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bstract

he prevention and treatment of post-surgical infections is an ongoing concern. Post-surgical infections often cannot be treated with commercially
vailable antibiotic-loaded bone cement as because higher doses of antibiotics are required. We describe here an approach to prevent implant
nfection through the use of glass coatings combined with silver nanoparticles deposited by sedimentation and heat-treated at 980 ◦C on titanium
lloys. Silver is nontoxic to the human tissue and has been used as an anti-infective for centuries. The glass/silver coatings are composed of a
oda-lime glassy matrix containing silver nanoparticles ranging from 2.6 to 20 wt.%. Optimum firing conditions have been determined for the

abrication of coatings that adhere well to the metal implant. These final coatings do not crack or delaminate. The biocidal activity of these coatings
as also investigated. Coatings containing 20 wt.% of silver nanoparticles exhibited excellent biocidal activity (log η  > 5) against Gram+, Gram−
acteria, and yeast after 24 h.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Medical implants are becoming more common in industri-
lized societies as their population sage and life expectancies
ncrease. Around 25 million of Americans have at least one
edical implant.1 In 2003, more than 700,000 dental implant

rocedures were performed in the United States; more than 1.3
illion were performed in Europe.2 In 2006, it was reported

hat approximately 1 million artificial hips and knees were
eing implanted each year in the United States.3 Hip and knee
eplacements have a success rate of more than 90%, and dental
mplants fare better, at 90–95%.4 However, metallic implants are
rone to infections following surgery and are significant cause

5,6
f morbidity ; and billions of dollars are spent annually to
reat infectious diseases. Infections of the implants, very often
n the form of biofilm, are the most common of complications
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nd occur in 1–4% of cases.7 A biofilm is an accumulation
f microorganisms (bacteria, fungi, etc.) and cannot be easily
liminated from an implant. Despite the availability of excel-
ent (albeit toxic) antibiotics such as imipenem and tobramycin,

 joint replacement infection will often require removal of the
mplanted joint.8,9 Antibiotic-loaded cement is frequently used
hen revision surgery is necessary. However some clinicians
ave raised concerns about its cost, the risk of developing antibi-
tic resistant strains of bacteria, and the potential for long-term
echanical failure.10–15 While the percentage of failure for den-

al implants is very low – approximately 5% – it is typically
he result of infection, accelerated bone loss, or poor osseoin-
egration with loosening of the implant.4 Therefore, prevention
f biofilm formation around dental implants is important, as it
ay cause periimplantitis, an infection that constitutes the most

mportant risk for bone loss and affect the long time survival of
he implants.4
Because of their high strength, hardness, and superior fracture
nd fatigue resistance, metallic materials such as Ti-based alloys,
oCr-based alloys, or stainless steel are presently regarded as

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.053
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he materials-of-choice for load-bearing implant applications.
owever, strong metallic implants have well-documented fix-

tion problems and cannot self-repair or adapt like natural
one to changing physiological conditions. Metals have been
hown to generate adverse host responses as a result of wear
r electrochemical corrosion. Particle debris can provoke local
nflammatory and osteolytic responses, while electrochemical
orrosion may produce degradation products (e.g., metal ions)
hat may result in clinical failure of the implant or an undesirable
ystemic host response. The growing incidence of infections
ccurring after total knee or total hip replacement surgery
equires novel and effective antimicrobials. The need for these
s particularly great for prophylactic applications.

Silver has been used to treat infections for centuries and is
onsidered nontoxic to human tissue. Silver ions are capable
f killing a wide range of Gram negative and positive bacteria
nd strains commonly found following arthoplasty, including
ethicillin-resistant Staphylococcus  aureus  (MRSA) and other

ntibiotic-resistant bacteria. Surprisingly, the sequence of events
nd the mechanism(s) involved in killing bacteria with silver
ons while sparing human cells are not well-understood. There
s little scientific literature describing the use of silver coat-
ngs on implant surfaces to improve antimicrobial action, and

ost of it concerns the use of silver-loaded antibacterial bone
ement.16–19 New strategies to prevent infections are clearly
eeded. For example, it is possible to raise the antimicrobial
ctivity of the current metallic dental implants through surface
odifications either by applying novel ceramic coatings or by

atterning the implant’s surfaces with silver nanoparticles.20

The present work explores the feasibility of using glass, com-
ined with uniformly distributed silver nanoparticles, as novel
ntimicrobial coatings on Ti implants. The glass/silver coatings
re composed of a soda-lime glassy matrix containing silver
anoparticles in three concentrations: 2.6, 10, and 20 wt.%. The
xperiments were designed to evaluate the antimicrobial activ-
ty of these coatings, to determine their mechanical properties
adhesion to Ti6Al4V), and to optimize the glass/Ag composi-
ions.

Our findings provide valuable insight into the biocidal behav-
or of the coatings, and pave the way for future work aimed at
ptimizing the biological and mechanical performance of such
tructures.

. Materials  and  methods

.1.  Materials

The starting materials were (i) a commercial soda-lime glass
rom the SiO2–Na2O–K2O–CaO–MgO–B2O3 system with the
ollowing chemical composition (wt.%): 70.2 SiO2, 15.8 Na2O,
.1 CaO, 3.2 MgO 1.06, B2O3, 0.05 K2O, 1.71 Al2O3, 0.02
e2O3, and 0.86 others with a deformation point ∼668 ◦C and
ii) vitellinate/nAg (Batch n◦ 127, ARGENOL S.L.), which is
 protein of high molecular weight with a particle size distribu-
ion of d50 ≈  10 ±  2 nm. This sample was fully characterized in a
revious work21 by differential thermal analysis (DTA), thermo-
ravimetry (TG), X-ray diffraction (XRD), ultraviolet–visible

f
T
F
c
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bsorption spectroscopy (UV–vis spectroscopy), and transmis-
ion electron microscopy (TEM). The chemical analysis was
etermined by inductively coupled plasma (ICP) and was found
o be 20 wt.% of silver and 7.6 wt.% of sodium oxide.

In order to evaluate the role of silver in the wettability of
he silver doped glass, silver free glasses with sodium oxide
oncentrations equal to the corresponding glassy matrices of
he silver doped glasses were prepared as follows: (i) the glasses
ere prepared using reagent grade SiO2 (Cuarzos Industriales
.A., Santiago de Compostela), �-Al2O3 (Taimei Chemical Co.
td., Japan), H3BO3, Na2CO3, and CaCO3 (Sigma–Aldrich);

ii) the starting materials were mixed thoroughly and heated in
latinum crucibles at 850 ◦C for 1 h to favour decarbonation of
amples; and (iii) subsequently, they were melted at 1400 ◦C for

 h, and then quenched into water. All the obtained glasses were
ound to be transparent.

.2.  Coating

Silver-doped glass powders with varying silver concen-
rations (2.6, 10, and 20 wt.%) were obtained following a
imilar procedure as that described in the previous work.21

he soda-lime glass (<32 �m) and the corresponding fraction
f vitellinate/nAg were homogeneously blended in isopropyl
lcohol overnight under constant stirring at 30 rpm. After the sus-
ensions were dried at 60 ◦C for 4 h, the homogeneous mixtures
ere uniaxially pressed into pellets (Ø ∼ 10 mm) at 250 MPa.
ext, they were sintered in air in two steps; by heating at a rate
f 3 ◦C/min to 500 ◦C and to 725 ◦C, respectively, and hold-
ng for 1 h. Tubular electrical furnace and zirconia crucibles
ere used. The obtained glass/nAg pellets were milled down

o <32 �m in a planetary ball mill. These powders were fully
haracterized by XRD using a Bruker D8 diffractometer using
uK� radiation working at 40 kV and 30 mA in a step-scanning
ode from 5◦ to 70◦ with a step width of 0.0288◦ and a step

ime of 2.5 s, by scanning electron microscopy (SEM) (Hitachi
-4300) and transmission electron microscopy (TEM) (JEOL
XII at 200 kV). Optical absorption spectrum was measured in

 range from 200 nm to 800 nm, using a JASCO UV-Vis V-660
pectrophotometer to determine the surface plasmon resonance
f silver nanoparticles.

Cladding of Ti–6Al–4V plates (99.0% purity and
2.5 mm × 8.3 mm ×  1 mm) was performed by deposition
f these powders (0.2 g), with a particle size distribution of
50 = 11.56 ±  0.03 �m, from homogeneous suspension in ace-
one (20 mL) and subsequently air-dried at 40 ◦C. Afterwards,
he coated plates were heated in an argon atmosphere at 980 ◦C
or 1 h.

.3.  Characterization  of  the  coating

The sessile drop method has been chosen to study the contact
ehavior between the titanium alloy substrate and the dif-

erent coatings. Sessile drop experiments were performed on
i–6Al–4V plates in an argon atmosphere at 980 ◦C for 1 h.
or this purpose, pseudospheres (Ø ∼  10 mm) were made by
old isostatic pressed at 150 MPa, using the same silver-doped
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lass powders employed for the coatings. Similar experiments
ere carried out with the silver free glasses to clarify the role
f silver. Surface and cross-section morphology and composi-
ion of the coated samples were analyzed by scanning electron

icroscopy (SEM) coupled with energy dispersive spectroscopy
EDS) (Hitachi S-4300).

The interface Ti alloy/silver-doped glassy matrix was studied
y transmission electron microscopy (TEM) using a JEOL FXII
perating at 200 kV. Samples for TEM interface analysis were
repared by cutting cross-sections of the glass/alloy interface.
he sections were ground to a thickness of 80 �m and fixed into

 Cu mesh (3 mm of diameter). The disks were polished to less
han 20 �m and milled by argon-ion milling.

XRD analyses of these samples were carried out in a Bruker
8 diffractometer using CuK�  radiation working at 40 kV and
0 mA in a step-scanning mode from 10◦ to 70◦ with a step width
f 0.028◦ and a step time of 2.5 s. Microindentation tests were
erformed using a Buehler Micromet 5103 Digital Microinden-
ation Hardness Tester with Vickers indenter.

.4. Biocidal  activity  test
The antimicrobial benefits of the coatings were evaluated
gainst three different microorganisms: Escherichia  coli  JM110
Gram-negative bacteria), Micrococcus  luteus  (Gram-positive

v
s

ig. 1. (A) UV–vis spectra of (i) vitellinate/nAg and titanium alloy plates coated wit
atterns of titanium alloy coated with silver doped glasses: (i) 10 wt.% nAg and (ii) 2
ifferent concentration of silver: 2.6 wt.% nAg and 20 wt.% nAg, respectively.
n Ceramic Society 32 (2012) 2723–2729 2725

acteria) and Issatchenkia  orientalis  (yeast). The microorgan-
sms were incubated overnight at 37 ◦C in a suitable liquid media
i.e., Luria Bertani [LB] for E.  coli  and M.  luteus, or yeast
xtract dextrose [YEPD] for I.  orientalis). Before the experi-
ents, 10 �L from each culture were diluted into 1 mL of a

uitable media and cultured at 37 ◦C for 6 h. Subsequently, Ti
lloy plates coated with different silver-doped glasses (2.6, 10,
nd 20 wt.% nAg) were added. The following controls were
sed: a silver-free media (culture containing the corresponding
utrient and the microorganisms without the Ti plates) and Ti
lloy coated with silver-free glass (culture containing the corre-
ponding nutrient, microorganisms and glass coated plate). The
urvivals rates from each culture were counted after 24 h by plat-
ng serial dilution. At the end of the growing period, cells were
emoved by centrifugation and the release of silver to the fer-
entation broth was determined by inductively coupled plasma

ICP) (ICP Perkin Elmer mod. optima 2100 DV).

. Results

.1.  Coatings
The characterization by UV–vis analysis and TEM of the sil-
er doped glasses powders are shown in Fig. 1A, C and D. A
ize distribution of globular-shaped silver nanoparticles, ranging

h different silver doped glasses: (ii) 2.6 wt.% nAg and (iii) 20 wt.% nAg. XRD
0 wt.% nAg. (C and D) TEM micrographs of silver doped glass powders with
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section of Ti alloy/silver doped glass coating (2.6 wt.% nAg) are
displayed in Fig. 6A and B, respectively. TEM micrograph of
ig. 2. Contact angle versus the content of (A) silver and (B) sodium oxide in 

nsets correspond to glass-nAg (10 wt.% nAg) sessile drop (A), and silver free g
revious composition (B).

etween 3 and 50 nm, homogeneously distributed in the glassy
atrix, can be observed. XRD patterns of the titanium alloy

oated with: (i) 10 wt.% nAg and (ii) 20 wt.% nAg are shown
n Fig. 1B. In both cases, Bragg’s reflections corresponding to

etallic silver (i.e., 2θ  = 38.2◦, 44.4◦ and 64.6◦, JCPDS 87-
720) are clearly visible. The rest of the peaks can be assigned to
odium calcium silicates due to partial devitrification on cooling
f the glassy matrix. This effect is more significant in the sample
ith lower content of silver due to its higher fraction of glassy
atrix. The phase �-Ti is also identified in all the samples.
Coatings were characterized by different techniques. The

ontact angles of silver-doped glasses (2.6, 10, and 20 wt.%
Ag), as well as the corresponding glassy matrices on titanium
lloy substrates, were studied by the sessile drop method. Results
re shown in Fig. 2. Final concentration of sodium oxide in
he glassy matrix depends on the final concentration of silver
anoparticles; the starting vitellinate/nAg contains 7.6 wt.% of
odium oxide. With higher concentration of silver nanoparti-
les, the content of sodium oxide in the glassy matrix will also
ncrease.

To determine the fraction of �  phase as well as the mechanical
tability of the titanium alloy substrates, the Ti alloy plates were
ubjected to different thermal treatments at 980 ◦C, 1190 ◦C,
nd 1215 ◦C for 1 h in an argon atmosphere. After the ther-
al treatments, the fraction of �  phase in each Ti alloy plate
as determined by X-ray diffraction. Considering that the mass

bsorption coefficient (μ) in all the samples is the same and the
ngles of the selected peaks are very closed (2θ  ranges from
7◦ to 40◦), the fraction of �  phase can be quantified using the
quation described by Evans et al.22:

� = I�(1 1 0)

I�(1 1 0) +  I�(0 0 2) +  I�(1 0 1)
(1)

here I�(0 0 2), I�(1 0 1) and I�(1 1 0) are the area of the corre-
ponding peaks. The fraction of �  phase versus the temperature
f the thermal treatment is plotted in Fig. 3. The micrographs
orresponding to micro indentation prints after different heat

reatments are also included in Fig. 3.

The mechanical stability of the Ti alloy plates at room tem-
erature and heated at different temperatures was analyzed
easuring Vickers hardness by micro indentation tests. The

F
h
i
a

assy matrix on titanium alloy substrates at 980 C for 1 h in argon atmosphere.
ith a concentration of Na2O (i.e., 17.5 wt.%) equal to the glassy matrix of the

ickers hardness values were found to be (kg/mm2): 354.8 ±  7
or the plate at room temperature, 327.7 ±  8, 347.2 ±  10, and
75.0 ±  34 for the plates heated at 980 ◦C, 1190 ◦C, and 1215 ◦C,
espectively.

SEM micrograph of the cross-section of 2.6 wt.% nAg sessile
rop is shown in Fig. 4. Most of the silver nanoparticles are
ocated bathe liquid–vapor interface, leading to the formation of
ome agglomerates.

The SEM micrographs of the top surface of the different coat-
ngs are shown in Fig. 5. Silver particles are homogeneously
istributed. The sample with the highest silver content (i.e.,
0 wt.% nAg) exhibits some spherical agglomerates ranging
etween 1 and 5 �m in diameter.

The interface between the titanium alloy substrate and the
ilver-doped glass was evaluated by SEM-EDS and TEM of the
ross section. The thickness of all coatings was found to be
25 �m. SEM micrograph and SEM-EDS line analysis of cross
ig. 3. Content of � phase for titanium alloy substrates, at room temperature and
eated at different temperatures in argon atmosphere. Images of the indentation
mpressions on the Ti alloy plates at room temperature and heated at 980 ◦C and
t 1215 ◦C, respectively, are inserted.
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F
o

ig. 4. SEM micrograph of the cross section of Ti alloy/glass (2.6 wt.% nAg)
essile drop after treatment at 980 ◦C for 1 h in argon atmosphere.

he cross section of Ti alloy/silver doped glass coating (20 wt.%
Ag) is shown in Fig. 6C.

.2. Biocide  tests

The logarithm reduction (log η) has been used to characterize
he effectiveness of the biocide agent:

og η  =  log A  −  log B  (2)

here A  is the average number of viable cells from inoculum

ontrol after 24 h, and B  is the average number of viable cells
orm substance after 24 h. For all the coatings studied only the
ample with 20 wt.% silver nanoparticles was active against the

i

n

Fig. 5. SEM micrographs of titanium alloy plates coated with different silver d

ig. 6. (A) SEM micrograph of the cross section of Ti alloy/silver doped glass (2.6 w
f Ti alloy/silver doped glass (2.6 wt.% nAg) and (C) TEM micrograph of the cross s
n Ceramic Society 32 (2012) 2723–2729 2727

hree microorganisms tested, achieving a logarithm reduction
igher than 5, meaning complete disinfection (Fig. 7).

. Discussion

It is well known that silver nanoparticles display a surface
lasmon around 400 nm. The precise position and the shape of
he band depend on the environment of the nanoparticles and also
n their size and shape.23–25 As shown in Fig. 1A, absorption
ands of silver-doped glass powders (2.6 and 20 wt.% nAg) are
arrower in comparison with vitelinate/nAg, which could be
ttributed to the rupture of soft agglomerates present in the raw
aterial (vitelinate/nAg). In the case of the sample with 20 wt.%

Ag, the absorption band is wider than 2.6 wt.% nAg, due to
he higher content of silver in the glassy matrix as well as the
oarsening of silver nanoparticles.

To evaluate the suitability of these glasses to coat titanium,
e performed the measurements of contact angle as a func-

ion of glass composition and silver content. Lower contact
ngles would favor the formation of thin, homogeneous and
table coatings. Increasing sodium content in the glasses has

 negligible effect on wettability (Fig. 2B).26 However, the sil-
er nanoparticles have very strong effect and at the 10 wt.% Ag,
he contact angle decreased in half, to 60◦ (Fig. 2A). This cannot
e attributed to the observed Ag segregation to the solid–liquid
nterface, as this would decrease the corresponding interfacial
nergy and increase the obtuse contact angle of the liquid. This
nterface, where it alloys with the metal (Fig. 6B).
All the coating fabrication was performed at 980 ◦C, where

o degradation of the Ti alloy is expected. At the coating

oped glasses: (A) 2.6 wt.% nAg, (B) 10 wt.% nAg and (C) 20 wt.% nAg.

t.% nAg), (B) elemental line analysis (calibrated EDS) along the cross section
ection of Ti alloy/silver doped glass (20 wt.% nAg).
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Fig. 7. Images after biocide test. The numbers stand for (1) control culture
composed by nutrient and microorganisms, (2) culture with Ti alloy plate, (3)
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ulture with Ti alloy plate coated by glass and (4) culture with Ti alloy plate
oated by silver doped glass (20 wt.% nAg).

emperature of 980 ◦C, the Ag particles are molten and they coa-
esce to form micron-sized spheres. The contact angle of molten
g on oxides is relatively high (>90◦),27 therefore during the
ensification of the coatings the melt is unstable in the porous
pace due to high contact angle and is exuded from the glass
oward the solid–liquid and liquid–vapor interfaces.28

The molten silver that is exuded to the glass/Ti interface
ill alloy with the metal, while the glass also reacts with the

ubstrate to form silicides. According to Ti–Ag and Ti–Si–Ag
hase diagrams,29,30 at 980 ◦C, �-Ti (ss), Ti3Si, and TiAg are
olid-state compatible compounds, which can be formed at the
nterface. The EDS analysis (Fig. 6B) confirms the presence of
i and Ag at the interface. The interfacial layer provides good

nterfacial adhesion26; and as a consequence, a good joining
f the glass/Ti substrate was observed, as shown in the TEM

icrograph of Fig. 6C.
The exudation of silver toward the surface of the coating

avors its contact with the surrounding media, and a minimum

u
1
(

n Ceramic Society 32 (2012) 2723–2729

mount of silver is needed to have a measurable biocidal effect.
nly the plates coated with the highest concentration of silver
anoparticles (i.e., 20 wt.% nAg) were active against the three
icroorganisms tested, in the conditions in which the experi-
ents were carried out. One of the main advantages that offers

he incorporation of silver nanoparticles into a glassy matrix is
hat silver release rate is regulated in a controlled manner, pro-
iding long-term antibacterial characteristics. The release rate
s directly dependent to the overall rate on glass degradation.
n this way, an excessive release of the metal is avoided, oth-
rwise it could be toxic. The concentrations of silver in the
upernatant solutions after the biocide tests were ∼10 ppm for
ll the microorganisms studied. This value is lower than that of
he toxic limit for osteoblasts (30 ppm),31 which is important if
he coatings are to be used on orthopedic implants. If the sil-
er nanoparticles were exposed directly on the surface without
nything that enabled a controlled release, the total released sil-
er could not be in the acceptable cyto-/biocompatible range.
ome examples of cytotoxicity can be found in the literature,
.g., Zhao et al.32 introduced different concentrations of silver
anoparticles into titania nanotubes. They concluded that the
amples showed some cytotoxicity and further works to control
he silver release were required. Song et al.33 showed that at
igh silver concentration (0.21–0.45 wt.%) the coatings exhibit
ytotoxicity.

Further studies about the prevention of biofilm formation on
he obtained glass-nAg coatings on Ti–6Al–4V alloys are in
rogress and will be the subject of a future publication.

. Conclusion

On the basis of the results obtained in the present investiga-
ion, the following conclusions can be drawn:

. A mechanically stable soda-lime coating (∼25 �m thickness)
containing silver nanoparticles, ranging from 2.6–20 wt.%,
on Ti–6Al–4V substrates were obtained by a simple sedi-
mentation process at 980 ◦C in an Ar atmosphere.

. The coating containing 20 wt.% of silver nanoparticles has an
excellent biocidal activity (log η  > 5) against Gram+, Gram−
bacteria, and yeast. This raises the possibility for its appli-
cation on titanium-based implants, such as dental and hip
implants.

. The silver lixiviation from the coatings after the biocide tests
was found to be ∼10 ppm for three studied microorganisms.
This amount is below the toxic limit for human osteoblasts
(∼30 ppm).
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