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Infections associated with implanted medical devices are a major cause of nosocomial infections, with
serious medical and economic repercussions. A variety of silver-containing coatings have been proposed
to decrease the risk of infection by hindering bacterial adhesion and biofilm formation. However, the
therapeutic range of silver is relatively narrow and it is important to minimize the amount of silver in
the coatings, in order to keep sufficient antibacterial activity without inducing cytotoxicity. In this study,
the antibacterial efficiency and biocompatibility of nanocoatings with minimal silver loading
(�0.65 nmol cm�2) was evaluated in vitro and in vivo. Titanium substrates were coated by grafting mer-
captododecylphosphonic acid (MDPA) monolayers followed by post-reaction with AgNO3. The MDPA/
AgNO3 nanocoatings significantly inhibited Escherichia coli and Staphylococcus epidermidis adhesion and
biofilm formation in vitro, while allowing attachment and proliferation of MC3T3-E1 preosteoblasts.
Moreover, osteogenic differentiation of MC3T3 cells and murine mesenchymal stem cells was not
affected by the nanocoatings. Sterilization by ethylene oxide did not alter the antibacterial activity and
biocompatibility of the nanocoatings. After subcutaneous implantation of the materials in mice, we dem-
onstrated that MDPA/AgNO3 nanocoatings exhibit significant antibacterial activity and excellent biocom-
patibility, both in vitro and in vivo, after postoperative seeding with S. epidermidis. These results confirm
the interest of coating strategies involving subnanomolar amounts of silver exposed at the extreme sur-
face for preventing bacterial adhesion and biofilm formation on metallic or ceramic medical devices with-
out compromising their biocompatibility.

� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Infections associated with the insertion or implantation of med-
ical devices (e.g. catheters, stents, fracture fixation devices, dental
implants, joint prostheses or cardiac pacemakers) are a major
cause of nosocomial infections, with serious medical consequences
and huge socioeconomic repercussions [1–3]. Device-related infec-
tions are usually due to colonization by opportunistic bacteria that,
taking advantage of the decreased body defenses, are able to irre-
versibly attach and grow on the biomaterial surface, eventually
forming bacterial biofilms. Bacterial biofilms can be defined as
‘‘structured communities of bacterial cells enclosed in a self-pro-
duced polymeric matrix’’ [4], and they have been found on most
indwelling medical devices [4,5]. Bacteria in biofilms exhibit a dra-
matically increased resistance to host defenses or antibiotic treat-
ments [2,3,6], which makes the treatment of biofilm infections on
implants very difficult, requiring in most cases the removal of the
contaminated device.
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Fig. 1. Schematic illustration of the surface modification of a titanium substrate by
a MDPA SAM, followed by post-reaction with AgNO3.
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Therefore, it is crucial to prevent bacterial biofilm formation,
and much attention has been devoted to the design of biomaterials
with infection-resistant surfaces. Rather than developing new
types of biomaterials, the most commonly used approach is based
on the surface modification of existing biomaterials by a coating,
which can be either passive (antifouling coating able to hinder bac-
terial adhesion) or active (bactericidal coating, able to kill bacteria
on contact before the establishment of the biofilm). Various types
of antibacterial coatings have been proposed, including polymers,
hydrogels, polyelectrolyte multilayers, self-assembled monolayers,
grafted antimicrobial peptides or antibiotics, calcium phosphate or
sol–gel coatings, and grafted metallic nanoparticles. Several arti-
cles reviewing this field have recently been published [7–12].

Among the different types of coatings that can be used to pre-
vent biofilm formation on inorganic substrates, self-assembled
monolayers (SAMs), or more generally organic monolayers,
obtained by chemisorption of organic molecules present interest-
ing features. SAMs are nanometric coatings, with thicknesses in
the 1–3 nm range depending on the size of the chemisorbed mol-
ecules. Although the majority of studies concerns model substrates
such as gold or oxidized silicon surfaces, SAMs can be formed on all
inorganic biomaterials (metals, ceramics or glasses) by choosing
the appropriate head function (e.g. thiol, trialcoxysilane, carboxylic
or phosphonic acid) [13–16]. The terminal groups in SAMs are
located at the extreme surface, allowing precise control of surface
properties with a minimal amount of organic molecule
(<1 nmol cm�2), simply by varying the nature and repartition of
these end-groups.

Most examples of antibacterial monolayers concern passive
SAMs terminated by hydrophilic groups such as oligoethylene gly-
col or zwitterionic groups [17–24]. There are also several examples
of active bactericidal SAMs, which are based either on terminal cat-
ionic groups [20,25,26] or on terminal complexing groups such as
carboxylate, thiol or bipyridine groups, able to bind antimicrobial
metal ions such as silver or copper ions [22,27–29]. Additionally,
SAMs or more generally functional monolayers have been used
as intermediate layers for, among other things, the anchoring of
antibiotics [30] antimicrobial peptides [31] or silver nanoparticles
[32,33].

Silver ions (Ag+) are a well-known broad-spectrum bactericide
exhibiting bactericidal or bacteriostatic activity at very low con-
centrations [34]. Coatings containing Ag+ or silver nanoparticles
(acting as a reservoir of Ag+) are increasingly used in medical
devices such as wound dressings and catheters and their antibac-
terial activity is well established [11,35]. It is usually assumed that
the toxicity of Ag+ against human cells is lower than against bacte-
ria. However, recent studies suggest that the toxic effect of Ag+

toward bacteria and human cells occurs in the same concentration
range [35,36]. It is thus important to minimize the amount of silver
in the coatings, in order to keep sufficient antibacterial activity
without inducing cytotoxicity [37,38].

In a previous work, we have reported the formation of antibac-
terial monolayers on titanium and stainless steel substrates, by
surface modification with a phosphonate monolayer in two steps:
(i) deposition of a thiol-terminated SAM by immersion of the sub-
strate in a mercaptododecylphosphonic acid (MDPA) solution
(grafting by formation of Ti–O–P bonds); (ii) post-modification of
the thiol end-groups by silver nitrate to form silver thiolate end-
groups (Fig. 1). The silver content in these SAMs is limited by the
maximum density of a SAM (�5 phosphonate molecule nm�2)
and is thus extremely low (<1 nmol or 0.1 lg Ag cm�2) compared
to most other Ag-containing coatings reported in the literature.
Despite this low Ag content, the adhesion of Escherichia coli, Staph-
ylococcus aureus, Staphylococcus epidermidis and Pseudomonas aeru-
ginosa to coated metal surfaces was strongly decreased and the
growth of a biofilm was inhibited for several days [27],
demonstrating that minimal amounts of silver localized at the
extreme surface could confer interesting antibacterial properties
to metallic biomaterials.

In the present work we further confirmed the interest of these
silver-modified SAMs as antibacterial coatings for titanium-based
medical devices, by demonstrating, after sterilization by ethylene
oxide (EO), their in vitro and in vivo antibacterial activity, as well
as their nontoxicity in vitro toward osteoblasts and mesenchymal
stem cells (MSCs), which are cells of the bone microenvironment,
and their in vivo biocompatibility after subcutaneous implantation
in mice.
2. Materials and methods

2.1. Ti substrates and chemical compounds

Ti substrates (99.7%, Aldrich, 0.127 mm thick) of 18 � 18 mm2

were used for water contact angle measurements and in vitro bac-
terial adhesion and biofilm assays. The size of samples for in vitro
cytotoxicity was 10 � 10 mm2. Ti discs (10 mm in diameter) were
used for X-ray photoelectron spectroscopy (XPS) analysis, in vivo
biocompatibility and antibacterial testing. Additionally, time-of-
flight secondary ion mass spectrometry (ToF-SIMS) analysis and
in vitro LIVE/DEAD tests were performed using 1 mm thick,
10 � 10 mm2 Ti substrates (grade 2, Titane Services, France).

Pentane (VWR), absolute ethanol (VWR), HPLC-grade water
(ACROS), chloroform (VWR) and silver nitrate (Sigma–Aldrich,
>99.8%) were used as received for the grafting and washing proce-
dures. MDPA was prepared according to the literature [39]. Silver
nitrate (AgNO3, Sigma–Aldrich, >99.8%) was used as received.

2.2. Surface modification

The Ti substrates were first washed by sonication in a pentane
bath for 5 min, then dried and treated in an UV–O3 reactor for
30 min per face in order to remove the physisorbed organic spe-
cies. The cleaned substrates were modified by immersion in a
degassed absolute ethanol solution of 1 mM MDPA for 48 h, in
the dark and at room temperature, then rinsed with absolute eth-
anol, water and chloroform, and dried for 2 min under an argon
flow. The resulting samples grafted by MDPA (hereinafter denoted
as Ti-SH) were next immersed for 2 h in a degassed aqueous solu-
tion of 1 mM AgNO3 in the dark at room temperature, to form the
silver thiolate-modified Ti substrates (hereinafter denoted as Ti-
SAg), then rinsed with absolute ethanol, water and chloroform,
and dried for 2 min under an argon flow. Samples were kept under
argon and protected from light at 4 �C for 1–2 months before ster-
ilization by EO and/or use in biological assays.

2.3. Sterilization procedure

The Ti-SAg samples were sterilized by EO in an autoclave at
45 �C for 3 h and packaged individually (Steriservice Bernay,
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France). The sterilized non-modified and SAg-modified samples are
further labeled Ti EO and Ti-SAg EO, respectively.

2.4. Characterization techniques

Water contact angle measurements were performed on a GBX
Digidrop Fast 60 apparatus, using 2 ll drops of HPLC-grade water.
For each type of substrate two different samples were used, and 10
measurements were performed on both faces of each sample. The
values reported herein are the averages of the 40 values obtained.

XPS analysis was carried out using a Gammadata Scienta SES
2002 X-ray photoelectron spectrometer under ultra-high vacuum
(P < 10�9 mbar). The monochromated Al Ka source was operated
at a current of 30 mA and 14 kV, with a 90� nominal take-off angle
(angle between the sample surface and photoemission direction).
The samples were outgassed in several ultra-high-vacuum cham-
bers with an isolated pumping system and pressure control until
transfer to the analysis chamber. Nevertheless, they were analyzed
without further cleaning process and thus, the carbon contamina-
tion is still on the surface. Classical Scofield sensitivity factors were
used for peak-fitting procedures with CASAXPS software (version
2.3.14; CASA Software Ltd., Devon, U.K, www.casaxp.com): C1s
1.00, O1s 2.83, Ti2p 7.81, S2p 1.68, Ag3d 18.06 and P2p 1.19. All
lineshapes used in peak fitting procedures were a mix of 30%
Gaussian and 70% Lorentzian shapes.

ToF-SIMS analysis was performed by using a TOFSIMS 5 (ION-
TOF GmbH, Münster, Germany), with a primary ion source of liquid
Bi, an energy of 25 keV, an analysis area of 100 � 100 lm2 and a
depth of <1 nm. A Reflectron detector for the ToF was used at a
P < 10�6 mbar. The use of a very weak primary ion current (static
SIMS) makes it possible to limit the analyzed depth (2 or 3 first
atomic layers) and also to limit the fragmentation (enable surface
molecular analysis). Precautions were taken during handling of the
samples to prevent contamination. Hence, the samples sent for
analysis were covered in aluminium foil and conditioned under
argon.

2.5. Cell culture

Primary MSCs were isolated from C57BL/6 mice and fully char-
acterized previously [40]. The C3-Luc MSC clone stably expressing
the firefly luciferase was derived from C3H10T1/2 murine MSCs as
already described [41]. Primary and C3-Luc MSCs as well as the
pre-osteoblastic cell line MC3T3-E1 were maintained in prolifera-
tive medium consisting of Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 2 mM glutamine, 100 U ml�1 penicil-
lin, 100 lg ml�1 streptomycin and 10% fetal calf serum (FCS).

2.6. Cell proliferation and cytotoxicity assays

MC3T3-E1 cells were seeded at 1 � 103 cells cm�2 and treated
with MDPA or/and AgNO3 diluted in proliferative medium. Cell
number was determined with a counting analyzer (Beckman Coul-
ter). MC3T3-E1 cells were also seeded at 1 � 103 cells cm�2 on cell
culture treated polystyrene plastic surface (PS), or on plates of Ti,
Ti-SAg or Ti-SAg EO placed in dishes with ultra-low attachment
surface. Cell counts were determined as above.

2.7. Osteogenic differentiation

MC3T3-E1 and MSCs were seeded at 3 � 103 cells cm�2 in pro-
liferative medium and grown for 7 days until confluence. These
were then changed to osteoinductive medium consisting of DMEM
supplemented with 10% FCS, 2 mM glutamine, 100 U ml�1 penicil-
lin, 100 lg ml�1 streptomycin, 50 lg ml�1 ascorbic acid and 3 mM
sodium dihydrogen phosphate. Control cells were maintained in
proliferative medium. Medium changes were performed every 3–
4 days.

At day 21 post-seeding, differentiation was evaluated by mea-
suring the expression of osteogenic markers by real time reverse
transcription polymerase chain reaction (RT-PCR). Osteogenic dif-
ferentiation was further assessed by quantifying alkaline phospha-
tase activity and by revealing the presence of calcific deposition
using Alizarin Red S staining. Alkaline phosphatase activity was
measured in cell supernatants diluted 1/100 in 0.05 M pH 9.5 gly-
cine/NaOH buffer. 100 ll of sample was mixed with 200 ll of para-
nitrophenylphosphate at 1 mg ml�1 in glycine/NaOH buffer. After
30 min incubation at 37 �C, the optical density (OD) was read at
405 nm in a spectrophotometer. Alizarin Red S staining was carried
out as follows. Cells were rinsed three times with phosphate buf-
fered saline (PBS), fixed in 95% ethanol for 30 min, washed twice
with distilled water, incubated for 5 min in a 2% pH 4.2 Alizarin
Red S aqueous solution, and rinsed five times with distilled water.
Snapshots were taken and samples were then treated for 15 min
under agitation with 10% cetylpyridinium chloride (Sigma–
Aldrich) in PBS to solubilize the dye. The OD was read at 562 nm
in a spectrophotometer.

2.8. Fluorescence microscopy

Cells were trypsinized and labeled using the fluorescent lipo-
philic cationic indocarbocyanine dye CM-DiI following the manu-
facturer’s recommendations (Invitrogen) and plated on cell
culture dishes containing or not Ti substrates. After 16 h, the red
emission of adherent cells was visualized by fluorescence micros-
copy (Zeiss Axiovert 200 M).

2.9. RNA extraction, reverse transcription and real time RT-PCR

Total RNA was isolated using RNeasy mini kit (Qiagen) and
reverse-transcribed using a GeneAmp Gold RNA PCR Core kit
(Applied Biosystems). Real-time RT-PCR (RT-qPCR) was performed
using LightCycler 480 SYBR Green I Master mix and real-time PCR
instrument (Roche). PCR conditions were 95 �C for 5 min followed
by 40 cycles of 15 s at 95 �C, 10 s at 64 �C and 20 s at 72 �C. For each
reaction, a single amplicon with the expected melting temperature
was obtained. Primer pairs were designed using the web-based
applications Primer3 and BLAST at the National Center for Biotech-
nology Information, and were as follows: 50-CTGAGTCTGA-
CAAAGCCTTC-30 and 50-GCTGTGACATCCATACTTGC-30 for the
bone gamma carboxyglutamate protein/osteocalcin (Bglap) gene,
50-ACAGTCCCAACTTCCTGTGC-30 and 50-ACGGTAACCACAGTCC-
CATC-30 for the Runt-related transcription factor 2 (Runx2) gene,
and GCTGTTGACGCTAGACGAGA-30 and 50-ATCTTCAGGCCC
AGGATGTA-30 for the ribosomal protein S9 (Rps9) gene. Expression
of the housekeeping gene encoding Rps9 was measured for nor-
malization. The threshold cycle (Ct) of each amplification curve
was calculated by Roche’s LightCycler 480 software using the sec-
ond derivative maximum method. The relative amount of a given
mRNA was calculated using the DDCt method.

2.10. Adhesion assay

Bacterial adhesion and biofilm assays were performed using
two different reference strains: E. coli ATCC 25922 and S. epidermi-
dis ATCC 12228 purchased from AES Chemunex. The inhibition of
bacterial adhesion was investigated in a static system. 300 ll of a
bacterial culture diluted to an OD600 of 0.5 was added into the
wells of six-well culture plates containing 3 ml of Mueller–Hinton
broth. The final bacterial concentration in each well was �105 col-
ony forming units per ml (cfu ml�1). The samples were immersed
in the wells and incubated for 2 h at 37 �C. Following incubation,

http://www.casaxp.com


Table 1
Atomic percentages and ratios derived from XPS analysis for MDPA/AgNO3-coated Ti
sterilized by ethylene oxide (Ti-SAg EO).

C (at.%) S (at.%) P (at.%) Ag (at.%) C/S P/S Ag/S

Ti-SAg EO 36.4 ± 2.6 1.4 ± 0.3 1.9 ± 0.3 1.1 ± 0.3 26.0 1.3 0.8
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the samples were rinsed three times with 500 ll of sterile saline
(NaCl, 0.9% w/v) to remove non-adherent bacteria. The loosely
adherent bacteria were removed by vortexing and sonication in
sterile saline and the bacteria in the resulting suspensions were
counted by serial dilution and plating onto Luria agar. The strongly
adherent bacteria remaining on the samples were transferred by
blotting each side of the samples 15 times successively onto pre-
dried Luria agar plates. Colony counts were performed following
an overnight incubation at 37 �C. The total population of viable
adherent bacteria was obtained by adding the two values [42].

2.11. Biofilm assay

Bacterial biofilms were grown on the surface of the samples in a
static system. Overnight cultures grown in Mueller–Hinton broth
were diluted to an optical density OD600 of 0.5. The different sam-
ples were placed vertically in a 12-well plate containing 2 ml of
Mueller–Hinton growth medium, and 200 ll of the bacterial sus-
pension in PBS was added. Only PBS was added to the wells con-
taining the control samples. The plates were incubated statically
for 72 h at 37 �C with 5% CO2. Under these conditions a thick bio-
film formed on the bare substrates at the air–liquid interface.
The substrates were then washed three times with 500 ll of sterile
PBS to remove non-adherent bacteria. The density of biofilm was
assessed using colorimetry as follows. The adherent bacteria on
the samples were stained with crystal violet (0.1%, 10 min). The
plate was then vigorously washed three times with water, and
the crystal violet was dissolved in 300 ll of DMSO by pipetting
up and down. Absorbance was read at 600 nm using a microplate
reader (Multiskan Ascent, Thermo Electron, St Herblain, France).
The OD values reported were obtained by subtracting the OD mea-
sured for pure DMSO.

2.12. LIVE/DEAD assays

Viability of adherent bacteria was assessed using the LIVE/DEAD
BacLight bacterial viability kit (Invitrogen). Bacterial suspensions
(OD600 = 0.05, �1 � 105 cfu mL�1) were prepared. The Ti substrates
were immersed in wells containing the bacterial suspension and
incubated for 2 h at 37 �C. The samples were then rinsed three
times with PBS and the remaining adherent bacteria were stained
with the LIVE/DEAD reagents for 15 min at room temperature in
the dark as recommended by the manufacturer. The samples were
then washed three times with PBS to remove non-specific stain
[30]. The live (green) and dead (red) adherent bacteria on the sub-
strates were visualized by fluorescence microscopy.

2.13. Animals

For all the in vivo experiments SCID/Bg and DBA/1 mice were
grown in our animal facility and cared for according to the Labora-
tory Animal Care Guidelines. The protocol was approved by the
Committee on the Ethics of Animal Experiments in Languedoc-
Roussillon (CEEA-LR 36) (Permit No. CEEA-LR-13010).

2.14. In vivo biocompatibility assays

Tolerance of non-modified Ti EO or functionalized Ti-SAg EO
implants was evaluated in immunocompetent DBA/1 mice after
subcutaneous implantation of 10 mm diameter discs in the back
of anesthetized mice. Mice were killed at either day 7 or day 21
after implantation. Tissues surrounding implants were fixed in
4% formaldehyde solution for 24 h and processed for routine his-
tology. Sections (3 lm) were deparaffinized and hydrated before
staining with hematoxylin and eosin solution.
2.15. In vivo bioluminescence imaging

Ti or Ti-SAg discs were subcutaneously implanted in SCID/Bg
mice. Before implantation, the discs were seeded with 2 � 106

C3-Luc cells and incubated at 37 �C for 5 h. As control, SCID/Bg
mice were subcutaneously injected with 2 � 106 C3-Luc cells in
100 ll of PBS. Mice were monitored using noninvasive, whole-
body imaging of luciferase activity and a cooled charge-coupled
device (CCD) camera (NightOWL LB Berthold Technologies). Ten
minutes before analysis, mice were injected intraperitoneally with
300 ll of luciferin (Promega, Charbonnieres, France) at 10 mg ml�1

in PBS and anesthetized. Photon emission was recorded for 10 min
and signal intensities were quantified using the WinLight Software
(Berthold Technologies). Background intensity was obtained from a
non-luminescent area of similar size, and was subtracted from the
luminescent signal intensity.

2.16. In vivo antibacterial activity assay

Ti EO or Ti-SAg EO implants were subcutaneously implanted in
DBA1 mice. After implantation of the discs and suture of the skin,
1 � 104 cfu of S. epidermidis in 50 ll of PBS were injected onto the
implants. The mice were killed at day 14. Discs were recovered,
placed in 1 ml sterile PBS, vortexed and crushed with a sterile scal-
pel. The bacteria in the resulting suspensions were counted after
serial dilutions and plating. 100 ll of each dilution were cultured
on different specific agar media (Chapman, blood agar, Drigalski)
for a maximum of 7 days at 37 �C to ensure optimal growth of
the colonies, then the colonies were counted.

In parallel, the discs were immersed in Mueller–Hinton broth
media and incubated overnight at 37 �C. This procedure is used
to verify the absence of bacteria when none are detected by plat-
ing. A Vitek 2 automated system (bioMérieux) was used for bio-
chemical identification of all isolates growing on the agar media,
in order to verify that no unwanted contamination occurred during
implantation or explantation.

2.17. Statistical analysis

Statistical analysis was performed using the GraphPad Software
(San Diego, CA). Values are given as mean ± SEM. Comparison
between several groups used two-way ANOVA followed by Bonfer-
roni post-test. Statistical significance was set up at P < 0.05.

3. Results

3.1. Characterization of EO-sterilized coated substrates

The surface of the Ti-SAg EO sample was characterized using
water contact angle, XPS and ToF-SIMS measurements. The average
water contact angle value for Ti-SAg EO (93 ± 2�) was identical to
the value for Ti-SAg samples (92 ± 3�) [27]. XPS analysis of Ti-SAg
EO indicated the presence of the expected elements P, C, S and
Ag on the Ti surfaces. The atomic surface composition is given in
Table 1. The P/S and Ag/S ratios were consistent with the theoret-
ical ratio of 1, expected for the formation of silver thiolate groups
(Fig. 1). The C/S ratio was significantly higher than the theoretical
ratio of 12, indicating a contamination by hydrocarbons. The high-



Table 2
Peak fitting parameters and per cent peak areas for the S2p high-resolution spectra of
Ti-SAg EO sample.

Sample BEa (eV) FWHMb (eV) % Area Attribution

Ti-SAg EO 162.2 2.0 17 Silver thiolates
164.0 1.5 19 Thiols, disulfides
168.2 2.0 64 Oxidized sulfur species

a Binding energy.
b Full width at half-maximum.
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resolution S2p scan (Fig. 2A) showed doublet S2p peaks (S2p1/2 and
S2p3/2) with a split of 1.2 eV and a 2:1 peak area ratio. Deconvolu-
tion showed the presence of three different doublets, at about
168.2, 164.0 and 162.2 eV, ascribed respectively to oxidized sulfur
species (likely linked to silver, e.g. RSOxAg), unbound thiol or disul-
fide (SH or SS) groups and silver thiolate (SAg) species, respec-
tively. The percentage of each species is given in Table 2. The
surface composition of the Ti-SAg EO sample showed a lower per-
centage of RSAg species and a higher percentage of RSOx species
compared to our previous report [27]. EO is not an oxidant [43],
and thus this high level of oxidized species has to be related to
the high sensitivity of silver thiolate bonds to oxidation [44,45].
In the present work, due to delays imposed by the sterilization pro-
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in our former work. In the case of dodecylthiol SAMs on silver,
Schoenfisch and Pemberton found that nearly 50% of silver thiolate
bonds were converted to sulfonate species after exposure to ambi-
ent air for 1 week [44]. Traces of ozone in ambient air were identi-
fied as the primary oxidant. The Ag3d XPS peaks are not sensitive
to the degree of oxidation of Ag [46,47], and in spite of the various
silver environments (SAg, SOxAg) suggested by the S2p spectrum,
the high-resolution Ag3d spectrum of Ti-SAg EO (Fig. 2B) showed
a single doublet (Ag3d5/2 and Ag3d3/2) at a binding energy of
367.7 eV (Ag3d5/2), similar to the binding energy reported for Ag0

or Ag+1 in Ag2S (367.8 eV), bulk silver (368.2 eV), layered silver
dodecylthiolate (368.2 eV), or silver colloids capped by a dod-
ecylthiol monolayer (368 eV) [46].

ToF-SIMS analysis was used to provide qualitative information
on the species present at the outermost surface of the samples.
The surface of non-modified Ti samples was contaminated by var-
ious hydrocarbons (ions CxHy

�) and N-containing compounds (ions
CxHyN+, CxHyOzNt

+), but also by oxidized sulfur species (ions SOx
�) as

well as oxidized phosphorus species (ions POx
�, CaPO2

+). Halogens
(Cl�, F�, Br�, I�), alkali metals (Na+, K+) and alkaline earth metals
(Ca+, Mg+) were also detected. The main Ti-containing ions, charac-
teristic of the substrate, were 48Ti+ (m/z 47.95), 48HTi+ (m/z 48.96),
TiO+ (m/z 63.94) or HTi2O5

� (m/z 176.87). Importantly, no silver
was detected on the unmodified Ti samples. The Ti-containing ions
were much less intense in the spectra of Ti-SAg EO, due to the
masking effect of the coating, whereas numerous Ag- and/or S-con-
taining ions were detected. Ion fragments characteristic of the
MDPA/Ag monolayer are listed in Table 3. In positive mode, the
spectrum of Ti-SAg EO (Fig. 2C) showed that the surface was con-
taminated by N-containing compounds (ions CxHyN+ and CxHyOz-

Nt
+). The presence of Ag at the extreme surface of the samples

was attested by the numerous Ag-containing ions detected. In
these ions, silver is often bonded to sulfur (Agx

+ and SxAgy
+ ions).

The high intensity of ions containing several Ag atoms (with char-
acteristic patterns due to the two main Ag isotopes 107Ag and
109Ag) suggests the presence of Ag–Ag bonds in addition to SAg
bonds. Low-intensity fragments characteristic of MDPA were also
detected, such as C2H5S+ (m/z = 61.01). The spectrum in negative
mode of Ti-SAg EO showed abundant sulfur-containing ions, often
combined to silver. In addition, a contamination by iodine (I� ion at
m/z 126.90) and bromine (79Br� ion at m/z 78.92, overlapped by
PO3
� at m/z 78.96 and 79Br� ion at m/z 80.97) was detected. This

contamination led to various Ag-containing ions with characteris-
tic isotope patterns, such as AgI2

� (doublet at m/z 360.74 and
362.71), SAgI� (doublet at m/z 265.78 and 267.78), AgBr2

� (quadru-
plet between 264.74 and 268.84), SAgBr� and SHAgBr� (overlap-
ping triplets between m/z 217.79 and 222.85).
Table 3
Characteristic secondary ions containing S and/or Ag atoms detected at the surface of
the Ti-SAg EO sample.

Negative ions Positive ions

Attribution m/z Attribution m/z

S� 31.97 C2H5S+ 61.01
SH� 32.98 (107Ag)+ 106.91
S(107Ag)� 138.88, C2H4S(107Ag)+ 166.91
HS(107Ag)� 139.89 (107Ag)2

+ 213.81
S107Ag79Br� 217.80 H(107Ag)2

+ 214.82
HS107Ag79Br� 218.80 (107Ag)3

+ 320.72
S2

107Ag79Br� 249.77 S(107Ag)3
+ 352.69

107Ag79Br2
� 264.74 HS(107Ag)4

+ 460.60
S107AgI� 265.78 (107Ag)5

+ 534.53
107Ag79BrI� 312.73 S(107Ag)5

+ 566.50
S107Ag2

79Br� 324.70 S2(107Ag)5
+ 598.47

107AgI2
� 360.72

S107Ag2I� 372.69
Therefore, after EO sterilization and storage, the MDPA/AgNO3

nanocoatings can be described as phosphonate monolayers
terminated by different sulfur species (sulfonate, thiol/disulfide,
thiolate) interacting with silver ions and small silver clusters or
polymers.

3.2. In vitro antibacterial activity of coatings

Sterilization of medical devices is compulsory for clinical appli-
cations. Sterilization by EO is a well-known sterilization method,
well suited to sensitive medical devices [43]. In order to evaluate
the influence of EO sterilization on the antibacterial activity of
the MDPA/AgNO3 coatings, we examined the bacterial adhesion
after 2 h and the biofilm formation at 3 days on unmodified and
modified Ti substrates, without or with EO sterilization, using
two bacterial strains: E. coli ATCC 25922 and S. epidermidis ATCC
12228. For both strains, the adhesion assay (Fig. 3A) showed that
the antibacterial efficiency of the coating was maintained after
EO sterilization. The number of viable adherent bacteria on the
coated samples (Ti-SAg and Ti-SAg EO) was decreased by at least
3 orders of magnitude as compared to the uncoated Ti substrates
(Ti and Ti EO). Similarly, the density of biofilm (Fig. 3B) on Ti-
SAg and Ti-SAg EO was �80% lower for both bacterial strains than
on Ti and Ti EO substrates.

Further information on the mechanism of action of the MDPA/
AgNO3 coating was obtained by monitoring the viability of the
bacteria adhering to the samples after incubation for 2 h (LIVE/
DEAD assay). Irrespective of the bacterial strain, fluorescence
microscopy images (Fig. 3C–F) showed that the Ti EO samples
were completely covered by a dense layer of live adherent bacte-
ria (green fluorescence). Conversely, no viable adherent bacteria
were detected at the surface of the Ti-SAg EO samples, which
showed only a few non-viable adherent bacteria (red fluores-
cence), indicating that the MDPA/AgNO3 coating not only killed
adherent bacteria but also prevented adhesion of dead bacteria.
These results confirm the significant antibacterial activity of the
MDPA/AgNO3 coating and demonstrate that this activity is fully
maintained after EO sterilization.

3.3. Cytotoxicity of AgNO3 and/or MDPA solutions

The antibacterial monolayers described here involve the use of
MDPA and AgNO3. The cytotoxicity of MDPA or/and AgNO3 in solu-
tion was evaluated by measuring their effect on cell growth using
the established cell line MC3T3-E1. These cells are derived from
newborn mice calvaria [48] and are commonly used as an
in vitro model of osteoblast development [49]. The first test con-
sisted in the quantification of cells after 4 days of culture in med-
ium containing increasing concentrations of MDPA, AgNO3 or a
mixture of both compounds. This dose–response analysis indicated
that AgNO3 was strongly toxic at 3 mg l�1, but not at lower concen-
trations (Fig. 4A). MDPA showed no toxicity up to 3 mg l�1 when
used alone. Interestingly, MDPA/AgNO3 mixtures showed lower
toxicity at 3 mg l�1 than AgNO3 at the same concentration. Time-
course analyses confirmed these findings: at 3 mg l�1 AgNO3 was
toxic as early as day 1 and significantly at day 4 (Fig. 4B), while
MDPA/AgNO3 mixtures were less toxic than pure AgNO3. At
1 mg l�1 (Fig. 4C), no toxicity was noted, independently of the com-
pound and of the time.

3.4. Adhesion and proliferation of MC3T3-E1 on Ti substrates

In a second step, the potential cytotoxicity of the coating was
directly assessed by seeding MC3T3-E1 cells on the different Ti sub-
strates. Data indicated that MC3T3-E1 cells proliferated equally well
at the surface of Ti, Ti-SAg, Ti-SAg EO and cell culture treated
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Fig. 3. Influence of the MDPA/AgNO3 monolayer and of EO sterilization on bacterial adhesion and biofilm formation. (A) Number of viable adherent bacteria after incubation
for 2 h. ⁄P < 0.05 vs. Ti. (B) Biofilm density quantified by colorimetry after incubation for 72 h. ⁄P < 0.05 vs. Ti. (C–F) Viability of adherent bacteria assessed by fluorescence
imaging: (C) Ti EO + E. coli 25922, (D) Ti EO + S. epidermidis 12228, (E) Ti-SAg EO + E. coli 25922 and (F) Ti-SAg EO + S. epidermidis 12228.

Fig. 4. Effect of MDPA and AgNO3 solutions, and of MDPA/AgNO3 coating on the growth of MCT3T3 cells. (A) Cells were cultured for 4 days with increasing concentrations of
compounds as indicated (symbols are described on the right of panel C). Cell number is expressed as percentage of that found in untreated control. ⁄P < 0.05 vs. control. (B)
Effect of 3 mg/L of MDPA or/and AgNO3 on cell growth. ⁄P < 0.05 vs control. (C) Effect of 1 mg l�1 of MDPA or/and AgNO3 on cell growth. (D) Cell proliferation on plastic dishes
(PS), uncoated Ti (Ti), MDPA/AgNO3-coated Ti (Ti-SAg) or sterilized Ti-SAg (Ti-SAg EO). (E) Fluorescence microscopy images showing cultures at day 4. Scale bar = 100 lm.
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polystyrene (Fig. 4D) during a 6-day period. Fluorescence micros-
copy (Fig. 4E) showed that the cells had adhered to and spread over
the various Ti substrates and the cell culture treated polystyrene
surface in a similar way, indicating the non-harmful effect of the
monolayers, before or after EO sterilization, toward MC3T3-E1 cell
proliferation.
3.5. Osteogenic differentiation on Ti substrates

We next investigated whether the surface modification of Ti
interfered with osteogenic differentiation. To this purpose,
MC3T3-E1 cells and murine MSCs were seeded on the different
substrates and cultured in osteoinductive medium. Cells cultured
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in proliferative medium on tissue culture treated plastic dishes
served as undifferentiated control. For both cell lines, expression
of the osteogenic markers Osteocalcin and Runx2 was up-regulated
after culture on non-modified and on modified Ti substrates to a
similar or sometimes higher degree as compared to culture on
plastic dishes (Fig. 5A). Furthermore, EO sterilization of the modi-
fied Ti substrate did not alter the capacity of cells to commit oste-
ogenic differentiation (Fig. 5A). To further evaluate differentiation
of MSCs into osteoblasts, we examined their capacity to mineralize
and produce alkaline phosphatase activity. When the cells were
cultured in differentiation medium, calcium deposits appeared on
all substrates as shown by Alizarin Red S staining (Fig. 5B). Spectro-
photometry indicated that mineralization occurred as efficiently
on Ti-SAg EO substrate as on unmodified Ti (Fig. 5C). The cells also
produced similar levels of alkaline phosphatase activity on both
substrates (Fig. 5D). These data show that neither the coating nor
the EO sterilization procedure affected the differentiation and min-
eralization processes.

3.6. In vivo cytocompatibility of functionalized Ti discs

We then investigated the in vivo cytocompatibility of sterilized
Ti samples. To evaluate the survival of cells in contact with unmod-
ified or functionalized Ti discs, we used the C3-Luc MSC line that
expresses the luciferase gene. After subcutaneous implantation of
discs coated with C3-Luc cells in SCID/Bg mice, the bioluminescent
signal was monitored at different time points. As a control, C3-Luc
cells were injected subcutaneously in SCID/Bg mice. Photon emis-
sion, which is related to the luciferase activity of C3H-Luc and is
proportional to the number of live cells, was recorded as pseudo-
color images (Fig. 6A). Quantification of the luminescent signals
revealed that at day 1, the signal from injected C3-Luc cells in
the control was significantly higher than the one measured with
the cells seeded on the Ti discs (Fig. 6B), but there was no differ-
ence whether the discs were functionalized or not. From day 2 to
day 4, the luminescent signals decreased, indicative of cell death.
Nevertheless, the signal intensities were similar in the control
and implanted groups of mice, indicating that the survival of cells
was not affected by contact with the implants and demonstrating
the cytocompatibility of Ti-SAg EO functionalized samples.

3.7. In vivo tolerance of functionalized Ti discs

Tolerance of immunocompetent mice to subcutaneous implan-
tation of Ti EO or Ti-SAg EO discs was assessed after 7 and 21 days.
Macroscopic examination of tissues surrounding the implants
revealed the presence of connective and fat tissues after 7 and
21 days (Fig. 7A, B). The surrounding connective tissues appeared
vascularized with little indication of residual inflammation. Tissues
adhering to the implants were then processed for routine histology
and hematoxylin/eosin staining. Histological analysis confirmed
the presence of mostly fibrous and fat tissues, as well as blood ves-
sels at day 7, in mice implanted with Ti EO or Ti-SAg EO implants.
In some locations, mild signs of inflammation were observed but
no severe immune response due to implant rejection was recorded
(see arrows, Fig. 7C, D). At day 21, similar observations were made
for both types of implants (data not shown). Accordingly, both
Ti-SAg EO and non-modified Ti EO implants were well tolerated.

3.8. In vivo antibacterial activity of Ti-SAg EO implants

The antibacterial activity of the MDPA/AgNO3 coating was then
evaluated in vivo. Ti EO and Ti-SAg EO discs were implanted subcu-
taneously in the back of immunocompetent mice. Then 1 � 104 cfu
of S. epidermidis in 50 ll of PBS were injected directly onto the disc
surface. After 14 days, quantification of viable adherent bacteria
on the discs (Table 4) indicated the presence of numerous
S. epidermidis bacteria on the uncoated Ti EO discs whereas very
few bacteria were retrieved on the coated Ti-SAg EO discs. The more
than 500-fold reduction in the number of viable adherent bacteria
found demonstrates, under the conditions used here, the excellent
antibacterial efficiency of the MDPA-AgNO3 monolayers in vivo.
4. Discussion

The major result of this study is that nanocoatings based on
MDPA monolayers post-functionalized by AgNO3 and sterilized
by EO exhibit excellent antibacterial activity and biocompatibility,
both in vitro and in vivo. This finding underlines that a minimal
amount of silver located at the outermost surface of a biomaterial
can confer significant antibacterial activity, even in vivo, while
avoiding any toxicity issues.

Silver is the most used antiseptic agent in antibacterial coatings
due to its broad antibacterial spectrum, inhibition of bacterial
adhesion and low risk of bacterial resistance [7,8,11,35]. Several
in vivo studies have demonstrated that silver-containing coatings
may help reduce the risk of infection on implants [50–54]. How-
ever, the biocompatibility of silver-containing coatings is still
debated, particularly in the case of silver nanoparticles (Ag NPs).
For instance, Zhao et al. [55] and De Giglio et al. [56] reported some
cytotoxicity toward osteoblasts of coatings incorporating Ag NPs.
Conversely, Liu et al. found that Ag NPs in PLGA films promoted
proliferation and maturation of preosteoblasts in vitro [53]. These
discrepancies are probably due to the fact that the amount of silver
ions released from Ag NPs, and thus their antimicrobial activity
and cytotoxicity, depends on several factors, including the size
and shape of the nanoparticles, their capping chemistry, the cul-
ture conditions, and the bacterial strain or cell line. In most cases,
the total silver loading in silver-containing antibacterial coatings is
much higher than the toxic level for human cells. Accordingly, the
silver ion release must be carefully tuned in order to ensure suffi-
cient antibacterial activity while avoiding toxicity to mammalian
cells [38,52,57–60]. Alternatively, the loading of silver in the film
can be decreased to ensure that even if all the silver was released
in the medium, the level toxic for mammalian cells cannot be
reached.

In our approach, the amount of silver in the coating is limited by
the initial amount of thiol groups in the MDPA monolayer: one
thiol group can react with one Ag+ ion only, as confirmed by the
experimental Ag/S ratio measured by XPS, which is close to 1. Thus,
based on the typical density of alkylphosphonic acid molecules in
SAMs (4 ± 1 molecule nm�2) [61,62], the maximum silver loading
in our coating is estimated to be �0.65 ± 0.15 nmol cm�2 or
70 ± 20 ng cm�2. To understand the origin of the biocompatibility
of the MDPA/AgNO3 monolayer, we evaluated the cytotoxicity of
AgNO3 solutions on preosteoblasts: a significant cytotoxic effect
was observed at 3 mg l�1 (17.8 lmol l�1), but no toxicity was found
for a concentration of 1 mg l�1 (6.0 lmol l�1). If all the silver pres-
ent at the surface of our samples (2 cm2) was released in the med-
ium (0.5 ml) during the in vitro cytotoxicity assay, the maximum
silver concentration would be 2.6 ± 0.5 lmol l�1 (0.28 ± 0.6 ppm)
and should not lead to any cytotoxicity. It is thus not surprising
that the MDPA/AgNO3 monolayers did not hinder the adhesion
and proliferation of MC3T3-E1 or alter the capacity of MC3T3-E1
cells and MSCs to commit osteogenic differentiation. Importantly,
these monolayers did not modify the in vivo biocompatibility of
Ti implants, as shown using a longitudinal analysis of luciferase-
expressing cells in direct contact with the implants and by histo-
logical examination of the retrieved implants.

Despite their very low silver loading and although the S–Ag
bonds were largely oxidized to SOx–Ag during storage, the



Fig. 5. Osteogenic differentiation on Ti plates. MC3T3 cells and MSCs were cultured in differentiation medium either on plastic dishes (PS) or on uncoated Ti (Ti), MDPA/
AgNO3-coated Ti (Ti-SAg) or sterilized Ti-SAg (Ti-SAg EO). Cells cultured on PS in proliferation medium served as undifferentiated control. (A) Expression of osteocalcin and
RunX2 was analyzed by RT-qPCR. (B) Alizarin Red S staining of MSCs showing calcium deposits (orange-red color). Bar = 1 cm. (C) Quantification of solubilized Alizarin Red S
staining. (D) Alkaline phosphatase activity secreted by MSCs. ⁄P < 0.05 vs. PS in proliferation condition or between two substrates when indicated by a bar.
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MDPA/AgNO3 coatings efficiently inhibited bacterial adhesion and
biofilm formation of both E. coli and S. epidermidis strains. LIVE/
DEAD staining indicated the presence of a low density of dead bac-
teria at the surface of the coated samples, suggesting that the
MDPA/AgNO3 coating killed adherent bacteria but also prevented
bacterial adhesion, presumably by damaging bacteria before adhe-
sion to the coated surface. Importantly, we found a significant
in vivo antibacterial effect of the MDPA/AgNO3 monolayer, with a
more than 500-fold reduction in the number of S. epidermidis bac-
teria recovered after a 2 week period on the coated implants com-
pared to uncoated implants. Owing to the limited stability of
phosphonate monolayers as well as silver thiolate bonds in biolog-
ical media [27,63], and considering their extremely low silver con-
tent, these monolayers are not intended to provide long-term
protection against bacteria. However, the present results indicate
that MDPA/AgNO3 monolayer could be used on medical devices



Fig. 6. Cytocompatibility of sterilized uncoated (Ti EO) or MDPA/AgNO3-coated (Ti-
SAg EO) Ti discs. C3-Luc cells were cultured on the surface of Ti EO or Ti-SAg EO
discs for 5 h and implanted subcutaneously into SCID/Bg mice. As a control, C3-Luc
cells were injected subcutaneously. Survival of cells was evaluated by in vivo
bioluminescence imaging. (A) Representative picture obtained at day 1 post-
injection. (B) Survival of C3-Luc cells as measured from day 1 to day 4 after
implantation. Data are expressed as mean fluorescence intensity in photons
s�1 ± SEM, ⁄P < 0.05.

Fig. 7. Biotolerance of sterilized uncoated (Ti EO) or MDPA/AgNO3-coated (Ti-SAg
EO) Ti discs. The discs were implanted subcutaneously into DBA1 mice for 7 or
21 days and tissue surrounding the implants were processed for histology. (A)
Representative macroscopic view of Ti EO and Ti-SAg EO discs (left and right,
respectively) at day 7 after implantation. (B) Same Ti-SAg EO disc as in (A), at higher
magnification. (C) Representative histological image of tissues adjacent to Ti EO
discs after hematoxylin/eosin staining at day 7 (magnification �5). (D) Represen-
tative histological image of tissues adjacent to Ti-SAg EO discs after hematoxylin/
eosin staining at day 21 (magnification �5). Arrow: mild signs of inflammation.

Table 4
Number of viable adherent bacteria found on the Ti EO and Ti-SAg EO substrates
14 days after implantation, suture and subcutaneous injection of �104 cfu of S.
epidermidis ATCC 12228 on the substrate.

Sample Mouse No. of colonies (cfu per sample)

Ti EO A 6.3 � 104

B 1.8 � 104

C 3.5 � 104

D 8.1 � 104

E 2.2 � 104

Ti-SAg EO F 20
G 0
H 0
I 30
J 0
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to hinder microbial adhesion and biofilm growth at the device sur-
face in the first few days following implantation, thus favoring tis-
sue integration in the ‘‘race for the surface’’ [64].

A few recent publications have also evidenced the in vitro anti-
bacterial efficiency of coatings involving submicrogram amounts of
silver per cm2. These coatings were based on completely different
approaches, and the antibacterial efficiency was not investigated
in vivo. For instance, Agarwal et al. [37] described antibacterial poly-
meric thin films (<100 nm) prepared by layer-by-layer deposition
and loaded with as little as 0.39 ± 0.03 lg cm�2 of silver that were
bactericidal for S. epidermidis, leading to a 6 log10 reduction in the
number of viable bacteria in suspensions contacted for 8 h with
the films. The films with a silver loading of 0.39 ± 0.03 lg cm�2 were
not cytotoxic, allowing attachment and growth of murine fibroblasts
(NIH-3T3) cells, whereas films with only slightly higher loadings
(>0.58 ± 0.04 lg cm�2) showed measurable cytotoxicity. Pallavicini
et al. [33] investigated monolayers of Ag nanoparticles anchored to
glass substrates via a mercaptopropyltrimethoxysilane layer, with
a total silver loading of 0.357 lg cm�2. They found a 5 log10 reduc-
tion in the number of viable bacteria (E. coli and S. aureus) contacted
for 24 h with modified glass substrates, even though the Ag release
was very slow, reaching only �15% of the initial Ag amount after
19 days. However, they did not investigate the cytotoxicity of their
coatings. Marsich et al. [65] described a nanocomposite antimicro-
bial coating formed by a chitosan derivative and Ag NPs. Coatings
on thermosets with a surface silver content of 0.096 ± 0.031 lg cm�2

showed good anti-bacterial and anti-biofilm activity, with a 6 log10

reduction in the number of viable bacteria (E. coli and S. aureus)
seeded on the substrates after 3 h incubation. In vitro tests showed
that the coating did not hamper differentiation of mesenchymal
cells in osteoblasts under osteogenic conditions, and in vivo tests
showed good biological compatibility of the coated materials when
implanted in bony tissue.

The results obtained in the present study confirm the interest of
coating strategies involving very low amounts of silver in thin films
to prevent bacterial colonization on implants while ensuring good
biocompatibility. We show in addition that a routine (standard)
sterilization procedure used for medical devices did not affect
the biocompatibility and antibacterial properties of our monolayer.
Moreover, our monolayer retained a significant antibacterial
efficiency in vivo, indicating the viability of this approach for
clinical applications.

5. Conclusions

In this study, the antibacterial efficiency and biocompatibility of
monolayers based on the grafting onto titanium substrates of
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MDPA self-assembled monolayers post-reacted with AgNO3 was
demonstrated in vitro and in vivo. In vitro, the MDPA/AgNO3 mon-
olayers significantly inhibited E. coli and S. epidermidis adhesion
and biofilm formation while allowing attachment and proliferation
of MC3T3-E1 preosteoblasts. After sterilization by ethylene oxide
and storage under argon, XPS and ToF-SIMS showed that the nano-
coatings can be described as phosphonate monolayers terminated
by different sulfur species (sulfonate, thiol/disulfide, thiolate)
interacting with silver ions and small silver clusters or polymers.
Importantly, both antibacterial activity and biocompatibility were
maintained after sterilization. Osteogenic differentiation of MC3T3
cells and murine MSCs was not affected by the coatings. Further-
more, we demonstrated in vivo the excellent biocompatibility of
sterilized MDPA/AgNO3-coated Ti implants and their antibacterial
activity against S. epidermidis. These results may be ascribed to
the minimal silver loading (�0.65 nmol Ag cm�2) exposed at the
extreme surface of the monolayer. Phosphonic acid monolayers
can be used to modify a wide range of metallic and ceramic sub-
strates, simply by immersion in an ethanol or a water solution. This
approach can thus be readily extended to the prevention of bacte-
rial adhesion and biofilm formation on metallic (e.g. Ti alloys,
stainless steel or Co–Cr alloys) and ceramic (e.g. alumina, zirconia)
devices.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 3, 5, 6, and 7, are
difficult to interpret in black and white. The full color images can
be found in the on-line version, at doi:10.1016/j.actbio.
2014.12.020.
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