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Prolonged wearing of shoes creates conditions for bacterial and fungal diseases. The use 
of nanotechnology and especially metal nanoparticles enables the production of high- 
quality leather for footwear with good antimicrobial properties. The pre-tanning process, 
which involves adding metal particles to the tanning solution, has been the subject of 
several studies on the application of metal oxides to leather. Few investigations have been 
conducted on the last finishing stage of leather nanoprocessing. The aim of the present 
study was to obtain and characterize the antimicrobial properties of finish films containing 
zinc oxide nanoparticles for shoe leather materials. The in situ method was applied to 
synthesize ZnO nanoparticles and these particles were deposited in a cross-linked 
collagen hydrogel applied to shoe lining materials. The obtained samples were 
examined by means of SEM, UV, FTIR and antimicrobial tests, and their properties 
were proven. Morphological analysis revealed the widespread presence of zinc oxide 
nanoparticles within the leather sample’s structure. Spectroscopic examinations 
highlighted the interactions between collagen in the leather tissue and gelatin on one 
side, while also detailing the bonds between inorganic particles on the other. The modified 
leather samples demonstrated a reduction in bacterial and fungal growth. The 
antimicrobial effectiveness varies depending on the type of modification and the 
specific bacterial strain tested. These finishes have been shown to serve as effective 
protective antimicrobial coatings for shoe leather materials, helping to safeguard the 
human foot from microbial exposure.
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INTRODUCTION

Prolonged wearing of shoes creates conditions for fungal and bacterial diseases. The antibacterial 
treatment of materials based on natural leather and other materials inserted into the shoe is 
extremely important to protect the human foot from the attack of bacteria and fungi, which develop 
very quickly as a result of the appropriate microclimate in the shoe (increased humidity, temperature, 
various external pollution). Animal leather for shoe production, as an organic material, is a food 
source for various types of microorganisms, for example,: Genus Bacillus, Corynebacterium, 
Clostridium, Staphylococcus, Penicillium, Aspergillus, Paecilomyces, Candida, Cryptococcus 
(Oruko et al., 2019; Bielak et al., 2020). The effect of antibacterial agents is reduced to the 
destruction of microorganisms or the inhibition of their growth. This highlights the need to go 
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beyond conventional tanning practices and consider 
antimicrobial strategies that ensure both durability and 
biological protection of leather materials. In addition to 
microbiological safety, it is becoming increasingly important 
to apply antimicrobial solutions that are environmentally 
friendly and do not lead to additional ecological burden. Some 
chemical antimicrobial agents are used in the tanning process, 
their main function is to prevent biodegradation of the leather, 
not to provide antimicrobial properties. In addition, the use of 
some antibacterial and antifungal agents is limited due to toxic 
effects on health and the environment. Therefore, it is extremely 
important for natural leather materials applicable to footwear to 
develop antimicrobial agents that are effective against a broad 
spectrum of bacterial and fungal strains and are environmentally 
friendly (Poles et al., 2019; Nawaz et al., 2011).

There are various methods for antibacterial treatment of 
leather for insole parts. Biosynthesized silver nanoparticles 
have been used as an antimicrobial agent for the treatment of 
pig leather by dip-drying processes (Healy et al., 2010; Thang 
et al., 2023). Researchers found that tanned leather with the 
addition of oils has antimicrobial activity against strains of E.coli, 
S.aureus and C.Albicans (Bielak and Syguła-Cholewińska, 2017).

Metals, metal salts, oxides and nanocomposite 
polycompounds possess certain activity against some well- 
known pathogenic microorganisms. The use of 
nanotechnology and especially metal nanoparticles enables 
the production of high-quality leather with good antibacterial 
properties (Muthukrishnan, 2021; Su et al., 2021). Much 
research has focused on the treatment of leather with 
nanometal oxides during the pre-tanning process, where 
nanomaterials are added to the tanning solution during 
leather treatment. There is still a limited amount of 
research deals with the nanoprocessing of leather in the 
final finishing step without adding the nanomaterial to the 
tanning solution. In the leather industry, nanotechnology is 
still in its infancy and has not yet reached widespread 
application (Vo et al., 2020; Carvalho et al., 2018; Staroń, 
A., and Długosz, O. 2021).

Among the various nanomaterials applied in the leather 
industry, zinc oxide (ZnO) stands out for its strong 
antimicrobial properties. Their positively charged particles can 
interact with the negatively charged surface of bacterial cell walls. 
Numerous studies have explored the application of metal oxides 
in leather treatment during the pre-tanning phase (Nawaz et al., 
2011; Muthukrishnan, 2021). In contrast, research on 
nanoprocessing leather during the final finishing stage remains 
limited. The properties of metal nanoparticles and metal oxides 
such as TiO2, ZnO, Ag, and Cu determined them as an effective 
antimicrobial agents (Nguyen et al., 2023; Okhmat et al., 2024; 
Thang et al., 2023; Carvalho et al., 2018; Lkhagvajav et al., 2015; 
Ahmed et al., 2024). Zinc oxide nanoparticles (ZnO-NPs) have 
garnered significant interest from researchers due to their 
biocompatibility, non-toxic nature, and cost-effectiveness 
(Nawaz et al., 2011; Abebe, et al., 2020; Dey, et al., 2022; Jiang 
et al., 2015; Habib Mohamed and Manal Maher, 2023; Habib and 
Mulchandani, 2022; Gaidau et al., 2018; Bao, Y. et al., 2017; 
Vargas Hernández et al., 2024).

Traditional methods for preventing microbial growth in 
leather materials include the use of biocides (Bielak, et al., 
2020). These preparations are largely hazardous to human 
health. A number of studies have focused on the use of metal 
oxides, for example,: TiO2, CuO, ZnO, as well as on 
combinations: CuO-ZnO, Ag-TiO2 (Vo et al., 2020; Carvalho 
et al., 2018; Soria-Castro et al., 2018). Various natural oils and 
dyes have also been studied in this context (Bielak and Syguła- 
Cholewińska, 2017).

This study aims to investigate the enhancing durability of 
leather lining materials by applying a finishing layer containing 
zinc oxide particles and to assay antimicrobial effectiveness of the 
modified materials. In our research, we applied the approach of 
depositing ZnO particles by in situ synthesis method onto pig 
tanned leather used for shoe linings. To fix the ZnO 
nanoparticles, we applied a cross-linked gelatin hydrogel, 
identical in structure to natural leather.

In the results of our investigations it was obtained new 
information about a new potential application of the ZnO NPs.

MATERIALS AND METHODS

Materials
Natural, chrome-tanned pig leather for lining details, provided by 
a local manufacturer, without a finish coating, and with a 
thickness of 0.89 mm, was used. The evaluated samples had 
dimensions of 50/50 mm and an average weight of 2.3 g.

Gelatin from Merck KGaA (Darmstadt, Germany); 
Glutaraldehyde (25% aqueous solution) from Sigma-Aldrich 
(Darmstadt, Germany); Zn(NO3)2·6H2O (CAS:10,196-18-6) 
and NaOH were purchased from Sigma-Aldrich (Darmstadt, 
Germany). All solutions were prepared with distilled water.

Methods for Preparation of Composite 
Materials With ZnO
Figure 1 schematically presents the stages of modification of 
leather samples.

Method 1
Gelatin - crosslinking with glutaraldehyde; impregnation of 
leather (preliminary treated with oxalic acid) in solution of 
crosslinked gelatin; adding the solution of Zn(NO3)2.6H2O; 
adding the sodium hydroxide solution.

Method 2
Immersion of leather substrates in gelatin solution; adding the 
solution of Zn(NO3)2.6H2O; adding the glutaraldehyde as 
crosslinking agent; adding the sodium hydroxide solution.

Method 3 (an Ultrasound)
Impregnation of leather samples in gelatin solution; 
preparation of a solution of Zn(NO3)2·6H2O and NaOH 
solution and mixing; impregnation of leather–gelatin samples 
in solution of Zn(NO3)2.6H2O and NaOH; crosslinking by 
glutaraldehyde.
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In our previous work, we investigated the synthesis and 
deposition of TiO2 in coatings for leather materials (Angelova 
et al., 2024). Based on these studies, in the present study we 
developed methods for the synthesis and incorporation of 
ZnO nanoparticles into finishing coatings for leather. Many of 
the analyses were similarly applied to the new 
composite materials.

Details regarding the preparation, mixing regimes, and 
processing conditions are presented in Table 1.

Methods with varying the sequence of the crosslinking agent 
and addition of the components were previously designed to 
compare how the processing order affects nanoparticle 
deposition, coating stability, and antimicrobial properties. This 
approach allows us to determine the most effective way to achieve 
durable ZnO coatings on leather.

Analyses
Morphological Analysis
Samples were observed by using an inverted microscope Metaval 
(Carl Zeiss, Germany) operated in the dark-field mode with 
Planachromat-HD objectives (with magnification from 5x to 
50x) and halogen light illumination (12V, 50W).

The surface morphology of the modified leather samples was 
analyzed with a Philips ESEM XL30 FEG SEM. Using SEM, the 

size, shape, and distribution of nanoparticles can be determined, 
as well as elemental quantitative and qualitative analysis can be 
performed in the 1 μm3 region.

FTIR Analysis
FTIR analysis was performed on a Fourier transform infrared 
spectrometer (IRAffinity-1, Shimadzu, Japan) equipped with a 
diffuse reflectance sphere (MIRacle Attenuated Total Reflectance 
Attachment), the spectral range of 4000 ÷ 600 cm−1.

UVA–VIS-NIR Transmittance Spectral Analysis
A spectrophotometer (UVA/VIS/NIR Lambda 750S, Perkin 
Elmer, USA) was used to perform the analysis, which covered 
the wavelength range of: λ from 2000 to 250 nm.

Antimicrobial Analysis
The antibacterial effect of the tested composite samples was 
evaluated by Kirby–Bauer method (Hudzicki, J., 2009). The 
selected bacterial strains used in this study included 
Pseudomonas aeruginosa 1390 (Gram-), Bacillus subtilis 168 
(Gram+), Escherichia coli W 1655 (Gram-) from the National 
Bank of Industrial Microorganisms and Cell Cultures, 
Bulgaria, and Erysipelothrix rhusiopathiae B40 (Gram+) 
from the Institute of Microbiology (Angelova et al., 2024). 

FIGURE 1 | Flowchart illustrating a process of the composite materials preparation.

TABLE 1 | Methods and processing conditions for biocomposite materials Leather/Gelatin/ZnO.

Method/Sample code Solutions C, % Process steps Processing conditions

Le_ZnO-1 Н2С2О4 (pretreatment): 2% w/v 
Gelatin: 5% w/v 
Glutaraldehyde: 2.5% w/w to gelatin 
Zn(NO3)2·6H2O (0.1M) 
NaOH: (10×excess vs. Zn2+)

- Leather pretreatment, pH 4.5
- Crosslinking gelatin with glutaraldehyde
- Leather immersion
- Zn(NO3)2·6H2O solution
- NaOH solution
- Thermal treatment
- Final drying

- 30 min; 23 °C
- 24 h; 23 °C
- 30 min; 85 °C
- 5 min; 55 °C
- Dryer 2h; 40 °C
- 96 h; 23 °C

Le_ZnO-2 Н2С2О4 (pretreatment): 2% w/v 
Gelatin: 5% w/v 
Glutaraldehyde: 2.5% w/w to gelatin 
Zn(NO3)2·6H2O (0.1M) 
NaOH: (10× excess vs. Zn2+)

- Leather pretreatment; pH 4.5
- Leather in gelatin solution
- Zn(NO3)2·6H2O solution
- Glutaraldehyde
- NaOH solution
- Thermal treatment
- Final drying

- 30 min; 23 °C
- 2h; 23 °C
- 30 min; 85 °C
- 10 min; 85 °C
- 5 min; 55 °C
- Dryer 2h; 40 °C
- 96 h; 23 °C

Le_ZnO-3 (ultrasonic bath) Gelatin: 5% w/v 
Zn(NO3)2·6H2O (0.1M) 
NaOH: (10× excess vs. Zn2+) glutaraldehyde: 2.5% w/w to gelatin

- Leather in gelatin solution
- Mixing

Zn(NO3)2·6H2O+ NaOH
- Crosslinking by glutaraldehyde
- Thermal treatment
- Final drying

- 30 min; 23 °C
- 20 min; 85 °C
- 10 min; 85 °C
- dryer 2h; 85 °C
- 24 h; 23 °C
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Bacterial cultures were first grown overnight in Nutrient 
Broth (HIMedia, India) at 37 °C, and the cell density was 
then standardized to McFarland 0.5 (approximately 1.5 × 
108 CFU/mL), according to CLSI guidelines (CLSI, 2012). 
Sterile Mueller-Hinton agar plates were inoculated with the 
standardized bacterial suspensions. Antibiotics were used as a 
positive control. Antimicrobial activity was determined after 
incubation for 24 h at 37 °C. Measurements were made of the 
diameter (mm) of the zones of inhibition (ZOI) around each 
disk (Balouiri et al., 2016).

The antifungal activity of the tested compounds was 
evaluated using the disc diffusion method. The test fungal 
strains used in this study included Aspergillus niger, 
Aspergillus fumigatus, and Candida albicans belonging to 
Mycological collection of the Stephan Angeloff Institute of 
Microbiology, BAS. Fungal strains were grown on Potato 
Dextrose Agar (HIMedia Laboratories Pvt. Ltd., 
Maharashtra, India) at 28 °C for 7 days to allow for 
adequate diffusion of the compounds and fungal growth. 
Spore suspension was prepared at concentration of 1 × 108 

conidia/mL, and used for the investigation. The antifungal 
activity was determined at every 24 h of incubation by 
measuring the diameter (mm) of the inhibition zones 
around each disc, which appeared as clear areas.

Statistical Analysis
All experiments were performed in a minimum of triplicate to 
ensure reproducibility and reliability of the results. Data are 
expressed as mean values ±standard error (SE).

RESULTS AND DISCUSSION

Morphological Properties of Leather 
Composites With ZnO
Figure 2 shows micrographs of pure leather samples with a 
distinct fibrous structure. Figure 3 presents microscopic 
images of samples obtained by method 1 (Le_ZnO-1). It is 
evident that the leather sample is coated with cross-linked 
gelatin, with Zn-NPs impregnated into the hydrogel structure. 
The microscopic ivestigations of the these samples reveal that 
the nanoparticles ZnO have transitioned fom spherical to 
flower-like structures, indicating that the nucleation of ZnO 
crystal structures has commenced on the leather surface. 
Clustering and agglomeration of ZnO particles is observed 
at specific locations in the leather matrix and these particles 
change from nano-size (from 50 to 200 nm for single psrticles) 
to micro-size (above 500 nm and above 1 μm for clusters). 
This agglomeration of particles is likely to have a more 

FIGURE 2 | Micrograph of pure leather sample (Le) (x20) and SEM.

FIGURE 3 | Micrograph of modified leather (Le_ZnO-1) and SEM at different magnifications.
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significant effect due to the larger surface area of ZnO. In 
Figure 4 the modified leather samples Le_ZnO-2 show a 
different morphological structure. The ZnO particles again 
form a flower-like structure, they also form agglomerates, but 
are situated on the hydrogel’s surface, suggesting they display 
higher activity.

Some authors have proposed an explanation mechanism for 
the in situ growth of ZnO nanostructures (Souza, D. et al., 2018). 
Their research shows that at the beginning of the reaction in the 
sol-chemical solution, few ZnO nuclei and many growth units are 
present. When the fabrics are immersed in this solution for 
shorter residence times (0 h and 1 h), the ZnO nuclei 
immediately adhere to the fiber surface and the large amount 
of growth units around these nuclei leads to rapid growth of ZnO 
particles. And in our study, similar phenomena are most likely 
observed, i.e., for the nucleation and crystal formation processes.

The formation of the observed “flower-like structures” can be 
explained by heterogeneous nucleation of ZnO nanoparticles on 
gelatin matrices. Functional groups such as amino and carboxyl 
act as binding sites for Zn2+ions, initiating localized nucleation. 
Upon addition of NaOH, supersaturation drives crystal growth 
along specific wurtzite planes, while the organic matrix restricts 
orientation and promotes radial assembly. This confinement 
results in the characteristic flower-like morphology. Recent 
studies confirm similar mechanisms (Nichelson, A., et al., 
2025) reported that surfactant-assisted and sonochemical 
synthesis promoted the self-assembly of ZnO into flower-petal 
morphologies, highlighting the role of organic matrices and 
solution conditions in directing growth (Wang, Y. et al., 2016).

Elemental Analyses
Elemental analysis shows the presence of Zn in an amount 
reported on this area of 1 μm3. A Figure 5 present the 
elemental analysis of pure leather (Figure 5a), and modified 
leathers (Figures 5b, c). Elemental analysis of the modified 
leather samples shows that in sample Le_ZnO-1 (Figure 5b) 
there is about 11.6 wt. % of ZnO into the gelatin hydrogel, while 
in sample Le_ZnO-2 (Figure 5c) there is approximately 64.6 wt. 
% of per μm3 area. In sample Le_ZnO-2, the area is most likely 

coated with agglomerated ZnO particles, as well as SEM analyses 
prove the location of the zinc particles on the gelatin surface, 
showing the highest activity. The results fully correlate with the 
results for the antimicrobial activity.

FTIR Analyses
On Figure 6 are presented spectrum of analized samples.

Absorption peaks (cm-1) of the FTIR spectrum: 3308, 
2,924, 2,852, 1,647, 1,558, 1,456, 1,234, 1,033 cm-1 were 
assigned to–NH, –CH3, =CH2, –C=O, –NH, –C=O (in 
amide III) and C–N (in amine) groups. The collagen 
macromolecules in the leather and in the gelatin hydrogel 
contain polar groups in the side chains of their constituent 
amino acid residues, which are amino or amide groups and 
carboxyl groups, and can bind to metal atoms. The presence 
of Zn particles with the positive charge of zinc ions (Zn+) on 
the leather surface can interact electrostatically with the 
negative charge of the carboxylate residue (RCOO−) or 
with lone pair electrons of N atoms of amino acids 
(Sirelkhatim et al., 2015).

The peak at 852 cm-1 confirms the formation of tetrahedral 
coordination of ZnO (Jain et al., 2020). This peak is present in our 
spectra and these peaks are most clearly expressed in the 
composite obtained by Method 3 (Le_ZnO-3).

UV–VIS Absorbance Spectral Analysis
The UV-VIS absorption spectral analysis of the modified leather 
material is presented on Figure 7. The bands confirm the 
conclusions drawn from FTIR analysis about the collagen 
structure of the gelatin hydrogel and the leather, about the 
bonds with the crosslinking agent. But most indicative is the 
appearance of a low peak at 363 nm, which is an evident of the 
formation of nano ZnO.

Antibacterial Properties of Leather Samples 
With Incorporated ZnO Particles
The antimicrobial activity of the tested leather samples was 
evaluated using the Kirby–Bauer disc diffusion method. The 

FIGURE 4 | Micrograph of modified leather (Le_ZnO-2) and SEM at different magnifications.
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test bacterial strains used in this study included Pseudomonas 
aeruginosa (−), Bacillus subtilis (+), Escherichia coli (−) and 
Erysipelothrix rhysiopatiae (Gram+). Sterile Mueller-Hinton 
agar plates were inoculated with the standardized bacterial 
suspensions. The antimicrobial activity was determined after 
24 h of incubation by measuring the diameter (mm) of the 
inhibition zones around each disc, which appeared as clear, 
bacteria-free areas.

As could be seen in Table 2 and Figure 8 the samples 
Le_ZnO-3 exhibits the highest bactericidal effect on Gram- 
positive spore-forming strain (B. subtillis).

After 24 h of aerobic cultivation of test microorganisms in 
termostate, presense or absence of inhibitory zones were 
observed. Performed experiments showed that Gram-positive 
(B. subtillis) bacteria is more sensitive to the samples with 
ZnO particles than tested Gram-negative bacteria (E. coli and 
P.aeruginosa). Our findings align with those reported by previous 
researchers, demonstrating similar trends in antibacterial 
performance. For example, in a study conducted by Emami- 
Karvani and Chehrazi (2011), it was shown that Gram-negative 
bacteria (E. coli) are more resistant to ZnO nanoparticles than 
Gram-positive bacteria (S. aureus). Similar results were also 
previously published by Reddy et al. (2007). Some scientists 
suggest that the higher sensitivity of Gram-positive bacteria 
may be related to differences in cell wall structure, cellular 
physiology, or metabolism. Additionally, variations in surface 
charge and cell membrane composition could influence the 
extent to which nanoparticles interact with cells (Girma 
et al., 2024).

Nanoparticles can damage cells in two ways: indirectly by 
generating reactive oxygen species (ROS), and directly by 
disrupting membrane integrity, penetrating the cytoplasm or 
interfering with essential processes such as proton pump activity.

The relatively low antibacterial activity observed in this study 
may be attributed to the limited diffusion of active ZnO particles 
from the impregnated leather samples, which restricts their 
availability at the site of bacterial interaction (Sukhodub et al., 
2024; Zhang et al., 2008). Despite this, zinc oxide nanoparticles 
(ZnO-NPs) are well known for their strong antimicrobial 
properties, primarily due to their ability to generate (ROS) 
such as hydrogen peroxide, superoxide anions, and hydroxyl 
radicals, which cause oxidative stress and damage to bacterial 
cells. Additionally, the release of Zn2+ ions from ZnO-NPs 
interferes with bacterial metabolism and enzyme function, 
while their small size allows them to effectively penetrate 
bacterial membranes (Bouttier-Figueroa, et al., 2024). They 
can also interact with intracellular components, leading to 
structural or functional damage, including to DNA. The effect 
of nanoparticles depends on their physicochemical 
characteristics, such as size, shape, surface charge and 
hydrophobicity. This phenomenon provides a practical way to 
modulate and optimise their antimicrobial activity against 
different bacterial groups (Rahman et al., 2024).

Antifungal Activity Test
The antifungal activity of the tested compounds was evaluated 
using the disc diffusion method as well. The test fungal strains 
used in this study included Aspergillus niger, Aspergillus 
fumigatus, and Candida albicans. Fungal strains were grown 
on Potato Dextrose Agar at 28 °C for 7 days.

Modified leather samples show excellent protective effects 
against fungal strains Aspergillus niger and Candida albicans 
compared to untreated leather samples, which did not exhibit 
any antifungal activity (Table 3; Figure 9).

Our results show that the three modified variants inhibit the 
growth of Candida albicans for 24 h, after which the fungal strain 
resumes its growth. In Aspergillus niger, inhibition of fungal 

FIGURE 5 | (a) Elemental analyses of pure leather (Le). (b) Elemental 
analyses of modified leather (Le_ZnO-1). (c) Elemental analyses of modified 
leather (Le_ZnO-2).
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growth is again observed for 24 h, followed by suppression of 
sporulation for up to 72 h (Table 3; Figure 9).

Some authors reported that chemically synthesized ZnO 
nanoparticles exhibit significant antifungal activity against 
Colletotrichum sp., Erythricium salmonicolor, and Cercospora 
coffeicola. Although their mechanism of action is not yet fully 
understood, it is suggested to involve both physical and 
chemical processes. The physical mechanisms depend on 
the size and surface properties of the nanoparticles and 

may disrupt ion and electron transport, membrane 
integrity, and protein function. The chemical mechanisms 
include the generation of reactive oxygen species (ROS), ion 
release through efflux, and direct interaction with the cell 
membrane, leading to oxidative stress and impaired 
permeability (Subba et al., 2024).

Upon treatment with ZnO-NPs, compact vacuole-like 
structures were observed within the hyphae, accompanied by a 
reduction in cytoplasmic volume. A layer of electron-dense 

FIGURE 6 | FTIR analyses of pure and modified leather samples.
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FIGURE 7 | UV–VIS analysis of pure and modified samples. Spectral graph display three transmission spectra labeled 1-Le, 2-Le_ZnO-1, and 3-Le_ZnO-2, 
representing samples used in the study.

TABLE 2 | Antibacterial activity of composite materials with ZnO on different bacterial strains.

Samples Diameter of zones of inhibition (mm)

E. coli P. aeruginosa B. subtillis E. rhysiopatiae

Le (pure leather) – – – –
Le + gelatin − − − −
Le_ZnO-1 – – – –
Le_ZnO-2 – – – –
Le_ZnO-3 – – 4 ± 1 –
Positive control (antibiotic) 7 ± 1.2 17 ± 1.1 18 ± 1.4 10 ± 0.9

There is no clear inhibition zone (−); Data are expressed as mean value ±standard error (SE).

FIGURE 8 | Photo documentation of Antibacterial Activity of Composite Materials with ZnO on Gram+ (B. subtilis) and Gram- (E.coli) bacterial strains. 1 - Le (pure 
leather), 2 - Le_ZnO-1; 3 - Le_ZnO-2; 4 - Le_ZnO-3; 5 - empty paper disc; 6- paper disc with gelatin; 7- positive control (antibiotic).
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particles formed around the cell wall, likely reflecting the 
adsorption of ZnO-NPs - a process frequently reported in 
nanoparticle–cell interactions. Alterations in the 
physicochemical properties of nanoparticles can lead to 
disrupted enzyme activity, damage to the cell membrane, 
impaired nutrient uptake, and genotoxic effects (Mosquera- 
Sanchez and Arciniegas-Grijalba, 2020).

The reduced antimicrobial activity is likely attributable to the 
limited diffusion of zinc ions resulting from the crosslinking 
of gelatin.

Zinc oxide nanoparticles (ZnO-NPs) show strong antibacterial 
potential against both Gram-positive and Gram-negative bacteria. 
The antibacterial activity of ZnO-NPs is still under investigation, 
but research suggests several possible mechanisms. These include 
direct interaction with bacterial cell surfaces, leading to membrane 
disruption; the generation of reactive oxygen species (ROS) on the 
ZnO-NPs surface; and the dissolution of particles, releasing free 
Zn2+ ions. The latter process disturbs cellular zinc ion balance, 
increasing ROS levels and ultimately causing cell damage and 
necrosis. It is likely that the antibacterial effects result from a 
combination of these pathways (Raha and Ahmaruzzaman, 
2022). The antifungal activity of ZnO nanoparticles synthesized 
from E. crassipes extract was established against fungal strains 
isolated from building materials, including Aspergillus sp., 
Stachybotrys sp., Fusarium sp. and Phoma sp. Higher 
concentrations exhibited a stronger antifungal effect, probably 
due to the larger polydispersity index (PDI) and crystallite sizes.

Given the potential interaction of zinc nanoparticle coatings with 
human skin, it is essential to evaluate the toxicological implications 
of zinc ion release and comprehensively assess the safety profile of 
the proposed technology. Zinc oxide nanoparticles (ZnO-NPs) have 

been widely investigated due to their broad applicability and are 
generally considered safe at low concentrations, with GRAS 
(Generally Recognized As Safe) status granted for certain uses 
(Hou, J., et al., 2018). Nevertheless, their nanoscale dimensions 
and enhanced surface reactivity warrant careful toxicological and 
regulatory evaluation. While most studies to date report limited 
dermal penetration and low acute toxicity in humans, the long-term 
effects of chronic exposure, remain insufficiently understood. Since 
the early 2000s, the safety of nanomaterials has been a central 
focus of scientific and regulatory discourse, underscoring the need 
for comprehensive risk assessments that integrate (Fernández- 
Bertólez, et al., 2024; Casiano-Muñiz and Ortiz-Román, 2024). 
Nanomaterials fall under the scope of EU regulatory mechanisms 
(REACH- Registration, Evaluation, Authorisation and Restriction 
of Chemicals (REACH), establishing a European Chemicals 
Agency) (https://echa.europa.eu/regulations/reach). In this 
context, future research should aim to bridge existing 
knowledge gaps by combining in vitro, in vivo, and 
computational approaches, thereby ensuring that the benefits of 
ZnO nanotechnology are realized without compromising human 
health or environmental safety.

CONCLUSION

A modification of natural leather was carried out with an 
application for lining details of the shoe. A finish coating was 
successfully obtained by modifying leather samples with cross- 
linked gelatin containing ZnO particles, which particles were 
synthesized in situ. Microscopic studies showed that ZnO-NPs 
were impregnated into the hydrogel structure of the gelatin and 

TABLE 3 | Antifungal activity test.

Samples Fungal strains

Aspergillus fumigatus Aspergillus niger Candida albicans

24–72 h 24 h 48 h 72 h 24 h 48 h 72 h

1 Le_ZnO-1 − + Inhibits sporulation Inhibits sporulation + + −
2 Le_ZnO-2 − + Inhibits sporulation Inhibits sporulation + − −
3 Le_ZnO-3 − + Inhibits sporulation Inhibits sporulation + − −
4 Le − − − − − − −
5 Le + gelatin − − − − − − −

There is no inhibition zone (−); growth inhibition (+).

FIGURE 9 | Antifungal activity of composite materials with ZnO against Aspergillus niger. after 24, 48 and 72 h of treatment.
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were distributed into small film-forming structures. Spherical 
particles of ZnO nanoparticles changed into a flower-like shape, 
indicating that the nucleation of ZnO crystal structures had 
started on the leather surface.

The ZnO-NPs modified leather samples showed better activity 
against the Gram-positive than Gram-negative bacteria and were 
excellent protective effects against fungal strains Aspergillus niger 
and Candida albicans compared to untreated leather samples, 
which did not exhibit any antifungal activity.

It has been found that these finishes can be very effectively 
used as protective antibacterial and antifungal coatings for shoe 
leather materials, protecting the human foot from the effects of 
microorganisms.

However, the wider application of such specialized functional 
coatings remains limited by unresolved challenges related to the 
recovery and end-of-life management of embedded 
nanoparticles. Currently, technologies capable of extracting or 
regenerating these particles from materials used in the footwear 
or leather industry are not yet available, which constrains both 
their sustainable reuse and their safer long-term application.
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