°, 58.31°, and 61.5°, which correspond to (−111),
(111), (−202), (020), (202), and (−113) crystal planes, respec-
tively.28 It also exhibited 2q at 10.32°, which corresponds to GO
layers (Fig. 1a). As a result, the Cu ions that form a layer-on-layer
network were strongly coupled with the carbonyl groups of both
the carboxylic acids and ketones that were present on GO. The
resultant porous 3D network enhanced the hydrophilicity of the
CuO-GO nanocomposites. There were no recognizable impurity
peaks present in the diffractogram.30

The UV-vis spectra for GO and CuO-GO NC were assessed
and represented28 in Fig. 1b. The main absorbance peak was
identied at 226 nm, corresponding to p–p* transitions of
C]C bonds in amorphous carbon systems. Additionally, the
broad shoulder at approximately 300 nm was attributed to the
n–p* transition of C]O bonds.31 Similar results were reported
by T. Tene et al.32 For the CuO-GO nanocomposites, the UV-vis
spectra have two unique absorption peaks at 275 and 365 nm,
related to p plasmon excitation of the graphitic structure and
CuO, respectively. The graphitic peak at 226 nm red-shied to
275 nm because of the extension of conjugation. A broad band
between 300 and 399 nmwas obtained, ascribing the inter-band
transition of central electrons of Cu metal and CuO nano-
crystals. The zeta potential of CuO-GO nanocomposite was
measured by DLS and depicted in Fig S2.† The zeta potential of
GO is high due to the presence of negatively charged OH and
COOH groups. The zeta potential value of CuO-GO was−9.5 mV
at a pH of 6.8. The results indicate that the inuence of nega-
tively charged (or electron density) is lower for the nano-
composite, possibly due to the charge neutralization of GO–
COO– with copper complexation.33 The source of these negative
charges is a lone pair of oxygen-containing functional groups.
Further, the average size of CuO NP measured by the particle
size analyzer was 11.00 nm (Fig S3†) with a narrow size distri-
bution (PDI of 0.45). The obtained result was similar to the
previous report of green synthesis of CuO NP from Aloe vera leaf
extract.34

The morphological characterization of CuO, GO, and CuO-
GO nanocomposite by TEM analysis is shown in the Fig. 2.
anocomposites, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM images of (a) CuO nanoparticles, (b) graphene oxide, and (c) CuO nanoparticles deposited onto the surface of graphene oxide.
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Spherical copper oxide nanoparticles have high morphological
uniformity with a size range of 30–80 nm (Fig. 2a). The presence
of thin stacked akes of forms with clearly dened multi-
layered structures at the edge is conrmed by the TEM image
of GO sheets (Fig. 2b).35 A close look at the TEM images of the
CuO-GO nanocomposite (Fig. 2c) reected the existence of CuO
nanospheres and revealed a uniform distribution of copper
oxide NPs compared with GO sheets aer the hydrothermal self-
assembly process. Zhang et al. prepared the copper oxide–gra-
phene oxide nanocomposite for catalytic applications and re-
ported the homogeneous distribution of CuO nanoparticles
onto GO sheets.36
3.2 Characterization of CS/CuO-GO nanocomposite-coated
leather

The crust leather was coated by layer-by-layer assembly of CS
and CuO-GO nanocomposite aer complete drying of the rst
layer. Here, a 2 wt% of chitosan wasmixed with PVA solution for
proper binding with the leather surface, and two different
concentrations of CuO-GO nanocomposite (1 mg mL−1 and
5 mg mL−1) were prepared for application on the leather
surface. Chitosan solution was rst sprayed onto the leather
surface, drying of the rst layer, and a dispersion of nano-
composite was sprayed onto the chitosan-coated leather
surface. This procedure was conducted two times to impart
Fig. 3 ATR-FTIR spectra of (a) CuO, GO, CuO-GO, and CS, and (b) diffe

© 2025 The Author(s). Published by the Royal Society of Chemistry
double coating on the leather surface. The tinted coating solu-
tion changed the original colour of pristine leather. Fig S4†
showed the optical images of leather before and aer the
nanocomposite coating. Though the colour change was not
prominent on black natural grain bovine leather samples, it
creates a shiny and reective surface. Various analytical
methods were employed to evaluate the coated leather samples,
including ATR-FTIR, FE-SEM, XPS, and TGA.
3.2.1 ATR-FTIR analysis

The ATR-FTIR spectra of CuO, GO, CuO-GO, CS, and different
ratios of CS/CuO-GO nanocomposite-coated leathers are
depicted in Fig. 3. The IR spectra of CuO-NPs are depicted in
Fig. 3a. The spectra of CuO showed a broad peak centered at
3650–3050 cm−1, which is ascribed to the stretching of O–H
groups of water molecules (due to adsorbed moisture on the
surface of the NPs)28 and the stretching vibration of the C–H
bond occurs at 2930 cm−1. The peaks at 1560 cm−1 correspond
to the C]O, 1400 cm−1 represents the C–H bond and
1055 cm−1 denotes the C–O bond. The peak at 660 cm−1 is
specic to the CuO lattice structure, conrming the formation
of CuO.25 FT-IR analysis shows that the synthesis of CuO NPs is
due to phytochemicals in the aqueous extract, which are
responsible for reducing and stabilizing the metal ions.37

Further, the IR spectra of GO exhibit a wide peak at 2990–
rent ratios of CS/CuO-GO nanocomposite-coated leathers.

RSC Adv., 2025, 15, 12162–12178 | 12167
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3750 cm−1 (representing the O–H stretching vibration of
absorbed H2O molecules), 1676 cm−1 (C]O stretching vibra-
tion of carboxyl and carbonyl groups), 1432 cm−1 (C]C
stretching vibration of the aromatic ring) and 1086 cm−1 (C–O
stretching vibration of the epoxy and alkoxy groups).38 The ATR-
IR spectra of CuO-GO nanocomposite28 exhibited the charac-
teristic bands of CuO and GO. The broad peaks from 2990–3750,
1676, 1432, and 1086 cm−1 of GO reduced aer the formation of
CuO-GO nanocomposite, which implies that the peaks corre-
sponding to the C]O group and –OH group are reduced.25 The
peaks at 2920 and 2856 cm−1 are associated with asymmetric
and symmetric –CH2 groups. The peak at 592 cm−1 is linked to
the Cu–O bond in monoclinic CuO, a specic crystalline form of
copper(II) oxide. These peaks conrm the presence of mono-
clinic CuO in the nanocomposites.30 The FT-IR spectrum of CS
Fig. 4 FE-SEM images of pristine leather (a1 and a2), chitosan-coated le
and CS/CuO-GO (5 mg mL−1) coated leather (d1 and d2) samples at d
images (50 000×), indicating the presence of CuO-GO nanostructure o

12168 | RSC Adv., 2025, 15, 12162–12178
is also shown in Fig. 3a. The peaks at 3435, 1635, 1530, 1360,
and 1060 cm−1 represent the stretching vibration of –OH and –

NH2 groups, the C]O group, N–H bond, C–N and bending of
the N–H bond, and C–O–C glycosidic bond, respectively that
forms the chitosan chain.39

The pristine leather showed a broad peak at 3300 cm−1,
representing the –OH and –NH groups of collagens (Fig. 3b).
The peaks at 2931 and 2884 cm−1 also show the asymmetric and
symmetric stretching of the C–H bond. The peak at 1649 and
1550 cm−1 represents the stretching of the amide I (C]O)
group and amide II (N–H bending and C–N stretching),
respectively.40 Chitosan-coated leather showed peaks at
3200 cm−1 for –OH overlapped with –N–H and the peak at
1523 cm−1 corresponds to the in-plane bending vibration of the
N–H bond, which are distinctive peaks of chitosan. Likewise,
ather (b1 and b2), CS/CuO-GO (1 mg mL−1) coated leather (c1 and c2),
ifferent magnifications (1000× and 10 000×). Insets show magnified
n the leather surface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a sharp peak at 1085 cm−1 was observed in the chitosan-coated
leathers but absent from the pristine leather. In the case of the
CS/CuO-GO-1 coated leather, the FTIR spectra showed peaks at
3253 cm−1, 1618 cm−1, and 1529 cm−1, representing –OH
group, –C]O group and N–Hbending, respectively arising from
CS and CuO-GO layers. The two deep peaks at 1062 and
1015 cm−1 represent the C–O stretching vibration of the CS/GO
layer. These peaks are broader from CS-coated and pristine
leather. Furthermore, the intensity of the CS/CuO-GO-5 peaks
on the FTIR spectrum were lower than that of chitosan-coated
leather because of the interaction between 5 mg mL−1 of
CuO-GO nanocomposite and chitosan.

3.2.2 FE-SEM micrographs of CS/CuO-GO coated leather

The surface texture, skin pore patterns, and bre structure of
coated leathers were evaluated by FE-SEM.

As seen in the methodology, positively charged chitosan
(with 5% PVA solution as a binder) and negatively charged CuO-
GO nanocomposite were assembled on the leather via a layer-by-
layer spraying process to create the CS/CuO-GO lm on the
grain portion of the leathers. Leather is essentially a biomass
made of collagen bres. FE-SEM provided a clear view of the
collagen brous network structure to the immaculate leather's
surface morphology (Fig. 4a1). Fig. 4a2 in its expanded form
exhibits the usual cross-sectional structure of collagen bres.
The amino acid composition of collagen, which includes acidic
amino acids like glutamic and aspartic acid, reveals numerous
carboxyl groups on its surface.26 Therefore, the formation of
a persistent layer of cationic chitosan on the surface of leather
was made possible by the electrostatic interaction among
carboxyl groups and amino groups. The treated leather surface
smoothed out and the voids between collagen bres were lled
following chitosan coating, as seen in Fig. 4b1 and b2. Then,
a layer of CuO-GO composite with an immense concentration of
carboxyl groups was uniformly placed on top of the chitosan
layer. The microstructure of CuO-GO nanocomposite clusters
produced by composite aggregation aer drying was visible
from the FE-SEM images in Fig. 4c1, c2, d1 and d2. Unsmooth
and clustered leather surfaces indicate CuO-GO nanocomposite
coating on leather surfaces.

3.2.3 XPS analysis of CS/CuO-GO coated leather surface

Further, the chemical state of the CS/CuO-GO nanocomposite
coating was determined through XPS analysis. In pristine
leather (Fig. 5a), the identication peaks are at 284.8 eV, 400 eV,
and 533 eV for C 1s, N 1s, and O 1s, respectively.26 For CS-coated
leather, peaks at 533.1 eV and 531 eV correspond to O 1s for
organic C–O and organic C]O bonds, respectively, the peak at
400 eV represents the C–NH2 bond and peaks at 284.8 eV, 286 eV,
and 288 eV indicate the existence of C–C, C–O–C and O–C]O
bonds, respectively which conrms C 1s (Fig. 5b). Compared to
pristine leather (Fig. 5a) and CS-coated leather (Fig. 5b), the
survey spectrum of CuO-GO treated leather revealed the presence
of Cu 2p and Cu 2s signals in Fig. 5c and e.

Furthermore, the Cu 2p core level XPS spectra of CS/CuO-GO
(1 mgmL−1) coated leather and CS/CuO-GO (5 mgmL−1) coated
© 2025 The Author(s). Published by the Royal Society of Chemistry
leather were shown in Fig. 5d and f, respectively, in which two
peaks at 932.9 eV and 952.3 eV represent Cu 2p3/2 and Cu 2p1/2.
The splitting of the 2p doublet of Cu is approximately 19.6 eV.41

All the Cu and C signals observed through XPS conrmed the
construction of the external CS/CuO-GO nanocomposite layer
on the leather surface where the CS/CuO-GO (5 mg mL−1) layer
showed higher Cu and C signals.

3.2.4 TGA of CS/CuO-GO nanocomposites coated leather

Fig. 6 illustrates the TGA thermograms of pristine leather, CS-
coated leather, and CS/CuO-GO nanocomposite-coated
leather. In addition, the weight loss curve of chitosan, CuO-
NPs, GO, and CuO-GO was presented28 in Fig S5.† The weight
loss curve of pristine leather showed three stages of weight
loss.42 A very smooth weight loss (about 15%) was found at
around 270 °C due to moisture content and conned water
molecules. The primary decomposition (weight loss of about
60%) occurs between temperatures of 270 °C to 400 °C. Above
400 °C, the residual organic materials (such as remaining fats or
degraded proteins) present in the leather begin to degrade. The
rate of weight loss slows, but further decomposition continues
until mostly inorganic ash remains.43 In CS-coated leather, the
initial weight loss due to moisture content was the same pattern
as the leather sample at temperatures ranging from 30 °C to
150 °C. At temperatures between 300 °C to 700 °C, the degra-
dation occurred due to the degradation of the polymer chains of
chitosan and collagen.44 At 700 °C, the weight loss for CS-coated
leather was about 74%, while an 83% weight loss was seen in
pristine leather. This thermal improvement suggests that chi-
tosan can provide a protective barrier against heat. The CS/CuO-
GO-5 nanocomposite-coated leather exhibited the highest
residue at 700 °C, showing 70% weight loss. The CS/CuO-GO-1
nanocomposite-coated, CS-coated, and pristine leather samples
displayed weight losses of 72%, 74%, and 83%, respectively.

This indicates that the CS/CuO-GO-5 nanocomposite-coated
leather offers better thermal stability than the other samples.
The CS and CuO-GO nanocomposite can easily penetrate and
form a complex within the tanning agent, establishing cross-
links with the network structure of collagen bres.45 This dense
cross-link improves the thermal stability of the coated leather.46

Again, cationic chitosan has a strong interaction with negatively
charged graphene oxide, which results in the thermal stability of
the composite coating onto the leather surface. Moreover, the
‘torturous path’ of graphene sheets improves thermal stability
because of their ability to avoid oxygen infusion.47

3.3 Antibacterial activities of CS/CuO-GO coated leather

The antibacterial efficacy of CS/CuO-GO-coated leather surfaces
was investigated using E. coli and B. subtilis as typical model
bacteria (Fig. 7).

Pristine leather and chitosan-coated leather were developed
as controls, and the ZOI of these leathers was initially examined.
This antibacterial test was carried out for bacterial concentra-
tions of 106 CFU mL−1 for 48 h. Aer being incubated with two
bacterial strains, the leather coated with CS/CuO-GO nano-
composite eliminated all the germs underneath and
RSC Adv., 2025, 15, 12162–12178 | 12169
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Fig. 5 XPS spectra of (a) pristine leather, (b) CS-coated leather, (c) CS/CuO-GO (1 mgmL−1) coated leather, (d) Cu 2p core-level of CS/CuO-GO
(1 mg mL−1) coated leather, (e) CS/CuO-GO (5 mg mL−1) coated leather, and (f) Cu 2p core-level of CS/CuO-GO (5 mg mL−1) coated leather.
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surrounding the sample (Fig. 7a and b). Additionally, the
average ZOI widths of nanocomposites-coated samples were
much greater than that of chitosan-coated leather samples
12170 | RSC Adv., 2025, 15, 12162–12178
(Fig. 7c). Further, leather coated with CS/CuO-GO-5 nano-
composite containing 5 mg mL−1 of CuO-GO showed a much
bigger ZOI than leather coated with CS/CuO-GO-1. CS/CuO-GO
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TGA thermogram of pristine leather, CS-coated leather, CS/
CuO-GO (1 mg mL−1), and CS/CuO-GO (5 mgmL−1) nanocomposite-
coated leather.
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coated leather showed a ZOI of about 5 ± 0.3 mm for E. coli and
5.5 ± 0.24 mm for B. subtilis. A similar ZOI was reported for CS/
Ag NPs incorporated leather26 and for ZnO NPs coated leather48
Fig. 7 ZOI of leather samples against E. coli (a) and B. subtilis (b). Averag
killing efficiency of leather samples after 1 h incubation with bacteria (d).
mean ± SD (n $ 3). *P was determined by the Student's t-test.

© 2025 The Author(s). Published by the Royal Society of Chemistry
for E. coli and S. aureus. Since the zone of inhibition increases
with nanocomposite concentration, we can conclude that the
antibacterial property is directly proportional to the analyte
concentration used. This is because more CuO-GO nano-
composite results in more damage to bacterial cell walls and
provides more effective antibacterial activity. The test was con-
ducted with bacterial concentrations of 108 CFU mL−1 and
similar results are shown in the ESI (Fig S6).†

The bacterial killing efficiency of CS/CuO-GO nanocomposite-
coated leather samples was evaluated against Gram-negative and
Gram-positive bacteria aer repeated washing. A bacterial
concentration of 104 CFU mL−1 was taken for this test.26 Aer
analysing the ZOI results, the killing efficacy of the prepared CS/
CuO-GO nanocomposite coating was higher than that of the bare
chitosan coating, reaching over 99.5% aer only 1 h of growth
with bacteria (Fig. 7d). The results showed that the CS/CuO-GO
nanocomposite coating demonstrated signicantly improved
antibacterial action compared to the bare CS-coating. This
improvement is attributed to the combined effects of the contact-
killing mechanism of the chitosan layer and the release of Cu2+

ions from the CuO-GO layer, which leads to the formation of
e width calculated from the ZOI of each leather sample (c). Bacteria-
All sample areas were circled with a solid ring. Error bars represent the

RSC Adv., 2025, 15, 12162–12178 | 12171
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reactive oxygen species (ROS). In addition to CS and CuO nano-
particles, GO also contributes to the antimicrobial activity.49
3.4 Long-acting antibacterial activity of CS/CuO-GO coated
leather by accumulative release of Cu2+

This test was conducted to assess the release of Cu2+ ions from
CS/CuO-GO coated leather aer repeated washing. The release
factor was measured aer 72 h using a shaking speed of
150 rpm at 37 °C. AAS was used to measure the Cu2+ release
performance from the CS/CuO-GO nanocomposite-coated
leather to establish the durability of the coating. When 1 g of
dry CS/CuO-GO-5 coated leather was submerged in 10 mL of
water aer 72 h at 37 °C, the cumulative release of Cu2+ was
around 0.9% and the copper content was around 0.01378 mg
per gram of CS/CuO-GO-5 coated leather (Fig. 8). The results
showed that the release of Cu2+ showed an incredibly persistent
performance and that a covering made of nanocomposite
materials may have long-lasting antibacterial properties. The
result is in line with the reported Ag+ ion release from CS/
GA@AgNP composite-coated dry leather aer 72 h.26

The antibacterial action of CuO NPs depends on the char-
acteristics of the bacterium cells. The antimicrobial activities of
the CuO-GO nanocomposite could result from a combination of
the effects of the native GO and the surface-deposited CuO NPs.
The mechanism of antibacterial action of CuO-based materials
may follow a variety of antibacterial processes that can work
separately or together, including cellular absorption, dissolu-
tion, or formation of reaction oxide species (ROS).50 Together,
these variables have the potential to cause internal leakage,
metabolic retardation, DNA destruction, protein oxidation,
lipid peroxidation, and cellular membrane damage in bacterial
cells. ROS causes cell lysis in bacterial cells by causing inter-
cellular and membrane damage. Additionally, copper nano-
materials easily release dissolved ions from their outer surface
while in solution. This indicates that ROS generation and ion
Fig. 8 Accumulative release factor of Cu2+ ions from CS/CuO-GO-1
and/CS/CuO-GO-5 coated leather samples.

12172 | RSC Adv., 2025, 15, 12162–12178
dissolution are probably working together to provide the re-
ported antibacterial action.

In general, there are three steps involved in the generation of
antimicrobial activity for graphene-based nanomaterials. First,
the nanosheets accumulate on the surface of the bacteria.
Secondly, membranes are interrupted by sharp nanosheets.
Finally, there is superoxide anion-independent oxidation.18 The
results of this study align with these pathways; therefore, the
incremental release of Cu2+ ions from the leather surface
coating signicantly enhances the long-acting antibacterial
activity.
3.5 Cyclic antibacterial activities of CS/CuO-GO coated
leather

Currently, a major issue with many bactericidal coatings is that
they can be easily covered by adsorbed dead microbial cells,
leading to a loss of antibacterial effectiveness and potentially
triggering an immune response.51 To restore their biocidal
activity, it is essential to release or remove dead bacteria from
the coating. In the case of the CS/CuO-GO nanocomposite
coating, the outer layer made of CuO-GO consists of a densely
packed, negatively charged graphene oxide (GO) sheet. Under
neutral conditions, this negatively charged layer can electro-
statically repel dead bacteria.18 Bacteria can be released from
the coating surface through simple washing. To ensure that
wearable leather products maintain durable antibacterial
properties during everyday use, the CS/CuO-GO nanocomposite
coating must preserve its effective bactericidal activity despite
exposure to washing and abrasion. Therefore, the antibacterial
effectiveness of the CS/CuO-GO coated leather samples was
examined under cyclic washing and abrasion conditions. The
investigation demonstrated the potent antibacterial properties
of the CS/CuO-GO nanocomposite coating against E. coli and S.
aureus, with chitosan-coated leather serving as the control. Aer
1 h incubation with bacteria, the leather samples were extracted
from the bacterial solution and rigorously washed with steril-
ized phosphate-buffered saline (PBS) for 10 min. The samples
were then re-incubated with bacteria for another hour, and the
killing efficiencies were precisely measured, marking the
completion of one cycle before the subsequent use. This study
decisively tested the leather samples over three cycles in the
presence of bacteria.

As the number of cycle periods increased, the killing effi-
ciency of chitosan-coated leather against E. coli and B. subtilis
eventually dropped below 90% (Fig. 9a and b). The mask effect
of imbued or deadmicroorganisms probably contributed to this
reduction of antibacterial effectiveness. In contrast, the CS/
CuO-GO nanocomposite-coated leather showed better killing
efficiency (>99.5%) even aer three cycles. The ndings showed
that the CS/CuO-GO nanocomposite-coated leather could be
washed with water to free any adherent or dead bacteria while
still maintaining its antibacterial properties for repeated use.

The excellent antibacterial activity of the CS/CuO-GO nano-
composite coating cannot be solely attributed to the combined
effects of chitosan and the CS/CuO-GO coating. Instead, it is
likely due to a synergistic effect that includes the contact-killing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Cyclic antibacterial activities of leather samples with different ratios of CS/CuO-GO coating against E. coli (a) and B. subtilis (b). Error bars
represent the mean ± SD (n $ 3). *P was determined by the Student's t-test, P < 0.05.
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properties of the CS layer, the release of Cu2+ ions, and the
bacterial-repelling characteristics of the negatively charged
graphene oxide layer. Therefore, the antibacterial effect is
primarily derived from the intrinsic antibacterial activity of the
CuO NPs. GO also provides antibacterial properties, but the GO
serves as a scaffolding framework. The water contact angle of
the CS/CuO-GO nanocomposite coating was measured at 78°,
which is signicantly lower than the 110° observed for the CS
coating (Fig. 11b). This decrease is attributed to the presence of
anionic and hydrophilic oxygen-containing groups (such as
carboxyl and epoxy functional groups) from the GO component.
Consequently, when bacteria attach to the surface, they are
killed due to the combined effects of the contact-active prop-
erties of chitosan and the release of Cu2+ ions. Once the bacteria
are dead, they can be easily removed or repelled by the
Fig. 10 Tensile strength and % of elongation at break (a) and stitch tear
GO-CuO-1 (1 mg mL−1) coated and CS/GO-CuO-5 (5 mg mL−1) coated

© 2025 The Author(s). Published by the Royal Society of Chemistry
electrostatic repulsion between the negatively charged GO
interface and the anionic cell membranes of the dead bacteria,
resulting in a self-defensive mechanism based on the kill-and-
release strategy.26
3.6 Mechanical properties of CS/CuO-GO coated leather

Tensile and tear strength tests were performed to evaluate
whether the application of chitosan coating and inorganic CuO-
GO nanocomposites could alter the physical properties of
leathers (Fig. 10), which could affect their quality and compli-
ance with some standard requirements for certain types of
footwear and garments.

Fig. 10a depicts the tensile strength and % of elongation at
break values corresponding to pristine leather, chitosan, and
strength and tear strength (b) of pristine leather, chitosan-coated, CS/
leather samples.
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CS/CuO-GO nanocomposite-coated leather. The tensile strength
of pristine and chitosan-coated leather was 28.5 and 33.5 N
mm−2, respectively. However, the tensile strength of CS/CuO-
GO coated leather increased by about 28% to 36.5 N mm−2

aer coating with 1 mg mL−1 of CuO-GO. Further, the leather
coated with 5 mg mL−1 of CuO-GO showed a 42% increase in
tensile strength. The results revealed a signicant increase in
tensile strength upon application of CS/CuO-GO coating on the
pristine leather. Again, all the coated leathers satised the
minimum requirements of tensile property. Therefore, a syner-
gistic effect is achieved through the combination of three
coating constituents, resulting in improved physical properties.

The uniform dispersion of CuO-GO nanocomposite in the CS
layer allows for the unhindered mobility of the CS chain
segment and forms a strong interface between CS and CuO-GO
that can tolerate extreme stress. Moreover, GO in the CuO-GO
layer can serve as a ller because of its large specic surface
area and excellent mechanical properties, enhancing the overall
mechanical characteristics of the applied materials. Again, the
increased strength can be attributed to the effective sealing of
the pores of the hair follicles of leather using nanocomposite
coating, which strengthens leather bres52

To ensure the desired characteristics, the percentage of
elongation of the shoe upper should be within the range of 30–
40%. All leathers exceeded the required limit value of 30–40%
for elongation at break. The CS/CuO-GO-5 leather exhibited the
lowest value among the coated leathers and was extremely close
to the required limit value. Likewise, the volume of applied
CuO-GO nanocomposite directly contributed to the reduction of
elongation at break. The intensication of the CuO-GO nano-
composite in the coated lm revealed the interface effect and
stress effect between the stiff CuO-GO and CS polymer matrix.
Therefore, the coating is easier to break and the elongation at
break decreases.

Further, the stitch tear strengths of the prepared leather
samples were conducted to assess the bre strength of the weak
region. The stitch tear and tear strength of the CS/CuO-GO
nanocomposite-coated leather are shown in Fig. 10b. The
required values for stitch tear strength and tear strength of the
shoe upper leather are 80 N mm−1 (min) and 30 N mm−1 (min),
respectively.53 All the coated leathers surpassed the minimum
values for stitch tear and tear strength, achieving peak values of
approximately 160 Nmm−1 and 90 Nmm−1, respectively for CS/
CuO-GO-5 coated leather.
Table 1 Dry and wet rub fastness test of treated and untreated leather s

Samples

Dry rub fastness test

Color changing
(leather)

Staini
cotton

Cycle 512 1024 512
Pristine leather 4/5 4 4/5
CS-coated 5 5 5
CS/CuO-GO (1 mg mL−1) 5 5 5
CS/CuO-GO (5 mg mL−1) 5 5 5

12174 | RSC Adv., 2025, 15, 12162–12178
Chitosan can interact with the collagen bre and forms
complexes through electrostatic interaction among –NH2

functional groups of chitosan and –COOH functional groups of
collagen from leather.54 The incorporation of CuO-GO into the
CS-coated leather enhances the mechanical properties,
primarily attributed to the effective dispersion of graphene
oxide at the molecular level and the formation of robust H-
bonds between CS and the GO surface. Additionally, the
unidirectional dispersion of GO and enhanced interfacial
adhesion signicantly increased the mechanical properties of
the nanocomposites.55
3.7 Dry and wet rub fastness test

The dry and wet rub fastness test was conducted to estimate the
properties of the CS/CuO-GO nanocomposite-coated leather. It
measures how much leather discolors due to factors like fric-
tion, water, and sweat. It is a crucial quality indicator for leather
coating during use or processing. The test was conducted
according to DIN 54021 standards (1024 rubs in dry and 512
rubs in wet condition).

The pristine leather treated with chitosan and CuO-GO
nanocomposite has shown better dry and wet rub fastness
than the control sample (Table 1). All CS/CuO-GO
nanocomposite-coated leathers exhibited improved ratings,
falling within the required grey scale range of 5 to 3. However,
a slight decrease in the depth of shade and change in hue was
found around 4/5 in wet rub fastness.

It appears that the color fastness property of the coated
leather samples has increased due to the application of CS/CuO-
GO nanocomposite coating. The cotton felt applied for pristine
leather showed slight coloration aer the dry fastness test,
whereas no such coloration was observed on the CS and CS/
CuO-GO coated leathers. Similar results were obtained for the
wet rub fastness test, showing satisfying wear resistance
provided by layer-by-layer (LBL) spray coating.56

The dry and wet rub fastness for both colour changing and
staining was improved by one grade aer layer-by-layer coating
of CS and CS/CuO-GO nanocomposites (Table 1). The primary
reason for this improved wear resistance would be the excellent
lm-forming and adsorption properties of CS/CuO-GO nano-
composites, as well as GO's lubricating ability between the
substrates and the friction media due to its 2D structure.11 The
lm formed by CuO-GO coating would form a rough structure,
effectively resisting contact between the sample and the coating
amples; grey scale rating

Wet rub fastness test

ng on the
felt

Color changing
(leather)

Staining on cotton
felt

1024 512 512
3 3/4 3
5 4/5 4
5 4/5 4
5 4/5 4

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Porosities of four different leather samples

Sample Porosity (%)

Pristine leather 53 � 3.4
CS-coated leather 43.4 � 4.1
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lm during rubbing. Gao et al.56 reported comparable ndings
aer coating the leather samples with nano-SiO2 particles.
Thus, it is expected there was sufficient binding between the
leather surfaces and coating materials, which did not negatively
affect the rub fastness.
CS/CuO-GO-1 coated leather 27.5 � 2.8
CS/CuO-GO-5 coated leather 14 � 3.2
3.8 Water vapor permeability, porosity and water contact
angle test of CS/CuO-GO coated leather

The assessment of WVP for leather samples is associated with
their comfortable wearing properties. This property denitively
facilitates the movement of water vapor from areas of higher
humidity to those with lower humidity, primarily relying on the
leather's porosity. Water is transferred through the hydrophilic
groups of collagens at a specic vapor pressure. The water vapor
permeability of the leather decreases aer the nishing
process.47 The application of polymer nanocomposite enhances
the water vapor barrier properties of leather. For shoe lining
leather, it is mandatory to become water vapor permeable for
the comfort of the user. Water vapor permeability is signi-
cantly inuenced by the porous structure and the material's
polarity.57 The standard water vapor permeability for shoe upper
leather is 0.8 mg cm−2 h−1.58

The coatings of different compositions had an obvious effect
on the coated leather samples. The WVP of pristine and
chitosan-coated leather was 13.75 and 12.5 mg cm−2 h−1,
whereas that of CS/CuO-GO coated leather samples showed 12
and 11.5 mg cm−2 h−1 (Fig. 11a). The results indicate that the
water vapor permeability (WVP) of the CS/CuO-GO coated
leather exhibited a slight decline compared to the pristine
leather following the coating process, although their values
remained signicantly higher than the standard limit. Pristine
leather showed higher WVP than the nished one due to its
natural, highly porous structure. The application of CS/CuO-
GO-1 and CS/CuO-GO-5 nanocomposite coatings resulted in
a slight reduction of WVP of leather by about 13% and 16%,
respectively. This is because the WVP decreased due to the
blockage of pores and hair follicles of the coated material when
the nanocomposite coating was applied to the leather samples.
Fig. 11 (a) Water vapor permeability and (b) contact angle of pristine, C
samples.

© 2025 The Author(s). Published by the Royal Society of Chemistry
This phenomenon was conrmed by the SEM images (Fig. 4).
The WVP property of the CS/CuO-GO nanocomposite coated
leathers was within the permissible value instead of blocking
leather pores due to coating. This is primarily due to the
hydrophilic properties of coating components, which facilitate
the movement of water vapor molecules. The LBL spraying
method shows promise as an effective technique for creating
“breathable” coatings. Table 2 shows the values obtained for
porosity of CS/CuO-GO nanocomposite coated leather samples
by ethanol inltration method. The porosity of CS/CuO-GO
nanocomposite coated leather samples is a crucial character-
istic for their application, as it determines the moisture vapor
permeability. The leather samples presented a lower porosity
value with a higher coating material. This observation supports
the results obtained from the WVPmeasurements of the leather
samples.

The hydrophilic nature of the coating components was
further investigated by a water contact angle test of pristine
leather, CS-coated, and CS/CuO-GO-coated leather samples
(Fig. 11b). Pristine leather has a WCA of 91.2° ± 1.9°, whereas
the leather surface becomes slightly hydrophobic aer coating
with CS, with a WCA of 110° ± 2.5°. The CS/CuO-GO-1 and CS/
CuO-GO-5 coated leather samples showed WCA of 71° ± 1.5°
and 78° ± 2.3°, respectively. This result stems from the hydro-
philic and negatively charged carboxyl groups inherent in the
GO molecule. When they adhere, bacteria are killed by the
combined action of chitosan's contact-active and the release of
Cu2+ ions. The kill-release strategy produces a self-defensive
function, wherein the dead microorganisms can simply be
S coated, CS/CuO-GO-1 coated, and CS/CuO-GO-5 coated leather
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removed or repelled by the electrostatic repulsion among the
negative GO interface and the negatively charged cell
membrane of bacteria.22

Because of the existence of hydrophilic areas on pristine
leather, the contact angle was lowest compared to the coated
leather. Aer applying CS, the roughness of the coated sample
increased (as observed from the SEM image in Fig. 4b), which
ultimately increased the contact angle. However, the contact
angle decreased again aer applying CuO-GO nanocomposite
coating on the CS-coated leather because of the presence of
oxygen-containing moieties of GO.59 Meanwhile, an increase in
the amount of CuO-GO from 1 to 5 g mL−1 resulted in a slight
increase in contact angle. This can be attributed to a decrease in
porosity at higher concentrations, a phenomenon conrmed by
the WVP and SEM investigation.
4 Conclusions

Aloe vera stabilized CuO decorated GO nanostructure was
prepared in situ. The XRD and TEM analyses conrmed the
presence of CuO nanoparticle in the GO nanosheets. A nano-
composite coating was effectively applied to the leather surface
through a precise layer-by-layer assembly of cationic chitosan
and anionic CuO-GO layers, followed by a durable immobili-
zation process via cross-linking. These chitosan/CuO-GO
nanocomposite coatings serve as a highly effective, water-
borne and environmentally friendly coating that delivers
outstanding antibacterial activity against both Gram-positive
and Gram-negative bacteria through a powerful “kill-release”
mechanism. This effectiveness is attributed to the combined
effects of the contact-killing properties of the chitosan layer, the
release of Cu2+ ions, and the bacterial-repelling characteristics
of the negatively charged CuO-GO layer. Additionally, the dead
cells can be removed from the coating during laundry, allowing
the chitosan/CuO-GO coating to be reused while maintaining its
antimicrobial activity. The cross-linked chitosan/CuO-GO
nanocomposite coating signicantly enhances their durable
antibacterial activity and stability against laundry and colour
fastness. The chitosan/CuO-GO coating incorporates bacteria
resistance, bactericidal effects, and bacteria release strategies
into a single system, making it promising for leather products
and scale-up industrial manufacturing.
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