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bstract

he proposed work aims to functionalize leathers for footwear industry with antimicrobial properties based on Ag–TiO2 nanoparticles. The synthesis
f nanoparticles was carried out by the hydrothermal method with significant advantages in terms of time, energy savings and low cost. Anatase
iO2 nanoparticles with dimensions below 10 nm were obtained as observed by X-ray diffraction and transmission electron microscopy. Fourier

ransform infrared spectroscopy showed that the based structure of leather was not modified by the addition of the nanoparticles. The antimicrobial
ctivity was evaluated and it was observed that Ag containing leathers gained antimicrobial activity. In addition, the nanoparticles were found to be
on-cytotoxic. This achievement, by itself, should be quite appealing to the footwear industry as it could consist in a solid value-preposition given

he commonness of fungal infections promoted by humidity, poor breathability and temperature that promote the expansion of the microflora of
he skin.

 2018 Sociedade Portuguesa de Materiais (SPM). Published by Elsevier España, S.L.U. All rights reserved.
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.  Introduction

Fungal growth is a common problem in the leather indus-
ry, which has been typically controlled through the use of
ntimicrobial chemicals. However, many of these chemicals,
ostly volatile organic compounds (VOCs), have been recently

anned worldwide due to their carcinogenic effect and environ-
ental toxicity. As a consequence, phenolic and heterocyclic

ompounds that are often used in the tanning industry as
ungicides are susceptible to become unacceptable. Therefore,
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he development of new compounds with prolonged antifungal
ffect and no toxicity is of great importance [1].

Silver nanoparticles (Ag–NPs) have gained significant popu-
arity due to their broad spectrum of antimicrobial activity [2–4],
nd thus have been used for therapeutic applications, such as
atheters [5] and wound dressings [6], although they may read-
ly enter into the cells. However, very few reports on the toxicity
f Ag–NPs are available, which show different degrees of in vitro
ytotoxicity [7,8]. Several studies have reported the application
f Ag–NPs in leathers, as colloidal solutions and emulsions
f Ag–NPs [9,10], via Ag–NPs microencapsulation [11], and
g–NPs synthesis using natural polymers such pine resin or
Titanium dioxide nanoparticles (TiO2-NPs) are already
sed in various practical applications, such as water and air
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Fig. 1. Schematic showing the 4 pieces cut in each leather that were subjected
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o different surface base treatments summarized in Table 1. The labels L1–L6
hown in this figure will be used as identification of the substrates.

urification, self-cleaning and self-sterilizing surfaces [13–16],
nd optical and dielectric devices [17]. Therefore, the com-
ination of Ag–NPs and TiO2-NPs is intended to extend the
pplicability of both as a single system with enhanced properties.
iO2 nanoparticles have been prepared by different approaches,
.g. sol gel, hydrothermal and solvothermal methods [18–22].
herefore, in this work, a variation of the hydrothermal method

or low temperatures has been developed for the synthesis of
g–TiO2 NPs. The main objective of this work is to evalu-

te the antimicrobial activity of leathers covered with Ag–TiO2
Ps. For a realistic evaluation, different types of microorgan-

sms were selected including a fungus strain, Candida  albicans
nd two bacteria, Pseudomonas  aeruginosa  and Staphylococcus
ureus.

.  Materials  and  methods

.1.  Description  and  preparation  of  leather  substrates

Two leathers (labeled 1 and 2) of goat skin origin processed
s shoe lining leathers were supplied by the R&D National Insti-
ute for Textile and Leather (INCDTP) – Leather and Footwear

esearch Institute (ICPI) Division, Romania. Both leathers were
ut in 4 ×  1/4 pieces, as shown in Fig. 1. The different pieces
ere subjected to five different surface treatments, in such a A

able 1
escription of the different surface base treatments of six sides – six samples.

eather 1 

ieces L1 

eather without surface base coat. These samples are in the crust stage of processing,
nd syntans and re-tanned with phenol based materials.
iece L2 

eather with surface base coat finishing layer. This sample is processed in the crust s
praying with a base coat layer of film forming acrylic polymers. In case of L5, a wh
ncluded in the base coat.
iece L3
eather sample treated as sample L2 and L5 with an additional application of a fixing
itrocellulose.
gy of Materials 30 (2018) 60–68 61

ay that two pieces of each leather suffered the same treatment
pieces L1 of Leather 1 and pieces L4 of Leather 2). Pieces L2
nd L5, and L3 and L6, were subjected to the same treatment,
ith the sole difference that in case of L5 and L6 a rutile white
igment was also included. Table 1 summarizes the description
f the surface treatments performed for each piece.

Leathers 1–6 were cut in circular pieces (10 mm diam-
ter ×  1.0 mm thick). Afterwards, a cleaning treatment was
erformed in order to remove all the impurities, which is
ased on the immersion of the samples in ethanol (70%, AGA,
ortugal), followed by water for a few minutes. The samples
ere then left to dry at room temperature and stored in a des-

ccator before being functionalized with TiO2 and Ag–TiO2
anoparticles.

.2.  Synthesis  of  TiO2 and  Ag–TiO2 NPs

The synthesis of TiO2 nanoparticles was performed by a
ydrothermal method, with significant advantages in terms
f time, energy savings and low cost. A 10% (v/v) solution
f titanium butoxide (97%, Aldrich) was prepared by addi-
ion to distilled water without any stirring. The solution was
laced in a container that can withstand temperatures up to
0 ◦C (e.g. can be an autoclave or a polymeric bottle). This
ontainer was placed in an oven for 4 h at 70 ◦C. A white
owder was obtained after filtration and drying of the solu-
ion. The Ag–TiO2 nanoparticles, were obtained by precipitation
f Ag2O on the surface of anatase by the following reaction:
AgNO3 + 2NaOH →  Ag2O + NaNO3 + H2O. Therefore, 0.8 g
f TiO2 dried nanoparticles were dispersed in a solution of
.018 g of AgNO3 and 40 g of H2O. Subsequently, a second
olution of 0.08 g of NaOH and 10 g H2O was added to the
bove mixture. The reaction was carried out under constant stir-
ing at room temperature. The obtained powder of Ag–TiO2 was
ltered, washed and dried at 50 ◦C.

.3.  Coverage  of  leathers  with  TiO2 and  Ag–TiO2
The different pieces of leathers were covered with TiO2 and
g–TiO2 NPs. Two aqueous dispersions of 4% (w/w) of each

Leather 2

Pieces L4
 tanned with glutaraldehyde

Piece L5
tage and covered by
ite rutile pigment is

Piece L6
 top coat based on
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anoparticle were prepared, and the samples were immersed in
00 mL of each solution during 24 h at room temperature. Sub-
equently, the leathers were placed in the oven to dry (50 ◦C).
ollowing this procedure, they were washed under water to
imulate the environmental conditions of operation and to prove
hat the nanoparticles were successfully incorporated on the
eather surface. Finally, the samples were dried at room tem-
erature.

.4.  Nanoparticles  characterization

.4.1.  Structural  composition  and  morphological  analysis
The structure of the TiO2 and Ag–TiO2 nanoparticles

ere analyzed by X-ray diffraction (XRD) using a Bruker
8 Discover diffractometer operating with Cu K�  radiation

λ = 1.5406 Å), step 0.04◦, time per step 1 s and 20–60◦ 2θ

nterval. The particle size, morphology and crystallite size was
haracterized by transmission electron microscopy using a JEOL
EM 2100 FEG operated at an accelerating voltage of 200 kV.
he samples were prepared by adding ethanol to the nanoparti-
les, followed by ultrasonic dispersion. Then 3–4 drops of the
uspension were dried on the carbon coated copper grids for
EM analyses.

.4.2. Cytotoxicity  assay
Cytotoxicity tests for TiO2 and Ag–TiO2 nanoparticles were

erformed using 3T3 fibroblast line (CCL-163, ATCC) by an
ndirect contact method (nanoparticles were exposed to Dul-
ecco modified eagle medium, DMEM (Gibco) containing 10%
f FBS (Gibco) and 1% penicillin streptomycin, P/S (Gibco)
complete DMEM) and it was extracted a little of this solution
nd added to cells). 10 mg of TiO2 and Ag–TiO2 nanoparticles
previously sterilized at UV light during 1 h) were inserted in
4 wells plates, each well containing 1 mL of complete DMEM.
hen the plates were incubated with 5% CO2 at 37 ◦C for 24 h.

ndeed, the cells were grown in complete DMEM and allowed
o grow until attaining 80% confluence and after detachment,
0 �L of cell suspension with 1 ×  105 cells/mL were added to
ach well of a 96 wells’ plate. After, the plates were also incu-
ated with 5% CO2 at 37 ◦C for 24 h. Subsequently, 50 �L of
omplete DMEM were extracted from each well of the 24 well
late where the nanoparticles had been inserted and added to 96
ells’ plate with adhered cells. At this point, the plate was again

ncubated with 5% CO2 at 37 ◦C for further 24 h. Then, 20 �L of
TS were pipetted to each well of the 96 wells assay plates con-

aining the samples in 100 �l of culture medium. After 1 h, the
bsorbance of the resulting solution was read at 490 nm. In all
erformed assay, each wells’ plate was examined under a phase
ontrast microscope to ensure that cell growth was relatively
ven across the plate and before addition of MTS solution to ver-
fy whether there was alteration in the cells. The percentage of
ellular viability was calculated using the following expression:

OD490S
iab. (%) =
OD490C

×  100,  (1)

here OD490S means the measured value optical density of sam-
le (cells’ growth in the presence of sample) and OD490C means

t
p
t
s

gy of Materials 30 (2018) 60–68

he measured value optical density of control (cells’ growth in
he absence of sample). All experiments were carried out in
riplicate per sample and repeated at least in three independent
ssays.

.5.  Leather  characterization

.5.1.  Chemical  and  morphological  analyses
Fourier Transform Infrared (FTIR) was carried out to assess

hether the composition of leather remain unchanged after cov-
ring with TiO2 and Ag–TiO2 nanoparticles. A Bruker VERTEX
0/80 v (Boston, EUA) FTIR spectrometer was used. The anal-
ses were performed in attenuated total reflectance (ATR) mode
ith a platinum crystal accessory between 900 and 4000 cm−1,
6 scans, and resolution of 4 cm−1.

Chemical composition was obtained with an EDAX –
egasus X4M – energy dispersive spectrometer (EDS/EBSD)
pparatus coupled with a scanning electron microscopy (SEM).
he surface morphology was examined by a NanoSEM – FEI
ova 200 (FEG/SEM) equipped with a field emission gun

FEG), and operated in low vacuum mode. The micrographs
ere obtained with secondary (SE) and backscattered (BSE)

lectron detectors in low voltage differential (LVD) mode at
cceleration voltages ranging between 5 and 15 kV and a work-
ng distance of around 5 mm.

.5.2.  Antimicrobial  properties
The antimicrobial activity of leathers uncovered and covered

ith both types of nanoparticles was tested against two bacteria
trains and a fungus. The bacteria used were a Gram negative
nd a Gram positive, P.  aeruginosa  (PAO1) ATCC 15692 and S.
ureus, ATCC 6538 obtained from American Type Cell Collec-
ion, respectively. The fungi strain used was C. albicans  SC5314.
one of inhibition (ZoI) tests, adapted from Kirby–Bauer test

23], were carried out to determine the antimicrobial activity of
amples. The halo size was used as a qualitative measure of the
ample activity.

Initially, the inoculation of a single colony was carried out in
0 mL Tryptic soy broth (TSB, Merck) or Sabouraud Dextrose
roth (SDB, Merck) culture media for bacteria and fungi strains,

espectively, and incubated at 37 ◦C for 18 h at 120 rpm. The cells
uspension obtained was adjusted to an optical density (OD) of
.0 at 640 nm for P.  aeruginosa  and S.  aureus  and to counting by
eubauer chamber for fungus (C.  albicans) and properly diluted

n culture media to 1 ×  107 CFU mL−1. The incubation of the
acteria and fungus in agar was performed using 1 mL of cell
uspension added to 14 mL of cooled solution (<50 ◦C) Tryp-
ic Soy Agar (TSA, Merck) or Sabouraud Dextrose Agar (SDA,

erck) respectively and placed into sterile plastic petri dishes.
fter medium solidification, the samples (previously sterilized
y exposure of ±1 h to UV light) were placed separately on the
op of an agar plate, with the treatment base side in contact with

◦
he agar, and incubated for 24 h at 37 C. After the incubation
eriod, the halo (zone of transparent medium, which means that
here is no bacteria growth) formed around the sample was mea-
ured and photographed to record the results (images captured
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Fig. 2. (a) XRD patterns of the TiO and Ag–TiO powder nanoparticles. The vertical lines indicate the position of TiO anatase. (b) Detailed view of the 101 peak,
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ncluding the fitting employed to estimate the crystal size with the Scherrer’s fo

ith Image LabTM software). All experiments were repeated at
east in three independent assays.

.  Results  and  discussion

.1.  Nanoparticle  characterization

.1.1.  Structural  composition
Fig. 2 shows the XRD diffraction patterns of TiO2 and

g–TiO2 nanoparticles. The vertical lines represent the posi-
ion of the tetragonal TiO2 (ICDD 00-021-1272) anatase, which
atch well the formation of TiO2 anatase. However, the peaks

how a broad shape, indicating a small size of the coherent
iffraction domain. In fact, a crystallite size of 4 ±  1.1 nm was
etermined by the Scherrer formula using the (101) peak, after

 non-linear Voigt curve fit of the diffraction peaks using Orig-
nPro 8 software.

.1.2. Morphological  analyses
Fig. 3 shows the TEM characterization of the TiO2 nanoparti-
les. A low magnification image is shown in Fig. 3a. Clearly, the
anoparticles have a bi-modal size and shape distribution. The
ajority of the small spherical nanoparticles is around 4–10 nm,
hile a few larger rod-like nanoparticles in the size range of

r
n
i

ig. 3. TEM characterization of the TiO2 nanoparticles. A low magnification bright
esolution images depicted in (d) and (e), respectively. The green circles associated wi
24] planes. The inverse FFT’s of the detected diffraction rings observed in (b) and (c
2

.

0–60 nm can be distinguished. Fig. 3b and c show the FFT of
igh resolution images depicted in Fig. 3d and e, respectively,
here nanoparticles of 10–15 nm can be barely distinguished.
he size of the diffraction rings detected in the FFT correspond

o the interplanar spaces of anatase [24]. A good agreement
an be observed with the green circles in Fig. 3b and c, which
ndicate the theoretical position of the 101 (d = 3.5141 Å), 103
d = 2.4284 Å), 200 (d  = 1.8911 Å) and 105 (d = 1.6981 Å) planes
f anatase [24]. The inverse FFT’s of the detected diffraction
oints observed in Fig. 3b and c are depicted in Fig. 3f and g. In
hese images, the TiO2 nanoparticles are highlighted from what
as observed in Fig. 3d and e.

.1.3. Cytotoxicity  evaluation
The cytotoxicity of the nanoparticles was evaluated because

hese nanoparticles may easily penetrate inside the human body.
his test was carried out through an MTS assay with fibroblastos
T3, which gives an indication of the materials’ viability on
ells in a precise, fast and reliable way. Fig. 4 shows the cell
iability in contact with TiO and Ag–TiO nanoparticles. All
2 2
esults demonstrated a viability above 70% which confirmed the
on-cytotoxicity of nanoparticles, also observed in microscopy
mages (Fig. 4, bottom) [25].

-field image is shown in (a). Figures (b) and (c) represent the FFT of the high
th the diffraction rings indicate the position of the (101), (103), (200) and (105)
) are included in (f) and (g).
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Fig. 4. Viability of 3T3 fibroblast in contact with TiO2 and Ag–TiO2 nanoparticles. 

after contact with nanoparticles.

F
L

3
f

3

w
L
w
p
m
–
b
b

–
a
a
s
t
p
1
s
a
t
a
n
s
c
w

a
r
t
t
w

(
o

l
s
c
P
o
(
t

ig. 5. FTIR spectra of six uncovered pieces of leathers (L1, L2, L3, L4, L5 and
6). Main band assignments are shown above appropriate wavenumbers.

.2.  Leather  characterization  before  and  after
unctionalization

.2.1.  Chemical  and  morphological  analyses
Fig. 5 shows the FTIR spectra of six leathers before coverage

ith TiO2 and Ag–TiO2 nanoparticles. Pieces L1 and L4,
2 and L5, and L3 and L6 are very similar, in agreement
ith the treatment carried out (see Table 1). The unfinished
ieces L1 and L4 present characteristic bands of tanning
aterials; at ca. 3300 cm−1, a strong band is assigned to the
O–H stretching vibration of phenol; at ca. 3100 cm−1, the
and is attributed to C–H stretching aromatic vibration;
etween ca. 3000 and 2850 cm−1, the bands correspond to

w
e

Microscopy images of fibroblasts 3T3 examined using an inverted microscope

CH3 stretching vibration, which are visible in all leathers
nd ascribed to organic compounds. The three bands located
t ca. 1630, 1540 and 1450 cm−1 are attributed to –C C–
tretching aromatic vibration [26]. Pieces L2 and L5 show
ypical bands attributed to esters derived of the film forming
olymer applied as finishing cover. Thus, bands located at ca.
720 cm−1 and 1155 cm−1 correspond to –C O and –O–CH3
tretching ester vibration, respectively [27]. Finally, pieces L3
nd L6 show characteristic bands of the nitrocellulose used as
op layer. The two intense bands observed at ca. 1640 cm−1

nd 1280 cm−1 are attributed to the different vibrations of the
itrate group, namely to antisymmetric NO2 stretching and
ymmetric NO2 stretching, respectively. In the region between
a. 1100–950 cm−1 there are few peaks with medium intensity,
hich correspond to different vibrations of the CO group [28].
Fig. 6 shows FTIR spectra of the six pieces of leather prior

nd after covering with TiO2 and Ag–TiO2 nanoparticles. The
esults show that the nanoparticles do not modify the composi-
ion of the leather substrate. However, a certain attenuation of
he bands can be observed in Fig. 6a, b, d and e when covered
ith nanoparticles of TiO2 or Ag–TiO2.
Fig. 7 shows the EDX spectra of uncovered pieces 1 to 6

Fig. 7a) and the influence of NPs coverage on the EDX spectra
f L4 (Fig. 7b).

Fig. 7a shows, intense peaks of carbon and oxygen in all
eathers, which are attributed essentially to their organic compo-
ition. The sodium, silicon and sulphur peaks are ascribed to the
hemical products used in the leather processing (see Table 1).
eaks of titanium can be observed in L5 and L6 as a consequence
f the rutile pigment that was applied in the base finishing coat
see Table 1). These peaks are less intense in L6 probably due
o the nitrocellulose fixing coating.
Fig. 7b shows the EDX spectra of L4 prior and after coverage
ith TiO2 and Ag–TiO2 NPs. As expected, both samples cov-

red with nanoparticles show the titanium peaks. In addition, the
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Fig. 6. FTIR spectra of six leathers pieces (L1, L2, L3, L4, L5 and L6) uncovered and covered with TiO2 and Ag–TiO2 nanoparticles.

Fig. 7. EDX analyses of: (a) six leathers pieces uncovered (L1–L6) and (b) piece 4 (L4) uncovered and covered with TiO and Ag–TiO nanoparticles. SEM
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icrograph of EDX analysis on aggregate zone.

ample covered with Ag–TiO2 NPs shows a weak peak of silver
ue to the presence of Ag on the surface of the NPs. The regions
here the EDX spectra were acquired are depicted in the SEM

mages enclosed on the right part of Fig. 7b, where the presence
f the brighter NPs on top of the darker leather can be observed.

Additional information about the presence and distribution of
Ps on the surface of L4 can be obtained in Fig. 8. Fig. 8a and

 show the pristine surface of L4 sample prior to NPs coverage
t two different magnifications. In contrast, the appearance of
right agglomerates (of several microns in size) can be detected
n Fig. 8c and e, as observed in the images acquired at high mag-
ification (Fig. 8d and f), which is much larger than the values
btained by XRD and TEM. It is clear that there is room for

mproving the uniformity of the NPs distribution on the surface
f the leathers, by optimization of the dispersion of the NPs
n the solution and the incorporation process on a substrate of

w

(

2 2

omplex topography. Nonetheless, it is worth mentioning that
mall bright spots can also be identified in these latter images,
hich were not observed in the images of the pristine samples

Fig. 8a), which are probably non-agglomerated NPs.

.2.2. Antimicrobial  properties
Fig. 9 shows the halo tests carried out in pieces L1–L6 using

. aeruginosa  (top), S.  aureus  (center), and C.  albicans  (bot-
om), respectively. Test performed to uncovered samples (left),
amples covered with TiO2 nanoparticles (center) and covered
ith Ag–TiO2 nanoparticles (right) are depicted. The antibac-

erial activity ascribed to Ag can be clearly appreciated in the
ell-defined halos around all leathers (14 ±  1.0 mm) in Fig. 9c,

hile no inhibition zone is observed in Fig. 9a and b.
It is worth mentioning that uncovered leathers L1 and L4

Fig. 9d) exhibited a little zone of inhibition (11 ±  0.2 mm),
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Fig. 8. SEM micrographs of piece L4: (a) and (b) uncovered, (c) and (d) covered with TiO nanoparticles (BSE images), and (e) and (f) covered with Ag–TiO
n
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ndicating an antibacterial activity against S.  aureus, contrary
o what observed against P.  aeruginosa. This interesting result
an be explained when considering the cell wall of the bacteria;
he S.  aureus  (Gram positive) has a thicker layer of peptido-
lycans, but it is simpler than the Gram negative wall of the
. aeruginosa, which has an additional outer membrane with
ipopolysaccharides and may prevent the entry of the chemicals
resent in the initial treatment of leathers (cf. Table 1). In the
ther samples, no antibacterial activity was observed, possibly
ue to the presence of the base coat and the applied fixing layer
cf. Table 1).

All samples covered with TiO2 NPs do not exhibit halo
gainst S.  aureus  (Fig. 9e), probably because the nanoparticles
overed the surface of the samples and avoid the influence of
he chemicals in the growth of the bacteria. Finally, all sam-
les covered with Ag–TiO2 (Fig. 9f) showed halos of inhibition
12 ±  0.8 mm), indicating again the antibacterial activity of Ag.

he antifungal properties are studied in the bottom part of Fig. 9.

t was observed that all the uncovered samples showed antifun-
al activity (Fig. 9g). Nevertheless, samples L1 and L4 showed

w
a
a

2 2

he greatest zones of inhibition (17 ±  0.7 mm), followed by
he L2 and L5 (15 ±  0.8 mm), and L3 and L6 (13 ±  0.7 mm).
his is likely explained by the chemicals present in the ini-

ial treatment of the leathers, which are mostly antifungal. The
crylic polymer base coating and nitrocellulose fixative present
n samples L3 and L6 may serve as a partial barrier to the
iffusion of antifungal agents, which explains the comparably
ower antifungal activity. The lack of fixative, the diffusion of
he antifungal agents will be more facilitated and L4 have the
argest zone of inhibition due to the absence of any type of base
oatings.

Samples covered with TiO2 NPs (Fig. 9h) do not show halo
f inhibition around them. As happened in the case of the S.
ureus (Fig. 9e), possibly the TiO2 NPs can cover and avoid the
iffusion of chemicals from the surface of the leathers. Finally,
ig. 9i shows large diffuse halos (17 ±  0.9 mm) around all the
g–TiO2 covered samples. In agreement with what observed

ith the bacteria, since the samples with TiO2 NPs showed no

ntifungal activity, these diffuse halos are a consequence of the
ntimicrobial properties of silver.
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.  Conclusion

An innovative, simple and reliable method of synthesis has
een used to prepare TiO2 and Ag–TiO2 nanoparticles with
natase phase. Those nanoparticles were dispersed in leather
ubstrates with different surface finishing. It was demonstrated
hat nanoparticles stayed on the surface after water washing,
lthough large agglomerates are observed. All leather sam-
les covered with Ag–TiO2 nanoparticles showed antimicrobial
ctivity, in contrast with samples covered with TiO2 nanopar-
icles. Therefore, silver is identified as the main antimicrobial
gent. Moreover, a low toxicity of Ag–TiO2 nanoparticles was
emonstrated by cytotoxicity assays, displaying a death cell per-
entage inferior to 30%. Therefore, this work highlighted the
otential of Ag–TiO2 nanoparticles as an ecological alternative
o volatile organic biocides and organic solvents, frequently used
owadays, and it was an essential step toward the assessment of

 safe application of these NMs. This study brings added value
o footwear and leather products, reducing the bulk chemical
ide pollution.
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