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Development  of new  materials  enriched  with  noble  metal  ions,  such  as  silver,  cobalt  or  copper,  is  of  great
interest  in  the  field  of  commercial  and  medical  products  due  to  its action  against  fungus  and  bacteria.
Although  a large  number  of  products  are  chemically  active  against  microorganisms,  they  are  usually
limited  to  fabrics  for medical  bandages  and sportswear  in  order  to avoid,  respectively,  infections  and
odors.  On  the  other  hand,  sol-gel  technology  becomes  the preparation  of  hybrid  materials  possible  with
introduction  of different  components,  as inorganic  salts  or organic  additives  within  its structure  bringing
up  the  possibility  to develop  functional  materials  for different  purposes.

In this  work,  the  development  of  an  antibacterial  coating  for  metallic  substrates  is presented.  The
coating  consists  in  a hybrid  organic-inorganic  sol-gel  material  doped  with  silver.  The  relation  between
the  structure  of the  hybrid  matrix,  aggregation  state  of  silver  ions,  and biocide  behavior  is analyzed  as
a  function  of  the densifying  thermal  treatment.  Sol-gel  materials  were  synthesized  through  hydrolytic
condensation,  in  acidic  conditions,  of  tetraethoxysilane  (TEOS)  and  methyl-triethoxysilane  (MTES).  Silica
nanoparticles  were added  in order  to give  a mechanical  reinforcement  and  silver  nitrate  as  the  supplier
of Ag+ ions.  Coatings  were  deposited  on 316L  stainless  steel  and  microscope  glass  slides  by  the dip-

◦
coating  process  at a constant  withdrawal  rate  and densified  at 50,  150 and  450 C.  X-ray  photoelectron
spectroscopy,  small  angle  X-ray  spectroscopy  and  electrochemical  impedance  spectroscopy  were  used
as characterization  techniques  in order  to  elucidate  silver  aggregation  and  its influence  on  the  structural
evolution  of the  hybrid  matrix,  as  a  function  of  the  thermal  treatment.  At  the  same  time,  the biocide
behavior,  as  a function  of silver  state,  particles  size  and  thermal  treatment,  was  studied  by inhibitory
halo  identification  on Escherichia-coli  cultures  in  agar diffusion  tests.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The development of new functional materials capable to pro-
ide an effective antibacterial activity has a big demand from the
ontemporary society. This fact is mainly due to the easy propa-
ation that microorganisms have in this globally connected world

ith a continuously growing population. The action of viruses and

acteria often presents serious damages that can turn in economic
osses or even in loss of human lives. In this field, silver is a well-
nown biocide component due to the activity of Ag+ ions [1–5].

∗ Corresponding author.
E-mail address: spellice@fi.mdp.edu.ar (S. Pellice).

ttp://dx.doi.org/10.1016/j.porgcoat.2016.03.012
300-9440/© 2016 Elsevier B.V. All rights reserved.
Silver ions have an effective action against bacteria life inhibiting
their DNA replication process, increasing the permeability of the
cytoplasmic membrane and inhibiting the respiratory enzymes,
causing asphyxia of the bacteria. Thus, silver is effectively used
as the active additive, against fungus and bacteria, both in med-
ical devices and in commercial textile products, like sportswear
and burn bandages [6–12]. In the same way, the use of silver as
antibacterial additive for thin solid coatings could provide a pow-
erful tool in order to set a major obstacle to the spread of infections;

specially, in the environments where people is highly exposed to
infectious microorganisms as, e.g., public toilets, public transport
and hospitals. Nowadays, also for surgical prosthesis and orthope-
dic devices, silver based coatings are in focus for the prevention
of periprosthetic infections is a scientific topic of strong activ-
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ig. 1. Algorithm for detection and measurement of size distribution of silver particle
f  silver nanoparticles. The size of the bars in figures (a) and (c) represent 20 nm.

ty [13–18]. Certainly, although stainless steel does not present
ntibacterial properties by itself, it is a material that present opti-
al  conditions in term of sterility and economical suitability as a
aterial for surgical devices [19–21].

A promising method to produce such silver functionalized thin
oatings comes from the sol-gel chemistry, which is a worldwide
ubject of study as a method to produce functional coatings [22,23].
ol-gel chemistry, as a very versatile method of synthesis, allows
he development of hybrid organic-inorganic materials with incor-
oration of a wide variety of external components, as particles,
rganic compounds, inorganic salts, etc. Then, through this method,

t is possible to combine design a tailored material with both
echanical and functional properties [24]. This feature becomes it

n a particularly promising approach to produce efficient antibacte-
ial thin coatings where the biocide functionality derives from silver
ction. In this kind of materials, silver works by way of the diffusion
f Ag+ ions, or its smallest clusters, through the structure of the con-
aining matrix towards the external surface, where microorganisms
re reached. Then, both the development of a sol-gel network with
n extremely open structure or the agglomeration process of silver,
o form particles that would remain entrapped in the matrix, are
eatures that could strongly limit the resulting antibacterial perfor-
ance. It was seen that for sol-gel structures without an enough
rosslinking density, lixiviation of silver ions may  be extremely
ast, producing an initial burst release and limiting the long-term
ntibacterial performance [25–27]. Furthermore, Ag+ ions present a
riginal image, (b) spectrally filtered image, (c) binary image and (d) size distribution

strong tendency to be reduced in the chemical conditions proper of
the sol–gel process, resulting in an agglomeration process that car-
ries to a rise of silver nanoparticles. Certainly, the growth of small
silver clusters and nanoparticles is nearly impossible to avoid when
the doped sol-gel coating is applied and a thermal treatment is per-
formed [27,28]. So, in order to develop a hybrid organic–inorganic
thin coating, providing a controlled silver release rate and avoiding
an initial burst release effect and dangerous cytotoxic conditions,
both the matrix structure and the agglomeration process of silver
should be optimized.

The goal of this work is, in one hand, to deal with the in-situ
self-development of silver nanoparticles from is reduction from
Ag+ ions added in a hybrid organic-inorganic matrix of a thin coat-
ings; this phenomenon is thermal-dependent and its behavior is
of interest both in the fields of optical, electrical and antibacte-
rial materials. On the other hand, the remaining of silver as Ag+
ions, avoiding its self-arrangement in silver nanoparticles, is mainly
important for the antibacterial effect. In this sense, the evolution
of silver aggregates inside hybrid coatings deposited onto surgical
grade stainless steel is analyzed in the present work.

In this work the study of the oxidative state of silver, and the
agglomeration phenomena inside of a silica-methyl hybrid matrix

reinforced with silica nanoparticles was  addressed. The resulting
relationship between the aggregation state of silver, the structure
of the hybrid matrix and the antibacterial effect in the developed
sol–gel coatings was also studied. Through the use of a synchrotron
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Fig. 2. TEM images for (a) Ag-free TMS-150 sample and silver containing (b) TMSAg-50, (c) TMSAg-150 and (d) TMSAg-450 samples. The size of the bars represents 20 nm
in  all the cases.
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Fig. 3. Particle size distributions of silver nanoparti
adiation source, Small Angle X-ray Scattering (SAXS) was per-
ormed to analyze the physical structure of the hybrid matrix as

 function of the temperature of the thermal treatment. The devel-
ped coatings were also analyzed by Electrochemical Impedance
eveloped for TMSAg samples at 50, 150 and 450 ◦C.

Spectroscopy (EIS) and X-ray photoelectron spectroscopy (XPS),
while the antibacterial behavior was  studied through microbi-
ological analysis by agar diffusion tests against Escherichia coli

cultures.
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Fig. 4. Ag 3d XPS spectra of samples coated on microsc

. Materials and methods

.1. Samples preparation

Hybrid sols were synthesized through the hydrolytic con-
ensation of tetraethoxysilane (TEOS, 98%, Aldrich) and
ethyltriethoxysilane (MTES, 99%, Aldrich) in presence of silica

anoparticles (LUDOX® AS-40). Nitric acid (HNO3 68%, Aldrich) was
sed as catalyzer. Silver doping was performed by the incorpo-

ation of a pyridine stabilized alcoholic solution of silver nitrate
AgNO3, 99% Sigma-Aldrich) keeping a Ag/Si molar ratio of 3/97.
he complete synthesis process was described in a previous work
27].

Fig. 5. Curves of Small Angle X-ray Scattering of silver loade
lass slides at 50, 150 and 450 ◦C of thermal treatment.

Alternatively, microscope glass slides and AISI 316L stainless
steel plates were used as substrates. Coatings were deposited
by the dip-coating method using a 2D PC-controlled system
(FESTO Automation Engineering, Argentina). Plain substrates were
immersed in the synthesized sol and then withdrawn at a constant
speed of 25 cm/min. After a drying process at room temperature,
20 ◦C, samples were thermally treated at 50, 150 and 450 ◦C, calling
them, respectively, TMAg-50, TMAg-150 and TMAg-450 samples.
Also a silver-free (undoped) batch of samples, TM-50, TM-150 and

TM-450 were prepared for the sake of comparison.

d samples thermally densified at 50, 150 and 450 ◦C.
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.2. TEM

All samples were treated on mortar, dispersed with ethanol
nd placed into an ultrasonic bath for 15 min. Later, a drop of
uspension was placed into 200 mesh grid (Formwar film). The
bservation was performed using a JEOL 100CX II Transmission
lectronic Microscope (TEM) operating at 100 kV with 270000x
orking magnification. All samples were observed and analyzed

t the same operation conditions.

.3. Synchrotron SAXS

The structural evolution of the hybrid matrix was  analyzed, as
 function of the thermal treatment, by Small Angle X-ray Scat-
ering (SAXS). The experiments were carried out using the SAXS1
eamline of the National Laboratory of Synchrotron Light (LNLS,
ampinas, Brazil). Coatings were taken out from glass substrates by
cratching. The resulting glassy powder was placed in the sample
olders by adhesive polyimide film (Kapton®, DuPont). In order to
ubtract the contribution of the adhesive tape from SAXS patterns,
apton® film was  used as background. The collimated beam crossed

he samples through an evacuated flight tube and was scattered to
D bump-bonded hybrid-pixel Pilatus detector with an active area
f 28 cm2 and pixel size of 172 × 172 �m2. The geometrical config-
ration was set up with the sample detector distance of 473.5 mm
ith monochromatic light of � = 1.55 Å. The q range was calibrated
ith silver behenate, which has a well-known lamellar structure
ith d = 5.848 nm [29]. The isotropic 2D scattering patterns were

ollected after exposure times of 10 s. Images were corrected taking
nto account the detector dark noise and normalized by the sample
ransmission considering the 360 azimuthal scan. This procedure
as carried out using the FIT2D software [30].

.4. XPS

X-ray Photoelectron Spectroscopy (XPS) was performed using
 VG Microtech ESCA3000 equipment to analyze the chemical
eighbor of silver atoms as a function of the thermal treatment.

 monochromatic Al K� radiation of 1486.7 eV with a primary
eam energy of 15 kV and an electron current of 5 A was  used at
aboratório de Superfícies e Interfases (Universidade Federal do
araná, Curitiba, Brazil). The base pressure inside the chamber was
.10−10 mbar, and the spectra were performed close to 45◦ of take-
ff angle respect to the surface normal to the sample, using 0.8 eV of
nergy resolution for the hemispherical energy analyzer. The sam-
les obtained on microscope glass slides were cut to fit into the

nstrument sample plate and were inserted into the chamber after
 day of pressure stabilizing.

.5. Electrochemical impedance spectroscopy

The electrochemical response of doped and undoped coated
tainless steel (AISI 316L) was evaluated by means of Electro-
hemical Impedance Spectroscopy (EIS) measurements at room
emperature (20 ± 1 ◦C) using a cylindrical three electrode elec-
rochemical cell filled with 10–12 mL  of naturally aerated and
nstirred 0.35 wt.% NaCl solution prepared from p.a. grade chemi-
als (Sigma-Aldrich) and bidistilled water (Millipore, 18.2 M� cm).

 Hg/Hg2Cl2/KCl sat. (SCE, 244 mV  vs. SHE by Radiometer Ana-
ytical, France) reference electrode and a Pt wire as auxiliary
lectrode were used. The stainless steel sheets served as work-

ng electrode and were mounted exposing an area of 3.464 cm2

o the solution. EIS measurements were carried out using a
otentiostat/galvanostat/ZRA Gamry Reference 600TM. The EIS
easurements were acquired applying a 5 mVrms sinusoidal per-

urbation at 0 mV,  from 50 kHz to 1 mHz  and recording 10 points
nic Coatings 97 (2016) 28–36

per frequency decade. The results were obtained immediately after
mounting the electrochemical cell. Also, to substract any substrate
contribution to the electrochemical response of EIS, AISI 316L was
used as “blank” working electrode.

2.6. Agar diffusion tests

Overnight cultures of E. coli (K12 strain RP437) were diluted 1/50
and spread onto rich medium agar plates, containing 1% tryptone,
0.5% yeast extract, 0.5% NaCl and 1.3% agar. AISI 316L stainless steel
plates with different coatings were placed on the agar surface and
incubated at 37 ◦C for 24 h. The inhibitory activity was visualized
as a clear halo between the coated plates and the bacterial lawn.

2.7. Determination of particle size distribution

Size distributions of silver nanoparticles were obtained through
a mathematical algorithm, from TEM images, using techniques
of digital image processing. The developed algorithm allows the
detection and measurement of the diameters of these particles by a
three-step process. Fig. 1 represents the process of the mathemati-
cal algorithm after every single step. In the first step particles were
enhanced by a spectral band pass filter [31] using the following
specifications: High pass 161, Low pass 21, Strength 3 and Passes
1. The result is a grayscale image where enhanced regions repre-
sent silver particles, Fig. 1b. This image shows a bimodal histogram
which allows to determine a threshold value to discriminate the sil-
ver particles from the background. Then, as a second step, a binary
image is obtained, Fig. 1c. In the third step the area and the center
of mass of every particle present in the binary image is determined.
Without loss of generality, it can be assumed that particles are
spherical. So, in the third step, from the diameter obtained for each
particle, the histogram corresponding to the size distribution of
silver particles present in the image is obtained.

3. Results and discussions

Through the hydrolytic condensation of alkoxydes, homoge-
neous and colorless sols were synthesized and deposited by the
dip-coating process on glassy and metallic substrates.

3.1. Development of silver nanoparticles

After thermal densifying treatments at 50, 150 and 450 ◦C, coat-
ings remain homogeneous and crack-free showing a slightly yellow
coloration at 150 ◦C and a light brown at 450 ◦C, but the silver-
free coatings that kept its colorless independently of the thermal
treatment. Those visually perceptible changes are the result of de
development of silver nanoparticles within the hybrid structure of
the sol-gel coating.

Observation through transmission electron microscopy, Fig. 2,
reveals, as a first approach, a homogeneous dispersion of sil-
ver nanoparticles embedded in its clearer, with lower electronic
density, surrounding matrix. When the thermal treatment rises,
the ripening process of silver particles leads to the development
of nanoparticles whose maximum size is highly related to the
employed temperature. Through the analysis of particle size dis-
tribution by the developed mathematical algorithm, for all the
analyzed samples, a wide dispersion of silver nanoparticles is
observed, Fig. 3. Although this method is sensitive for particles

higher than 5 nm diameter, approximately, it can be appreciated
that with a thermal treatment of 50 ◦C a big amount of particles
of up to near 20 nm are developed. When the thermal treatment
reaches 150 ◦C the particle distribution spans up to near 30 nm
with a considerable lower amount of particles. Finally, at 450 ◦C,
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Table 1
Relative area values, corresponding to 3d5/2 silver peaks, from XPS data fitting.

Sample Ag(0) Ag(I) Ag(III)
Fig. 6. EIS Nyquist and Bode plots for Ag-free coati

 flat distribution, with a near total absence of particles smaller
han 10 nm is observed.

The general evolution of silver, from its ionic state as Ag+, is
ccompanied by changes on its oxidative state. Fig. 4 shows the XPS
pectra for silver in its 3d region and the deconvolution of the 3d5/2
eak in its components at 367.8, 368.3 and 368.8 eV corresponding,
espectively, to Ag(III), Ag(0) and Ag(I) [32–34]. Table 1 shows the
esults of fittings presenting the relative area values for Ag 3d5/2
eaks. At 50 ◦C the XPS curve is dominated by Ag(I), attributed to

gNO3, and a smaller component attributed to Ag(0). At 150 ◦C the
roportion of metallic silver increases significantly in detriment
f Ag(I). This evolution is in agreement with the results observed
or TEM where pictures reveal the presence of silver nanoparti-
TMSAg-50 0.348 ± 0.012 0.652 ± 0.011 –
TMSAg-150 0.647 ± 0.016 0.353 ± 0.016 –
TMSAg-450 0.064 ± 0.048 0.191 ± 0.028 0.745 ± 0.028

cles with a clear growing from sample TMSAg-50 to TMSAg-150. At
450 ◦C (sample TMSAg-450) the signal of Ag(0) is strongly dimin-

ished and an intense peak of Ag(III) is developed at 367.8 eV. Both
Ag(III) and Ag(I) are reported in literature as the components of AgO
[32–35]. The overall evolution of silver through the thermal treat-
ments results in a gradual loosening of Ag(I), generally accepted
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Fig. 7. EIS Nyquist and Bode plots for Ag-doped coat

s the main responsible of the antibacterial behavior of silver.
epending on the environmental conditions where the antibacte-

ial material will work, i.e., immersed in an aqueous fluidic media
r at the air atmosphere, the oxidative state of silver will be deter-
inant of its efficiency against microorganisms. For instance, if a

iocide material, based in metallic silver nanoparticles, is exposed
o an aqueous media, a steady Ag+ release could be reached from a
uperficial oxidative process with dissolved oxygen [36]. Then, the
ormation of silver nanoparticles observed for sample TMSAg-150,
ich in Ag(0), could be a suitable supply of the antibacterial Ag+
omponent for a long-term application.
Taking into account the spherical morphology of silver nanopar-

icles, that they are embedded in a hybrid matrix composed by a
ovalently bonded silica network, and the evolution of the aggrega-
n 316L in contact with aerated 0.35% NaCl solution.

tion state, the observed ripening process could be caused probably
by an Ostwald ripening process more than a particles migra-
tion and coalescence mechanism, i.e., the atomic species transport
from smaller particles and clusters to larger particles by diffusion
through the matrix structure due to differences in its chemical
potentials [37].

3.2. Structural evolution and electrochemical behavior
Thermal treatment also affects to the hybrid matrix. The analy-
sis of the curves obtained by small angle X-rays scattering (SAXS),
Fig. 5, in the region of q > 4 nm−1, reveals a gradual loosening of sub-
nanometric structures, i.e., silver clusters and smallest components
of the silica-based matrix, as isolated siloxanes, which, by effect of
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ig. 8. Agar diffusion tests of stainless steel substrates coated with sol-gel hybrid m
MSAg-450. Petri dishes size: 50 mm.

hermal treatment, adhere to bigger structures. This observation
s in agreement with the observed thought electron microscopy,

here the smaller silver nanoparticles completely disappeared at
50 ◦C. Otherwise, in the region of the curves for q < 2 nm−1, it is
learly observed the effect of the thermal treatment on the hybrid
tructure of the matrix. At 50 ◦C a wavy curve is the result of a
traight size distribution of silica nanoparticles. In previous works
t was observed that the synthesis procedure of this kind of sols,

ith addition of silica nanoparticles, it rises an agglomeration of
olloidal silica that carry to the formation of a monodisperse dis-
ribution of nanoparticles of 15 nm radius approximately [27]. The
ifference on the X-ray scattering length densities (SLD) between
ilica nanoparticles and the hybrid surrounding matrix allows its
bservation through SAXS experiments using a synchrotron radia-
ion source. Since SLD is directly proportional to the mass density,
nd taking into account that silica nanoparticles are not able to dif-
use, or to change its size distribution, inside the hybrid matrix, the
anishing of waviness observed on sample densified at 450 ◦C could
e unequivocally attributed to an increasing of the bulk density of
he hybrid matrix.

The electrochemical impedance analysis allows to estimate
he evolution of the barrier properties of coatings, which could
e assumed as a function of the network crosslinking of the

atrix. In addition, some electrical parameters such as resistive

nd capacitive behavior of the coatings, adsorption, charge- and
ass-transport, can be determined by using EIS. Fig. 6 shows the

mpedance diagrams in Nyquist and Bode representations for Ag-
ree coatings of TM-50, TM-150 and TM-450 after deposition on
als on Escherichia-Coli cultures. (a) TMS-150, (b) TMSAg-50, (c) TMSAg-150 and (d)

AISI 316L. A qualitative analysis of EIS diagrams shows a one time-
constant due to the electrical double layer and a diffusive behavior
for low thermal treatment (TT) samples (see Nyquist Fig. 6). As ther-
mal  treatment rises, a shift from a well-defined one time-constant
system with a difusive low frecuency (LF) behavior to a wide two
time-constants is shown on Bode representation, indicating a shift
from resistive to capacitive behavior. This change is indicative of a
strong blocking of electrolyte diffusion through the hybrid matrix
as a result of a more densely crosslinked structure of the coating
giving the so-called blocking electrode. In addition, at high frequen-
cies (HF) no evidence of electrolyte solution response is observed
due to total blocking of electrode surface, which is a northwoly
point taking in account the protecting properties of these coatings.

A similar behavior is observed for the silver doped set of samples,
but the region of resistive response is observed at higher frecuen-
cies, as shown in Fig. 7. In addition, the change from resistive (for
low TT) to capacitive (for high TT) response at high frequency (HF)
observed for the Bode phase angle diagrams is indicative of a much
more porous material obtained at lower TT. As TT rises the middle
frequency range shows a wider phase angle response, indicating
overlapping of time constants due to interaction between the sub-
strate and the coating. Nyquist diagrams shows higher impedance
as TT rises, evidencing better protective properties. Also, as for

Ag-free samples, no electrolyte resistance is observed, indicating
a good protective coating in all cases. The lower TT is applied the
more porous coating was, which is coincident with results by SAXS
spectroscopy for q > 4 nm-1, where silver sub-nanometric particles
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nd lower silica components migrate to the surface throughout a
ore open matrix.

.3. Microbiological behavior

The antibacterial activity of samples was analyzed against E.-Coli
hrough Agar Diffusion Tests. Fig. 8 shows the pictures of cultures
fter 24 h at 37 ◦C for the stainless steel plates coated with the
ybrid materials. For TMS-150 sample, with no addition of silver,
acteria colonies grown independently from the presence of the
ample, while for TMSAg-50, TMSAg-150 and TMSAg-450 the pres-
nce of an inhibitory halo was observed. A qualitative analysis of
he size of such inhibitory halo allows determining a tight relation-
hip with the thermal treatment at which samples were densified.
he higher the densifying temperature, the lower the antibacterial
ctivity. In fact, the antibacterial activity of TMSAg-450 sample is
lmost negligible; this behavior may  be explained directly from the
tructural determinations that indicate, on one hand, the loosening
f the smallest silver nanoparticles and the development of a highly
rosslinked network of the hybrid matrix and, on the other hand,
he lower availability of Ag(I). It is important to take in account
hat, although silver is present in a relatively low concentration
nd that the thickness of the coatings is about just 1.5 �m,  a deeper
tudy should be addressed taking in consideration the analysis of
ytotoxicity of this kind of materials.

. Conclusions

Hybrid organic-inorganic sol-gel coatings were synthesized
rom the hydrolytic condensation of TEOS and MTES in acidic media
n presence of silica nanoparticles and deposited on AISI 316L
tainless steel through the dip-coating method. Silver doping was
arried out in the sol state by addition of an alcoholic solution of
-based stabilization of Ag(NO)3.

As temperature of the densifying thermal treatment increases,
g+ ions reduce to Ag◦ forming metallic nanoparticles at 150 ◦C

hat become in AgO at higher temperatures, as it was  seen at
50 ◦C from XPS experiments. This evolution in the oxidation state
f silver is accompanied with an agglomeration process of silver
anoparticles, were the smaller nanoparticles trend to disappear
t temperatures higher than 150 ◦C.

Incorporation of silver into the hybrid matrix introduces struc-
ural changes becoming in a much more permeable structure.
mpedance spectroscopy showed a change from resisitive to capac-
tive behavior as thermal treatment rises, and a shift from a one
ime-constant behavior to a two time-constants, revealing a strong
locking of electrolyte diffusion through the hybrid matrix as a
esult of a more densely crosslinked structure of the coating as
emperature of densification rises up.

As the temperature of thermal treatment increases, the
lectrolyte permeability diminishes and silver sub-nanometric
articles grow. Those phenomena play an important role in sil-
er diffusion and, then, in the biocide activity. Bacteriologic
ests verified that the activity of silver-doped coatings against
scherichia coli cultures was stronger at lower temperatures of
hermal densifying.
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