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Titanium is a corrosion-resistant and biocompatible material widely used in medical and dental implants.
Titanium surfaces, however, are prone to bacterial colonization that could lead to infection, inflammation,
and finally to implant failure. Silver nanoparticles (AgNPs) have demonstrated an excellent performance
as biocides, and thus their integration to titanium surfaces is an attractive strategy to decrease the risk of
implant failure. In this work a simple and efficient method is described to modify Ti/TiO2 surfaces with
citrate-capped AgNPs. These nanoparticles spontaneously adsorb on Ti/TiO2, forming nanometer-sized
aggregates consisting of individual AgNPs that homogeneously cover the surface. The modified AgNP–
Ti/TiO2 surface exhibits a good resistance to colonization by Pseudomonas aeruginosa, a model system
for biofilm formation.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Nanotechnology is nowadays having a high impact on almost all
areas of biotechnology [1,2] and in medicine [2–5]. In fact, applica-
tions of nanotechnology-derived materials, especially of nanoparti-
cles (NPs) of different materials, in areas related to diagnosis and
therapeutics, such as pathogen detection [6], drug delivery [7–
10], burn healing [11], disease diagnosis [12] and imaging
[13,14], among others, are in continuous progress.

On the other hand, one of the most investigated issues in med-
icine is related to the development of implantable devices that help
in the treatment of diverse diseases and in the replacement of parts
of the body. The insertion of implants and medical devices has
emerged as a common and often life-saving procedure. Titanium
has a high strength-to-weight ratio, is resistant to corrosion, bio-
compatible and has the property to osseointegrate, and these are
some of the reasons why it is widely used in orthopedics and den-
tistry [15,16]. Titanium-made implants have a high performance
and durability: for instance, some dental implants can remain in
place for over 30 years.
ll rights reserved.
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However, one of the most important risk factors of all invasive
medical devices is that they predispose to infection [17] by damag-
ing or invading epithelial or mucosal barriers, as well as by sup-
porting the growth of microorganisms by serving as reservoirs.
Invasive medical devices impair host defense mechanisms and,
when contaminated, can result in resistant chronic infection or tis-
sue necrosis, these being the major objections to the extended use
of implant devices [18]. Thus, biomaterial implant-related infec-
tions remain as one of the main causes of implant failures [18,19].

Either as ionic species or colloidal particles, silver has been used
as an antimicrobial agent for years [20], long before the appearance
of antibiotics. Silver materials have some advantages with respect
to antibiotics: unlike them they show antibacterial effect against
all bacteria and they do not present the problem of developing
resistance (as it does happen with antibiotics).

In particular, silver nanoparticles (AgNPs) have excellent bio-
cidal properties [21–25], although their mechanism of action is
not yet completely understood [26,27]. Several methods of synthe-
sis, such as chemical reduction in aqueous and non aqueous sol-
vents, photochemical reduction and sol–gel methods can be used
to prepare stable AgNPs [28]. It has been demonstrated that silver
nanoparticles retain their bactericidal properties [28–30] when in-
cluded in coatings [31,32]; bandages for burn healing [33], and
dressing materials for wound repair [34], among others. Therefore,
they can be included as coating on orthopedic and other implant-
able devices [31,35,36].
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Since bacterial infections associated with titanium implants re-
main a major cause of their failure [37], considerable interest has
arisen in the preparation and study of the properties (both physi-
cal–chemical and antibacterial) of Ti/TiO2 surfaces modified with
silver [38–41]. Several strategies have been used for their prepara-
tion, including the complexation of Ag+ ions with mercaptan-ter-
minated phosphonates [41], silver sputtering [38], adsorption of
nanoparticles on amine-terminated silane monolayers [42], the
use of silver and hydroxyapatite/TiO2 slurries [43], and sol–gel pro-
cedures [40,44], among others. It has been reported that these
modified surfaces are biologically compatible [37,45] and present
antimicrobial activity [46]. Moreover, in some cases it has been
demonstrated that they present visible light photocatalysis [47].

The aim of this paper is to report a simple and easy method to
modify Ti/TiO2 surfaces with citrate-capped AgNPs by spontaneous
adsorption. To the best of our knowledge, this simple method –
which does not need the preparation of a monolayer of organic
molecules (phosphonate, silane, etc.) on the Ti/TiO2 surface as a
previous step, or any heating procedures – has not been previously
reported in public literature. The antimicrobial effect of the modi-
fied surfaces has been tested against Pseudomonas aeruginosa (P.
aeruginosa), an opportunistic microorganism that can cause severe,
life-threatening infections and is primarily a nosocomial pathogen
[48].

This easy method of adsorbing AgNPs (and other nanoparticles)
from solution can be used to modify not only Ti/TiO2 surfaces of
implants but also other surfaces (as long as they have an oxide
layer) that need to be in contact with a biologically active environ-
ment and which are also plausible of biofilm development. The
strategy can also be applied to prepare catalysts such as those con-
sisting of gold nanoparticles [49] (capped with carboxylic acids) on
TiO2 and other oxides [50], which have been found to be effective
to catalyze important reactions. Finally, it may also be interesting
to assess the possibility of using TiO2 and other oxide surfaces to
recover residual metallic nanoparticles from water, an important
issue for environmental decontamination.
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ig. 1. (a) UV vis spectrum (1 in 4 dilution of the original solution). Inset: picture of
e original AgNP solution. (b) and (c) TEM imaging of silver nanoparticles: (b) fresh

anoparticles: (left) histogram showing the size distribution of the AgNPs. The
otted line corresponds to the fitted log-normal distribution; (right) TEM image
howing individual nanoparticles. (c) Nanoparticles three weeks after the synthesis:
eft) histogram showing the size of the AgNPs. The dotted line corresponds to the
tted log-normal distribution; (right) TEM image showing individual nanoparticles.
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2. Experimental

2.1. Silver nanoparticle preparation

Silver nanoparticles in aqueous solution were prepared by
reduction of AgNO3 with NaBH4 and stabilized by using trisodium
citrate. All reagents used in the synthesis were of analytical grade
and solutions were prepared with Milli Q water (18 MX cm).
Briefly, 1 mL of a 5 mM aqueous AgNO3 solution was added to
16 mL of a 1.06 mM aqueous sodium citrate solution under mag-
netic stirring in an ice/water bath at around 0 �C. Then, 100 lL of
a freshly prepared 100 mM aqueous NaBH4 solution were added
dropwise over 5 min. The initially colorless solution became yellow
and was stirred at around 0 �C for 1 h and 45 min. The final Ag con-
centration in the nanoparticle solution is 3.16 � 10�2 mg Ag/mL.
The nanoparticles obtained hereby are stable for weeks. A picture
of the final solution is shown in the inset in Fig. 1a.
2.2. Characterization of AgNPs

UV–vis spectra of the nanoparticles (1:4 dilutions of the original
solutions, 7.9 � 10�3 mg Ag/mL) were acquired with a Lambda 35
double beam spectrophotometer from Perkin Elmer (Waltham,
MA, USA).

As-prepared citrate-capped AgNPs were characterized by Trans-
mission Electron Microscopy (TEM) using a Philips CM200 UT
microscope operating at 200 kV and room temperature.
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2.3. Immobilization of AgNPs on Ti/TiO2 surfaces

Titanium foils (99.7%, 0.25 mm thickness, obtained from John-
son-Mathey) were first polished with abrasive paper, sonicated
for 45 min, and then polished at mirror grade with 1 lm diamond
paste, further sonicated for 45 min, thoroughly rinsed and dried.
The freshly polished Ti substrates were incubated in the as-pre-
pared AgNP solutions (3.16 � 10�2 mg Ag/mL) in the dark at 4 �C
for 24 h. The used solutions had been synthesized 1–3 weeks prior
to their use for Ti substrate incubation, and therefore show some
aging. For some AFM measurements the incubation was made for
only 45 min in the same solutions.

To assess the role of the citrate capping some Ti foils were mod-
ified with AgNPs whose citrate capping had been replaced by poly-
sorbates (Tween 20™) by a modification of a procedure reported
for gold nanoparticles [51]. The concentration of the citrate and
polysorbate-capped AgNPs solution used for the 24 h incubation
was the same, and the modified substrates were analyzed by XPS.

2.4. Characterization of AgNPs on Ti/TiO2

X-ray Photoelectron Spectroscopy (XPS) measurements of the
silver nanoparticles immobilized on Ti/TiO2 were performed using



a Mg Ka source (XR50, Specs GmbH) and a hemispherical electron
energy analyzer (PHOIBOS 100, Specs GmbH) operating at 10 eV
pass energy. A two-point calibration of the energy scale was per-
formed using sputtered cleaned gold (Au 4f7/2, binding ener-
gy = 84.00 eV) and copper (Cu 2p3/2, binding energy = 933.67 eV)
samples. C 1s at 285 eV was used as charging reference. Spectra
were analyzed with CasaXPS v2.3.14 and XPS Peak 4.0 software
packages. The fitting of the Ag 3d peaks was carried out using a
spin–orbit splitting of 6.01 eV and a branching ratio of 0.66, after
subtracting a Shirley type background.

Atomic Force Microscopy (AFM) imaging of the different sam-
ples was done in air in the contact mode with a Contact AFM com-
manded by a Nanoscope IIIa control unit from Veeco Instruments
(Santa Barbara, CA, USA). Triangular silicon nitride probes
(k = 0.58 N/m) from Veeco Instruments (Santa Barbara, CA, USA)
were used in all measurements. These tips have been chosen in or-
der to use the same probes both for AgNP and bacteria imaging. Ex-
erted forces were in the order of 4 nN, as calculated from
experimental force curves and force constant measurements
employing the thermal noise method. In some cases the tip shape
changed with scanning time and after some time the imaged AgNP
aggregates were seen to have a rectangular shape (tip artifact).
Therefore, care was taken to use new tips for each imaged region.

2.5. Growth conditions and AFM imaging of bacteria

P. aeruginosa (from clinic isolation) was inoculated in 150 mL of
sterile liquid nutrient broth (Merck) and grown for 24 h at 30 �C in
soft agitation. The microbial concentration was 1010–1011 CFU/mL,
according to optical density measurements by UV–visible spectros-
copy at 586 nm. After that, appropriate dilutions were made in or-
der to reach the desired bacterial concentration.

For AFM imaging of bacteria attached to the surfaces, the sub-
strate was incubated for 4 h in broth (�1010 CFU/mL), gently rinsed
with sterile water and dried in air. The conditions for AFM imaging
were similar to those described above for AgNP-modified
substrates.

2.6. Viability of bacteria attached to Ti/TiO2 surfaces
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2.6.1. Bacteria growing halo assays
Titanium substrates (both control and modified with silver NPs)

were each exposed to a P. aeruginosa culture (�4 � 109 CFU/mL) for
4 h in order to allow bacteria adhesion to the TiO2 surface. Then the
substrates were rinsed with sterile water to remove non-attached
cells. Subsequently, they were placed on plates with sterile nutri-
ent agar (Merck) for 24 h at 30 �C. Under these conditions some
bacteria from the substrates move towards the agar surface and
begin to grow on the surrounding area. Formation of the growing
halo was studied. Each experiment was repeated at least three
times.

2.6.2. Quantitative viability assays
Assays were carried out by using the LIVE/DEAD BacLight� via-

bility kit (Invitrogen). The live/dead kit includes the green fluores-
cent DNA-binding stain SYTO 9 and the red fluorescent DNA-
binding stain propidium iodide (PI), enabling the determination
of bacterial viability from the difference in membrane integrity
in embedded cells. When used alone, the SYTO-9 stain generally la-
bels all bacteria in a population, whereas propidium iodide pene-
trates only bacteria with damaged membranes, causing a
reduction in the SYTO-9 stain. The live/dead stain was prepared
by mixing 30 lL of staining component A (SYTO 9) and 30 lL of
staining component B (propidium iodide) and diluting the mixture
to 1/200 in distilled water. Ten microliters of the dye was poured
on each substrate and then they were kept in the dark for 15 min
at room temperature. After that, the substrates were rinsed with
sterile H2O. Stained bacteria were visualized by epifluorescence
with an Olympus BX-51 microscope. The microscope filters used
were U-MWG2 (excitation 510–550 nm and emission 590 nm)
and U-MWB2 (excitation 460–490 nm and emission 520 nm).

Bacterial viability was calculated from the ratio of the number of
intact cells stained with SYTO-9 to the total number of cells (intact
plus propidium iodine-positive (damaged) cells). Calculations were
made with images from at least 10 randomly selected regions.

3. Results and discussion

3.1. Characterization of AgNPs nanoparticles

In Fig. 1a, a UV–vis spectrum of the freshly synthesized silver
nanoparticles (1:4 dilution) is shown. The typical surface plasmon
absorption peak can be observed at �400 nm. After several weeks
the AgNPs yield similar spectra, an indication of the fact that they
are stable with time. TEM imaging of the fresh, as-prepared AgNP
solution (Fig. 1b) reveals that the nanoparticles are not aggregated.
The nanoparticle size distribution can be fitted with a log-normal
function centered at 6 nm (histogram in Fig. 1b). TEM images of
AgNPs studied after a 3 week aging show that nanoparticles do
not aggregate (Fig. 1c) and also that some of the nanoparticles
slightly increase their size. The size distribution cannot be well-fit-
ted with a log-normal function (histogram in Fig. 1c), a fact that
can be attributed to coarsening. However, even 1 year after the
synthesis, nanoparticle size distributions are similar to those
shown in Fig. 1c. In all cases the position of the plasmon absorption
peak for the nanoparticles is consistent with the size range ob-
served, as determined from TEM (Fig. 1b and c) and AFM data
(see below) [52].

3.2. AgNP adsorption on Ti surfaces

First, we will demonstrate that AgNPs can spontaneously ad-
sorb on the Ti surface. It should be noted that the titanium surface
is always covered by a native oxide film owing to its spontaneous
passivation [39], and therefore we will refer to the surface as Ti/
TiO2. In Fig. 2a, a typical XPS survey of the Ti/TiO2 surface after
immersion for 24 h in a AgNP colloidal solution is shown. The sur-
vey shows the Ti, O, Ag and C signals, indicating that the citrate-
capped AgNPs are adsorbed on the Ti/TiO2 surface. The Ag/Ti inten-
sity ratio (corrected by the sensitivity factors) calculated from low
resolution scans for Ag 3d and Ti 2p is 0.12 ± 0.03.

High resolution XPS spectra of the Ti 2p and Ag 3d regions are
shown in Fig. 2b and c, respectively. The Ti 2p3/2 peak has a max-
imum at �459 eV (Fig. 2b) which can be assigned to a single
species: the native TiO2 which, as mentioned before, is spontane-
ously formed on the surface due to the presence of oxygen in air
and in water (BE = 458.5 eV) [53]. The spin–orbit splitting is
5.8 eV, in agreement with what is reported for TiO2 [53]. There is
no contribution from metallic Ti (BE = 453.8 eV) [53], which is rea-
sonable considering the expected thickness of the native oxide
(8 nm in air [54], and maybe even more in aqueous solutions)
and the fact that photoelectrons from a buried Ti layer can be de-
tected only if the oxide overlayer is thinner than 6 nm.

In the case of Ag 3d (Fig. 2c), the spectrum can be fitted with a
single component with 3d5/2 BE at 368.3 eV (FWHM = 1 eV), which
has been assigned to metallic silver [55]. The nanoparticles are not
oxidized, as no further components at lower BE energy are needed
for the fit. This has been corroborated by selected area electron dif-
fraction and HRTEM images, which are consistent with a cubic
metallic Ag lattice. Moreover, AgNPs remain mostly metallic after
several months, as revealed by XPS and TEM (data not shown).
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These results clearly demonstrate that citrate-capped AgNPs
spontaneously adsorb on Ti/TiO2 surfaces. In the following, we will
refer to the spatial distribution of the adsorbed AgNPs on Ti/TiO2

surfaces (Fig. 3). Fig. 3a and b shows typical contact AFM images
taken in air of polished titanium foils which have been immersed
in silver nanoparticle-containing solutions for 24 h. The AgNP solu-
tions were used 1–3 weeks after the synthesis. The Ti/TiO2 surfaces
exhibit homogeneously distributed islands 100–300 nm in size
(bright spots in the images). Each island presumably consists of
many silver nanoparticles. In fact, Ti/TiO2 surfaces not exposed to
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Fig. 2. XPS spectra. (a) Survey. (b) High resolution Ti 2p. The titanium surface is
completely oxidized. (c) High resolution Ag 3d. The spectrum can be fitted with a
single component corresponding to metallic silver.
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silver nanoparticles do not show the aggregates (data not shown).
From the analysis of cross sections of the AFM images (Fig. 3d) the
height of the AgNP islands can be estimated to be 80 ± 40 nm (i.e.,
they are formed by several layers of AgNPs). In some cases some
scratches can be observed due to the polishing process (Fig. 3a,
bottom right).

The surface coverage of the islands (calculated with the ‘‘Bear-
ing” Nanoscope software tool) is 0.09 ± 0.03. On the other hand,
from the intensity ratio of the Ag 3d and Ti 2p XPS peaks, and con-
sidering the height of the aggregates obtained from AFM images, a
surface coverage of Ag islands on TiO2 of 0.09 ± 0.02 can be esti-
mated. For this estimation the effective attenuation lengths for
the Ag 3d electrons on Ag, and Ti 2p electrons on Ag and on TiO2

were extracted from the NIST database [56]. Therefore, there is
agreement between AFM (local technique) and XPS (average tech-
nique) as regards the Ag island coverage after 24 h.

In order to elucidate the structure of the aggregates we have
prepared Ti/TiO2 samples incubated in AgNP solutions for shorter
times. For incubation times of 45 min it can be seen that aggregates
do not fully cover the titanium surface. The regions covered by
AgNPs show smaller aggregates than for 24 h (Fig. 2c). Moreover,
some lines can be seen in the image due to the fact that, although
care was taken to use low applied forces in the repulsive regime,
the tip removes a few loosely attached nanoparticles from the is-
lands while scanning the sample. More important, a detailed anal-
ysis of some of the islands reveals that they are formed by
individual citrate-capped AgNPs (Fig. 3c).

In fact, from cross section analysis, interesting information can
be obtained about the size of adsorbed nanoparticles (Fig. 3e).
Assuming that the tip and the AgNPs have similar radii (and con-
sidering spherical nanoparticles, as revealed by TEM), it is possible
to roughly estimate the size of the adsorbed individual NPs by
using the equation rc = 2

p
(Rr) [57], where rc is the measured ra-

dius, and R and r are the tip and individual NP radii, respectively.
If we consider rc = 20 nm (as obtained from Fig. 3e), then the size
of individual NPs is about 10 nm, in reasonable agreement with
TEM results, considering that AFM also measures the citrate cap-
ping (�1 nm), and that there is some aging of the employed AgNPs
(Fig. 1c). This is also the height obtained from the cross sections in
Fig. 3e. Therefore from our results we can conclude that the aggre-
gates consist of individual AgNPs, as reported for thiol-capped
AuNPs spontaneously adsorbed on HOPG [58], which do not show
significant Ostwald ripening once on the surface.

Evidently, the stability of the 3D aggregates is relatively strong,
since they can be imaged by contact AFM without removing them
with the tip by using relatively soft cantilevers and low applied
forces. As regards the possible interactions involved in the forma-
tion of AgNP aggregates on the surface, it is clear that the adsorp-
tion of NPs and the formation of aggregates should be influenced
both by nanoparticle-TiO2 surface and nanoparticle–nanoparticle
interactions.

From AFM images it is clear that after 24 h the formed aggre-
gates are one order of magnitude wider than higher (see Fig. 3b
and d), which implies that AgNP–TiO2 surface interactions are
stronger than nanoparticle–nanoparticle interactions. While the
contribution of van der Waals interactions [59] cannot be disre-
garded, it is well-known that carboxylic acids adsorb on oxide-cov-
ered surfaces [60,61]. In particular, it has been proposed that
carboxylic acids form surface complexes on oxidized titanium sur-
faces [62]. This strong interaction could be responsible for the high
stability of our citrate-capped AgNPs on the oxidized titanium sur-
face. In fact, XPS data of Ti/TiO2 immersed in a citrate solution
shows the typical C 1s signal at 289 eV assigned to carboxylate spe-
cies (Fig. 4), indicating that these ions spontaneously adsorb on the
oxide surface. We have performed additional XPS measurements
with Ti/TiO2 modified with AgNPs whose citrate capping has been
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replaced by a polysorbate coating and have compared the results
with those of citrate-capped AgNPs (both nanoparticle solutions
had the same concentration). What we found is that the Ag/Ti ratio
is always larger for citrate-capped AgNPs (approximately seven
times larger). Thus, it is reasonable to attribute the AgNP–TiO2 sur-
face interaction to the citrate capping.

Since the height of the islands as imaged by AFM involves sev-
eral nanoparticle layers, it is evident that also nanoparticle–nano-
particle interactions are involved in island stabilization. In this case
we can speculate that, in addition to the contribution of van der
Waals forces between citrate chains (as it has been proposed for
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Fig. 3. In air contact AFM images of AgNP-modified titanium substrates. (a) 30 � 30 lm2 and (b) 12 � 7.4 lm2: the nanoparticle aggregates entirely cover the Ti surface after
24 h incubation. (c) High resolution AFM image (760 � 760 nm2): individual AgNP can be clearly observed after 45 min incubation. (d) Cross section of (b) showing the height
of the NP aggregates. (e) Cross sections (i and ii) of (c) showing the measured size and height of the individual nanoparticles.
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Fig. 4. High resolution XPS C 1s spectrum of a Ti/TiO2 surface immersed in a 17 mM
citrate solution for 24 h. The small peak centered at �289 eV corresponds to
carboxylate species.
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adsorption of gold nanoparticles on HOPG [58]) hydrogen bonds
should play a role in the formation of the AgNP aggregates. In fact,
in the case of superlattices of carboxylic acid-capped gold nanopar-
ticles, hydrogen bonds have been proposed as the controlling inter-
action between the particle and the mediator that regulates
interparticle spacing [63].

From combined XPS and AFM data we have determined that
after 24 h the spontaneous adsorption of citrate-capped AgNPs re-
sults in the formation of 3D nanoparticle islands homogeneously
distributed on the Ti/TiO2 surface. Although several other methods
have been previously reported in the literature to modify titanium
or titanium dioxide surfaces with silver [41,64,65], ours is cheap,
straightforward and yields a surface homogeneously covered by
AgNP islands with very little effort. This strategy can thus be ap-
plied to modify Ti implant surfaces with no need for expensive
equipment or trained specialists.

3.3. Study of the antibacterial effect of the AgNP-modified substrates

We have employed a P. aeruginosa strain to study the biocide
activity of the AgNP-modified titanium substrates. P. aeruginosa
is a Gram-negative bacterium and is considered a model for biofilm
formation and pathogenesis [66]. In fact, P. aeruginosa exude an
important amount of extracellular polymeric material (EPM) which
can in part protect them from the bactericidal action of silver-mod-
ified surfaces. In addition, P. aeruginosa is an opportunistic micro-
organism that can cause severe, life-threatening infections and is
primarily a nosocomial pathogen [48]. While it rarely causes dis-
ease in healthy persons, it can cause urinary tract infections, respi-
ratory system infections and a variety of systemic infection in
immunosuppressed patients.

Fig. 5 shows in air AFM images of bacteria attached on control
(without AgNPs, Fig. 5a) and AgNP-modified Ti/TiO2 surfaces



(Fig. 5b) after 4 h of incubation in nutrient broth. Qualitative
inspection of the images shows that the number of attached bacte-
ria on control surfaces is greater than that found for AgNP-modified
substrates. This fact was confirmed by optical microscopy imaging
of the cells (Fig. 5d and e). EPM seems to form a physical barrier be-
tween the modified substrate and cells, in order to avoid contact
with toxic AgNPs. Similar biofilm structure and EPM production
has been previously reported for Pseudomonas fluorescens biofilms
on copper surfaces as a response to toxic copper products of corro-
sion [67]. It should be noted that the resulting biofilm is formed

Fig. 5. Images of P. aeruginosa (4 h incubation) attached on (a) control surface
(unfiltered AFM image, 50 � 50 lm2), (b) NP-modified surface (unfiltered AFM
image, 50 � 50 lm2), (c) NP-modified surface after 72 h exposure to bacteria
culture showing AgNP aggregates (arrows) (higher resolution unfiltered AFM
image, 8 � 8 lm2), (d) control surface (optical image) and (e) NP-modified surface
(optical image).

Fig. 6. Growing halo of P. aeruginosa coming from the surfaces after 24 h incubation in

Fig. 7. Percentage of viable bacteria on control and on AgNP-modified surfaces.
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both by both, bacteria from the broth and from duplication of the
cells attached to the substrate (daughter cells). Interestingly, the
nanoparticle aggregates remain adsorbed on the Ti/TiO2 surfaces
(small bright spots, see arrows, in Fig. 5c) even after having been
exposed to aqueous media for long periods of time (more than
72 h), as it can be observed in the AFM image showed in Fig. 5c.

As it has been previously reported [68], the investigation of the
antimicrobial activity of surfaces containing silver as a biocidal
agent is difficult because many silver compounds have low solubil-
ity in water, resulting in low concentrations of silver ions released
into the surrounding medium. Thus, routine agar diffusion mea-
surements tests (such as the Kirby–Bauer test) are not suitable
for that purpose.

We have therefore tested the efficiency as antimicrobial coating
of AgNP on Ti/TiO2 surfaces by checking the ability of attached bac-
teria to form colonies in agar. Bacteria attached to a surface are
able to duplicate, move and form colonies beyond the biofilm. Bac-
teria from the biofilm formed on the Ti/TiO2 surface move and col-
onize the surrounding agar area forming a halo. From growing halo
assays it is possible to have an indication about the viability of the
bacteria attached to the surface. Fig. 6 shows bacterial spreading
on agar plates from early stages of biofilm formation on AgNP-
modified (Fig. 6a) and on control (Fig. 6b) Ti/TiO2 substrates after
24 h incubation in nutrient agar. The measured values are
0.28 cm for the AgNP-covered substrate and 1.24 cm for the con-
trol substrate (Fig. 6). These results confirm that there are less via-
ble cells attached on AgNP-covered surface than on the control.
Additionally, the diffusion of silver ions from the AgNP-covered
substrate could also inhibit the growth of bacteria on the agar in
the vicinity of this substrate, reducing the halo area.

In order to obtain some quantitative information about the
effectiveness of our AgNP-modified Ti/TiO2 surfaces, we have car-
ried out viability assays with the LIVE/DEAD BacLight� viability
kit. Fig. 7 shows that the number of viable bacteria on AgNP-mod-
ified surfaces is smaller compared to those attached to control sur-
nutrient agar. (a) AgNP-modified Ti/TiO2 substrate. (b) Control Ti/TiO2 (no AgNPs).



faces. Moreover, the number of total cells (live and dead) found on
AgNP-modified surfaces represents only a 20 % of those attached to
control substrates (see Fig. 5d and e). Therefore, AgNPs on the tita-
nium surface are effective to hinder bacterial adhesion, also reduc-
ing the viability of the cells.

4. Conclusions

A simple, low cost and efficient method of modifying Ti/TiO2

surface with citrate-capped NPs is described and its biocidal effi-
cacy is demonstrated. Stable silver nanoparticles were synthesized,
which can be spontaneously adsorbed on Ti/TiO2 surfaces and are
stable on the surface after long periods of exposition to aqueous
medium. Citrate capping plays an important role in the interaction
of the AgNP with the TiO2 surface. The AgNP-modified surfaces are
efficient for bacteria growth inhibition and suitable for protecting
Ti surfaces of implants against pathogen colonization. The prepara-
tion of such AgNP-modified surfaces does not require expensive
equipment or trained lab specialists. This easy method for modifi-
cation of Ti/TiO2 surfaces could be also used to modify other oxide
surfaces with these or other nanoparticles, with interesting poten-
tial applications.
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