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Abstract
This paper describes the assessment of the antimicrobial effect of leathers employed for footwear production, 

which were obtained by different tanning techniques and treated with silver nanoparticles emulsions synthesised from 
different reducing agents (sodium borohydride, gelatine/glucose and Aloe vera extract), as well as the assessment 
of the silica nancomposites obtained from said nanoparticles. After the characterisation of silver nanoparticles 
and nanocomposites, the emulsions were applied onto different leather samples. Scanning Electron Microscopy 
was used to verify that silver nanoparticles were deposited on the collagen fibres surface and inside the collagen 
matrix of leather. The antibacterial effect of different silver nanoparticles and silver nanocomposites was assessed 
on gram positive and gram negative bacterial strains in agar diffusion assays and turbidimetric tests. The results 
obtained proved a powerful antibacterial effect on all bacterial strains tested of both silver nanoparticles and silica 
nanocomposites. This allows us to consider the incorporation of these nanocomposites into leather as an alternative 
to other commercially available products in order to obtain leather with antimicrobial properties that confer better 
functionality and added value.

Keywords: Antimicrobial effect; Silver nanoparticles; Nano
composites; Treated leather

Introduction
Footwear is a garment that is subjected to highly demanding 

conditions of use. Being in continuous contact with the foot for long 
periods of time in a poorly ventilated environment, the humidity and 
temperature conditions favour the proliferation of microorganisms. 
Such microorganisms are involved in the generation of foot odour, 
as a result of the degradation of footwear components and sweat 
produced by the wearer’s [1] foot bacterial flora. Furthermore, the 
presence of certain microorganisms can lead to some foot conditions, 
as is the case of athlete’s foot [2], or make pre-existing conditions 
worse, as for instance the infections in diabetic patients [3,4]. Apart 
from the preventive measures recommended by specialists, such 
as foot care and hygiene, there are currently other ways to prevent 
and/or reduce these problems, among which is the use of synthetic 
or natural antimicrobial agents or biocides that prevent or reduce 
microbial growth in the shoe-foot environment [5,6]. To this end, it 
is extremely important to be able to determine accurately the efficacy 
of the antimicrobial activity of such products. Among the wide range 
of products that can be used for this purpose, it would be interesting 
to use broad spectrum, long-lasting products that do not pose 
biocompatibility or toxicity problems, since they are to be in direct 
contact with the skin. This is the case of silver, copper or other metals 
[7].

Indeed, although silver has been used from time immemorial, 
in recent years it has been employed more extensively for numerous 
biomedical [8-10] and industrial (electrical appliances, garments 
[11,12] applications as it shows excellent antimicrobial properties 
against a wide range of bacteria and fungi [13]. Silver ions achieve 
significant reductions in microbial growth at very low concentrations 
(oligodynamic effect) and even though the mechanisms that cause 
this effect have not been completely elucidated yet, some authors have 
attributed the cytotoxicity of silver to several possible mechanisms, 
including the generation of large amounts of free radicals inducing high 

oxidative stress, the disruption of cell membrane integrity, or protein or 
DNA binding and damage to genetic material [14,15].

Although the biocidal properties of silver compounds are well 
described, today these properties have been enhanced through 
nanotechnology by means of silver nanoparticles which has allowed the 
size of metal nanoparticles to be modularly and accurately reproduced 
in order to improve the stability of the colloidal emulsions as well as 
a controlled release of the silver nanoparticles, obtaining a long-term 
antimicrobial activity and reducing unwished potential effects, among 
others [16]. This has made it possible to limit dosage to avoid cytotoxic 
effects, to control the product’s useful life, to optimise the release profile 
for specific tissue-targeted or intracellular-targeted delivery, or to 
minimise the release of silver ions into the environment [17]. 

In order to obtain footwear components with new functionalities, 
more specifically with the capacity to inhibit microorganism growth 
(antimicrobial effect) colloidal silver nanoparticle (AgNPs) emulsions 
were synthesised using different reducing agents: sodium borohydride 
[18], gelatine/glucose [19] and glycolic Aloe vera extract [20]. The first 
one was used as a control for the other two, which are involved in “green” 
synthesis processes that are more innocuous and environmentally-
friendly [17]. Furthermore, silver nanoparticles (AgNPs) have a strong 
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tendency to agglomeration and poor dispersability in the polymeric 
matrices. So in this work AgNPs have been protected with a porous 
coating, such as a silica matrix, by forming silica nanocomposites 
(Ag@SiO2) capable of preventing the aggregation of the nanoparticles 
but allowing the antimicrobial mechanism, thus reducing the possible 
incompatibility with materials matrices. The silica structure acts as a 
convenient carrier for incorporating the fine silver particles into plastics, 
textiles, and coatings. A further advantage is that the immobilization of 
silver nanoparticles within the silica structure limits the potential for 
release and disposal of the nanoparticles themselves. This property may 
be highly desirable because of the possible ability of nanoparticles to go 
through biological membranes and other barriers.

The synthesised silver nanoparticles and nanocomposites and 
their antimicrobial properties were characterised by means of UV-Vis 
spectroscopy, and Scanning and Transmission Electron Microscopy 
(SEM and TEM). Furthermore, leathers obtained by different tanning 
methods and impregnated with silver nanocomposites were assessed 
in terms of their antimicrobial properties. The influence of the 
antimicrobial treatments on the physico-mechanical properties was 
also evaluated, as well as the distribution of silver-nanoparticles onto 
leather fibres. Additionally, the influence of the leather tanning method 
employed (whether conventional chrome tannage or alternative 
tannages based on oxazolidine, titanium or aluminium) on the 
antimicrobial properties of the treated leathers was also analysed. 

Materials and Methods 
Test bacteria and media

Two gram positive (Staphylococcus aureus, CECT 239 and Bacillus 
subtilis, 168 ATCC 23857) and two gram negative (Escherichia coli, 
SG13009, QIAGEN, and Klebsiella pneumoniae, CECT 141) bacterial 
strains were used to evaluate the activity of AgNPs and Ag@SiO2 
nanocomposites, as well as treated leathers.

The antimicrobial activity was measured in nutrient broth (NB) 
[19] by means of turbidimetric assays and the inhibition halos assay 
was carried out in nutrient agar (NA) [19] medium.

Leather samples

Different tanned custom-made bovine leathers were used including 
metal-tanned leathers, 3% of tanning product (chrome, aluminium 
and titanium sulphate) respectively, and non-metal-tanned ones (3% 
oxazolidine) (supplied by Curtidos Requena SL, Caudete, Albacete, 
Spain). Each of the leathers was split to obtain three different thicknesses 
(0.8, 1.2 and 1.6 mm), which correspond to leather thicknesses usually 
employed in the footwear industry as insock, lining and upper materials.

Synthesis of silver nanoparticles (AgNPs) 

Colloidal silver emulsions were synthesised from silver nitrate 
using three different reducing agents: sodium borohydride (Merck, 
Darmstadt, Germany), gelatine/glucose and an Aloe vera extract [20]. 
Gelatine and Aloe vera extract were used as natural reducing agents 
which are more environmentally-friendly than the traditional sodium 
borohydride. 

Firstly, silver nanoparticles (AgB), which were to be used as a 
control, were synthesised by the traditional co-precipitation Creighton-
Blatchford method [18] using sodium borohydride as a reducing agent 
of silver nitrate (ASC reagent Sigma-Aldrich, Barcelona, Spain) and 
sodium citrate as a stabiliser (ASC reagent Sigma-Aldrich, Barcelona, 
Spain) equation 1). Silver nanoparticles (AgB) were prepared by 

reduction of 10-3 M AgNO3 with excess ice-cold NaBH4 solution. A 10-3 
M solution of sodium citrate was used as stabiliser. The solutions of these 
salts were mixed rapidly with vigorous agitation to aid monodispersity 
for 10 min. The obtained solution was yellow and showed a single visible 
extinction band near 400 nm (Figure l), characteristic of silver particles 
substantially smaller than the wavelength of light. Silver nanoparticles 
were stored at 10ºC in absence of light.

						                   (1) Ag+/citrate + BH4
- + 3 H2O - Ag0/citrate + B(OH)3 + 3,5 H2  

 
Secondly, AgG nanoparticles were synthesised by the Ahmad modified 
method [21], using a gelatine/glucose mixture (Sigma-Aldrich, 
Barcelona, Spain) as a reducing/stabilising agent of silver nitrate 
(equation 2). In this case, 5 g of gelatine type B were dissolved in 100 
mL deonised water until a transparent solution is obtained. Then 5 g of 
glucose solution were added. After 10 min, 1 g of AgNO3 was added and 
the temperature was raised up to 80ºC and maintained for 3 h under 
magnetic agitation until a light brown is obtained. Silver nanoparticles 
were stored at 10ºC in absence of light

 (2)Ag+/gelatine/glucose + 3 H2O   Ag0/gelatine + 3,5 H2  
 

Finally, AgAV nanoparticles were synthesised by the Zhang method 
[20] using a glycolic Aloe vera extract (Guinama, Valencia, Spain) as a 
reducing/stabilising agent (equation 3). The evolution of the reaction 
was then followed by UV-Vis spectroscopy. 5 mL of a glycolic Aloe Vera 
extract and 5 mL of 10-2 M AgNO3 solution were added to 200 mL of 
deionised water under magnetic agitation. The mixture was maintained 
at 80ºC for 3 h. Finally, silver nanoparticles were stored at 10ºC in 
absence of light.

						        (3)Ag+/aloe vera + H2O  Ag0/aloe vera + H2  
  

In order to determine the optimum reaction time as well as to 
confirm the obtaining of silver particles at nanosize, the reactions were 
followed by UV-Vis spectroscopy at different times. In addition, the 
influence of the agitation rate (500 and 800 rpm) on the nucleation 
process during the synthesis of the silver nanoparticles was analysed in 
all cases mentioned above. 

Synthesis of Ag@SiO2 nanocomposites

In order to improve colloidal emulsions stability avoiding silver 
nanoparticle aggregation, Ag@SiO2 nanocomposites were synthesised. 
First of all, hollow silica nanoparticles were prepared by the Stöber [22] 
method. Then, Ag@SiO2 nanocomposites were obtained from each 
previously described silver colloidal emulsion by adding them during 
the hydrolysis process of the tetraethyl orthosilicate (TEOS) (98% 
purity, Sigma-Aldrich, Barcelona, Spain) in alkaline conditions (pH = 
14). The condensation reaction generally started immediately allowing 
silver nanoparticles to be embebed into silica matrix. Finally, Ag@SiO2 
were centrifugated and resuspended in deonised water and then stored 
at 4ºC.

Characterisation of AgNPs and Ag nanocomposites

A UV-Vis NanoDrop ND-1000 spectrophotometer (NanoDrop 
products, Wilmington, USA) operating in the range from 200 to 700 
nm wavelength, a JEOL JEM-2010 transmission electron microscope 
(TEM) (JEOL Ltd, Tokyo, Japan) operating at 200 kV and provided with 
an X-Ray EDX OXFORD INCA Energy TEM 100 detector (Oxford 
Instruments Analytical, High Wycombe, UK) for microanalysis, and 
a JEOL JSM-840 scanning electron microscope (SEM) (JEOL Ltd, 
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Tokyo, Japan), were used for morphological and size nanoparticle 
characterisation. 

Application of AgNPs on different tanned leathers 

For tear and tensile strength and spotting tests, synthesised 
AgNPs and Ag@SiO2 nanocomposites were applied on the grain 
side of 200×400 mm leather test-pieces by spreading 400 µL of the 
corresponding solution twice (200 µL each, allowing it to dry between 
applications), using the side of a glass microscope slide.

For antimicrobial assays and SEM imaging, leather test-pieces 
consisting of 9 mm diameter circles were treated with the corresponding 
silver emulsions (AgNPs and Ag@SiO2 nanocomposites) by applying 50 
µL of the emulsion on the grain side, and 50 µL on the flesh side using 
a micropipette, and allowing them to dry at room temperature between 
and after each application, for at least 24 h.

SEM analysis of AgNP-treated leathers 

In order to test AgNPs and Ag@SiO2 deposition and penetration 
inside the leather collagen structure, SEM analysis was performed 
on both the grain and flesh sides, and also within the leather matrix, 
of cryofractured leather samples. All leather samples were fixed to 
aluminium stubs using a double-sided carbon conductive adhesive tape 
(Nisshin EM Co, Tokyo, Japan) and gold-coated in a SCD 004 sputter 
coater (Balzers, Liechtenstein). Samples were visualised in a JEOL JSM-
840 microscope (JEOL Ltd, Tokyo, Japan).

Physical and mechanical evaluation of AgNP-treated leathers

All the physical and mechanical tests on AgNP-treated leathers 
were based on international standards. The tear strength test was 
performed according to EN ISO 3377-2:2003. The tensile strength test 
was performed according to EN ISO 3376:2003. The determination of 
thickness was performed according to EN ISO 2589:2003. 

The test for colour fastness was performed in accordance with EN 
ISO 15700:1998, modified for a better adaptation to the characteristics 
of the samples under study. This International Standard specifies a 
method for assessing the effect of water spotting on all kinds of leather. 
The method is suitable for assessing changes in the physical appearance 
and colour of leather. Instead of water, AgNPs and Ag@SiO2- emulsions 
were used. Drops of each solution were deposited on test-pieces of the 
corresponding leather sample. After 30 min, the excess solution was 
spread with the help of a glass slide. Samples were allowed to dry 
overnight and the colour change was evaluated by visual analysis.

Assessment of antibacterial activity 

The antibacterial activity of leather samples treated with the 
nanosilver colloidal solutions and Ag@SiO2 nanocomposites was 
tested by means of liquid (turbidity evaluation) and solid medium (agar 
diffusion) antibacterial tests against the four above-mentioned test 
bacteria. To this end, 9 mm diameter leather test-pieces were used.

For turbidity evaluation, 100 µL of the corresponding bacterial 
culture, obtained from an overnight culture grown until OD546= 0.1 [23], 
were inoculated into a test tube containing 1.9 mL of liquid nutrient 
broth. Treated leather samples were added to the corresponding tube, 
and the cultures were then incubated overnight at 37ºC and 160 rpm. 
A sample free tube was inoculated as a negative control. After the 
incubation period, the turbidity of the samples was compared to that 
of the controls, assigning a “+” symbol to the samples with a positive 
growth and “-“ to those with absence of bacterial growth, meaning the 
presence of an antibacterial effect. 

In order to assess the antimicrobial activity by means of the agar 
diffusion method, overnight cultures, with OD546 = 1.3 were added to 
nutrient broth liquid medium (100 µL bacterial culture/100 mL nutrient 
agar) and poured into sterile Petri dishes. Leather samples were placed 
on the surface of the solidified agar plates, grain side facing up, and then 
incubated at 37ºC overnight. After incubation, the inhibition zones 
were measured, and expressed in mm, the “0” value corresponding to 
samples showing no inhibition. 

Results and Discussion
Synthesis and characterisation of silver nanoparticles (AgB, 
AgG, AgAV) and nanocomposites (Ag@SiO2)

The formation of colloidal silver nanoparticles using different 
reducing agents was evaluated by UV-Vis spectroscopy [20,24-
26]. Figures 1 and 2 show the UV-Vis spectra of the different silver 
nanoparticles synthesised at two different agitation rates and as a 
function of time.

In general, all spectra showed a well-defined absorption band 
around 400 nm attributed to the phenomenon of plasmon resonance 
characteristic of the silver particles at nano scale. The wavelength of 
the absorption band provides information on the average particle size, 
whereas its full-width at half-maximum (fwhm) provides an estimation 
of particle size distribution.

Figure 1 corresponds to silver nanoparticles obtained using sodium 
borohydride as a reducing agent at 500 and 800 rpm. The spectrum of 
the AgNPs synthesised at 500 rpm showed a maximum of absorbance 
centred in 391 nm. The increase in the agitation speed during the 
reduction reaction produced a slight displacement towards higher 
wavelengths of the absorbance maximum, which could be attributed 
to a slight increase in silver nanoparticle diameter. In addition, a 
second particle distribution at higher wavelengths around 450-525 
nm appeared, possibly due to the aggregation of silver nanoparticles at 
higher agitation rates. In both cases the average particle size was around 
5-10 nm.

In addition, when gelatine and Aloe vera extract were used as 
green reducing agents, a displacement of the plasmon resonance band 
towards higher wavelengths, around 435 nm, was observed (Figure 2) 
corresponding to an average particle size of 10-20 nm [19,25]. In this 
case, there was no influence of the two different agitation rates studied 

Figure 1: UV-VIS spectra corresponding to synthesised silver nanoparticles 
obtained from sodium borohidryde as a reducing agent and as a function of 
agitation speed.
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on the average silver particle size, which might be due to a stabilising 
effect of both green reducing agents characterised by the immobilisation 
of the silver nanoparticles embedded in a polymeric matrix that avoids 
their aggregation and/or precipitation. 

Furthermore, according to Figure 2, an increase in the absorbance 
of the plasmon resonance bands as a function of time was observed 
due to slower kinetics of the reduction reactions when green reducing 
agents were used instead of sodium borohydride. Figure 3 represents 
the intensity of the plasmon resonance bands as a function of time at 
two different agitation rates corresponding to AgG and AgAV synthesis 
reactions. In both cases, an increase in the reaction kinetics was achieved 
when the agitation rate increased. This effect might be attributed to a 
higher number of particle collisions in the reaction media improving 
silver nanoparticle nucleation process. 

The average size of the synthesised nanoparticles estimated by UV-
Vis spectroscopy was confirmed by means of Transmission Electron 
Microscopy. Figure 4 shows TEM images of the different silver 
nanoparticles which also revealed that the silver nanoparticles were 
predominantly spherical.

Different synthesised silver nanoparticles were used to obtain silver 
silica nanocomposites with a mean particle size of around 300 nm, 
according to SEM images (Figure 5). In addition, TEM images of the 
silver silica nanocomposites (Figure 6) show that silver nanoparticles 
were located at silica nanosphere surface.

Evaluation of AgNP-treated leathers

SEM analysis

The Scanning Electron Microscopy analyses carried out on the 
different treated leathers revealed the presence of colloidal emulsions 
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Figure 2: UV-VIS spectra corresponding to synthesised silver nanoparticles as a function of agitation speed and the reducing agent used.
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Figure 3: UV-Vis absorbance as a function of time with A) Aloe vera, and B) 
gelatine as a reducing agent at 500 and 800 rpm.
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on their surface and inside the leather matrix. Figure 7 shows leather 
samples treated with AgNPs, Ag@SiO2 and a control sample (distilled 
water). As can be seen in Figure 7, the control sample (distilled water) 
showed a smooth and homogenous texture of collagen fibres, unlike the 
leather samples impregnated with AgNPs and Ag@SiO2, which confer 
a coarse aspect on collagen fibres. The collagen fibres of AgNP-treated 
leathers had a dotted appearance, while the Ag@SiO2-impregnated 
leathers showed silica nanospheres along collagen fibres.

Nanosilver colloidal solutions and Ag@SiO2 nanocomposites 

deposition was observed both on the external layers of the samples 
(grain and flesh sides) and in their internal structure, adhered to collagen 
fibres (Figure 8). As shown in Figures 7 and 8, the presence of AgNPs 
and Ag@SiO2 deposited on collagen fibres proves the penetration 
capacity of these composites. Particle distribution, especially that of 
Ag@SiO2 nanocomposites, seemed to be quite uniform, regardless of 
the tanning agent used. 

Tear and tensile strength: Tensile and tear strength tests (Tables 1 
and 2) were performed to determine whether the application of silver 

AgB (500 rpm) AgB (800 rpm)

AgG (500 rpm) AgG (800 rpm)

AgAV (500 rpm) AgAV (800 rpm)
Figure 4: TEM images of AgNPs obtained from different reducing agents: borohydride at 500 and 800 (AgB); gelatine (AgG) at 500 and 800 rpm and Aloe vera (AgAV) 
500 and 800 rpm.
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AgB@SiO2 (500 rpm) AgB@SiO2 (800 rpm)

AgG@SiO2 (500 rpm) AgG@SiO2 (800 rpm)

AgAV@SiO2 (500 rpm) AgAV@SiO2 (800 rpm)

Figure 5: SEM images of Ag@SiO2 nanocomposites obtained from different silver nanoparticles: AgB (borohydride), AgG (gelatine), AgAV (Aloe vera).

Sample
Water AgNPS AgNPs@SiO

Tensile Strength
(N/mm2)

Elongation
(%)

Tensile Strength
(N/mm2)

Elongation
(%)

Tensile Strength
(N/mm2)

Elongation
(%)

Chromium 26,6 90 24,5 90 24,1 89
Oxazolidine 31,4 110 33,7 106 30,0 98
Aluminium 19,0 80 19,8 76 21,2 85
Titanium 30,1 79 31,4 86 31,9 87

Table 1: Tensile strength and elongation at break results under different conditions.

Sample
Water AgNPS AgNPs@SiO

Thickness
(mm)

Strength
(N)

Thickness
(mm)

Strength
(N)

Thickness
(mm)

Strength
(N)

Chromium 2,1 298 2,1 301 2,0 310
Oxazolidine 2,1 400 2,1 408 2,0 439
Aluminium 1,9 256 1,8 280 1,8 316
Titanium 2,0 275 2,0 303 2,0 322

Table 2: Tear strength results under different conditions.
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emulsions and nanocomposites could alter the physical properties of 
leathers, which could have an effect on their quality and compliance 
with some standard requirements for certain types of footwear. 

Table 1 lists the tensile strength and elongation at break values, and 
Table 2 shows the tear strength values, corresponding to differently 
tanned leathers, with or without synthesised silver nanoparticle or 
nanocomposite treatment. The results obtained indicated that there 
were no significant differences with regard to the mechanical properties 
of leathers, between the different treatments compared to the control 
(non-treated) samples (data not provided). 

Spotting: Figure 8 shows the images of the test-pieces that 
underwent spotting tests. The results of the visual inspection of the test-
pieces are listed in Table 3. The results obtained showed that the tested 
colloidal emulsions had a negative effect on the surface appearance 
of some of the leathers, as is the case of aluminium-tanned leather 
since all the test-pieces were spotted to some extent, thus proving that 
aluminium tanning or the finishing of this type of leather were not the 
most suitable ones to avoid spotting. The test-pieces of oxazolidine-
tanned leather evidenced spotting in the case of the test-pieces that had 
been impregnated with the different colloidal emulsions, but not with 
silver nanocomposite emulsions. This would represent an additional 
advantage of Ag@SiO2 nanocomposites. Chrome-tanned and titanium-

tanned leathers did not show spotting, regardless of whether silver 
nanoparticles had been added in free form or as silica nanocomposites. 

Antimicrobial assays

Table 4 shows the results of the turbidimetric tests performed to 
determine the antimicrobial effect of the different leathers impregnated 
with silver emulsions. All leather samples and emulsions used showed 
a marked inhibitory effect evidenced by the absence of turbidity 
in test tubes, except for chrome-tanned leathers treated with silver 
nanocomposites. 

As shown in Figure 9 (agar diffusion tests), the different leathers 
showed significant differences in terms of the size of inhibition halos 
caused by the effect of the different treatments applied, except for 
Bacillus subtilis, which showed bigger halos. This proves that, regardless 
of the tannage applied, silver present in AgNPs and Ag@SiO2 accounts 
for the inhibition of bacterial growth. Furthermore, aluminium-tanned 
and titanium-tanned leathers showed a significant increase in their 
inhibition halos against Bacillus subitilis (Figure 10). This effect was 
also observed in the sample impregnated with distilled water (control) 
for Bacillus subtilis (data not supplied), where the inhibition halo could 
be attributed to the tanning agent, and halos showed bigger diameters 
when nanoparticles had been applied than those of samples tanned 

SiO2
AgNPs@SiO2 AgNPS

Water Negative
ControlAv Gi Bh Av Gi Bh

Chromium no no no no no no no no no
Oxazolidine no no no no yes yes yes yes no
Aluminium yes yes yes yes yes yes yes yes no
Titanium no no no no no no no no no

Table 3:  Visual assessment results of the spotting test under different conditions.

AgB@SiO2 AgG@SiO2 AgAV@SiO2

Figure 6: TEM images of Ag@SiO2 nanocomposites obtained from different silver nanoparticles: AgB (borohydride), AgG (gelatine), AgAV (Aloe vera).

Figure 7: SEM microphotographs showing 3 different collagen fibres with different impregnated particles deposited on leather samples: with water (control sample); 
with AgNPs and with Ag@SiO2. 
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AgNPs@SiO2 AgNPs
SiO2Av Gl Bh Av Gl Bh

CHROMIUM
B. subtilis + - + - - - +
E. coli - - + - - - +
K. pneumoniae + - + - - - +
S. aureus + - + - - - +

OXAZOLIDINE
B. subtilis - - - - - - +
E. coli - - - - - - +
K. pneumoniae - - - - - - +
S. aureus - - - - - - +

ALUMINIUM
B. subtilis - - - - - - +
E. coli - - - - - - +
K. pneumoniae - - - - - - +
S. aureus - - - - - - +

TITANIUM
B. subtilis - - - - - - +
E. coli - - - - - - +
K. pneumoniae - - - - - - +
S. aureus - - - - - - +

Table 4: Bacterial growth (+) or absence (-) of bacterial growth in the four strains under study under different turbidimetric testing conditions.

with other tanning agents. This could be partly due to an additive 
effect corresponding to a moderate antibacterial activity of aluminium 
or titanium against Bacillus subtilis that would add to that of silver 
nanoparticles [27-29]. 

Conclusions
This paper describes the assessment of the antibacterial effect 

of leathers obtained by different tanning methods that had been 
impregnated with silver nanoparticle emulsions or silver silica 
nanocomposites with the aim of verifying the potential use of these 
methodologies in footwear production. This would make it possible to 
prevent or minimise the presence of microorganisms that cause foot 
odour or are involved in the development or worsening of various 
foot diseases. For this purpose, silver nanoparticles were synthesised 
using three reducing agents: sodium borohydride, gelatine/glucose and 
glycolic Aloe vera extract. The type of reducing agent used determined 

the kinetics of the reduction reaction. The nanoparticles obtained with 
gelatine/glucose and Aloe vera extract showed slow formation kinetics 
and bigger particle size, since in these cases silver nanoparticles were 
embedded in a polymeric matrix that produced a stabilising effect, thus 
preventing their aggregation. The increase in the agitation rate during 
the reaction improved the kinetics without altering nanoparticle size. 

The results obtained suggest that the use of silica nanocomposites 
obtained from said silver nanoparticles constitutes an effective method 
to inhibit bacterial growth. 

Although the application of the different silver nanoparticles 
emulsions and nanocomposites seemed not to affect the physical 
properties of leathers, such as their tensile and tear strength, the 
use of nanosilver emulsions produced a more marked spotting 
effect in more types of leathers than Ag@SiO2 nanocomposites, 
especially in the case of aluminium-tanned leather. The use of Ag@

Figure 8:  SEM microphotographs showing AgNPs and Ag@SiO2 deposition inside leather samples. Square inserts show a magnified detail of a portion of the 
corresponding photograph, just to evidence AgNPs attached to the collagen fibres.
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SiO2 nanocomposites is regarded as more suitable for footwear 
manufacture, in that they offer long-term delivery. In order to avoid 
the above-mentioned spotting problems, the incorporation of these 
composites during the leather finishing process and not a posteriori 
should be considered. 
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Figure 9: Colour fastness test images obtained for each of the nanoparticles and nanocomposites for the following leather samples: chromium, oxazolidine, aluminium 
and titanium.
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Figure 10: Test inhibition halos measured for the four tested bacterial strains: A) E. coli, B) B. subtilis, C) K. pneumoniae and D) S. aureus.
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