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Abstract

Bioactive glasses containing silver on their surface were produced by ion-exchange from dilute silver nitrate melts. This technique
allowed introducing Ag* ions only on the surface of the base glass while maintaining its bioactivity. The ion-exchanged glasses
were characterized by means of X-Ray diffraction, SEM observations and compositional analysis (EDS). The control of the Ag™
content on the surface, as well as its diffusion profile throughout the ion-exchanged layer, was obtained by a careful choice of the
ion-exchange parameters (temperature, time and silver concentration in the molten bath). A very good repeatability in the diffusion
profile and in the silver concentration throughout the ion-exchanged layer was achieved. In vitro tests were performed on the
ion-exchanged samples in order to verify their bioactive behavior (soaking in a simulated body fluid). On the soaked samples, the
precipitation of a hydroxycarbonate apatite layer (HCAp) was investigated. The amount of released Ag* into simulated body fluid

from the exchanged glass was detected by atomic absorption spectroscopy with heated graphite furnace (GFAAS).

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that silver and its compounds show
an antibacterial behavior,'™ due to the oligodynamic
activity of Ag™ ions.! Some papers'%~!3 reported about
in vitro and in vivo effects of electrically generated
silver ions. In vivo studies'®'3 showed that the use of
an anodic silver therapy is a good candidate for the
treatment of chronic bone infections or burns wounds.
Berger et al.'® reported that Ag™ ions generated at
an anode with weak direct current have a bactericidal
activity at low concentration without any detrimental
effects upon cultured cells. The behavior of bulk silver
and different coatings (PVD, electro- and electroless
deposited) in physiological saline solution and calf
serum, was investigated by Djokic and Burrell, by open-
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circuit potential measurements.! They concluded that
the antimicrobial activity of metallic silver is related to
the presence of silver oxide(s) on its surface.

On the other hand, comparative in vivo studies car-
ried out on silver pointed out the detrimental effect of
pure silver on the local microvascular system, due to the
cell toxicity showed by silver ions over a certain level of
concentration.>!*!> In vivo studies were also developed
on silver-coated external fixation pins, in order to eval-
uate both the bacterial adhesion?® and the clinical and
microbiological effects.* In these works, a high ability of
silver coatings to inhibit the early stages of bacterial
colonization, with a good control of infections around
the devices, was observed. Nevertheless, these clinical
studies revealed a not negligible increase of the silver
level in the blood and thus deeper evaluations of the
silver coatings effectiveness should be done.

More recently, several studies have been carried out
on the antimicrobial effects of some metal ions in
hydroxyapatite (HAp).'®!” In these studies the Ag™
substituted HAp demonstrated a good antimicrobial


http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.elsevier.com/locate/jeurceramsoc/a4.3d
mailto:serena.dinunzio@polito.it

2936 S. Di Nunzio et al. | Journal of the European Ceramic Society 24 (2004) 2935-2942

effect and, in the presence of low silver ions
concentration (<20 ppm), it does not loose its bio-
compatibility. From these studies, it came out that a too
high release of silver ions could be toxic for the human
body, whereas a better control of the Ag™ release from
the material could combine excellent bacteriostatic
activity and biocompatibility.

Considering glass materials some researchers focused
their efforts on the preparation of titanium phosphate
glasses and glass-ceramics with controlled Ag™ exchan-
geability in aqueous solution.'®2% Recently, the prepar-
ation by sol-gel method of antibacterial silica glasses?!
and 45S5 Bioglass® based bioactive glasses>?2*
containing Ag,O was also reported.

Bioactive glasses, when in contact with body fluids,
show a peculiar surface chemical reactivity, which leads
to the precipitation of a hydroxycarbonate apatite layer
(HCAp) on their surfaces.?>2% This latter layer provides
a strong chemical bond with the surrounding tissues.
The incorporation of silver ions into a bioactive glass
could be an effective way to prepare bone-bonding
devices that combine bioactive properties and an inhi-
bitory action against bacterial growth.?*

In order to produce silver-containing bioactive glas-
ses, the conventional melt-quenching method is not
effective to assure a reproducible silver ion distribu-
tion;?! this is the reason why up-to-date, only the sol-gel
method has been proposed in literature for this purpose.
However, the ionic diffusion in glasses can be success-
fully used aiming to modify their surface composi-
tion.?”?® Ion exchange from molten bath was
particularly studied in the last 20 years to produce
optical devices (glass waveguides).?°-3°

At this regard, different silicate glasses containing
sodium and potassium oxides have been investigated in
literature and their exchange ability has been evaluated
for several cations pairs (Cs*, Rb™, Li*, K*, Ag™).?®
The source of the exchanging ions was a mixture of
molten nitrate salts.3%3! An excellent repeatability in the

Table 1

diffusion profile and in the silver concentration
throughout the ion-exchanged layer was achieved.*°

In the present research work, the ion-exchange tech-
nique was applied (for the first time) aiming to produce
a bioactive glass with a silver-containing surface. The
aim of this research is to propose a simple, effective and
low cost technique to prepare, in a quick and repro-
ducible way, bioactive and antibacterial biomaterials.
Furthermore, this technique is particularly attractive as
can be applied directly to the final devices and can be
easily used on an industrial scale.

2. Experimental procedures

The glass used in this work belongs to the system
Si0,—Ca0-Na,O and will be named SCN from now on.
Its molar composition is the following one: 50.0% SiO»,
25.0% CaO, 25% Na,0.

It is considered a bioactive glass because it develops a
bonelike apatite layer on its surface when soaked in a
simulated body fluid with ion concentration similar to
those of human plasma.??> The in vitro apatite-forming
ability can be considered as a good screening test for the
in vivo bioactivity.?? SCN was prepared by melting the
starting components (SiO,, CaCOs3, Na,CO3) in a plati-
num crucible at 1600 °C for 1 h (Linn Elektronic 1800).
SCN was obtained by splat cooling the melt between
two copper sheets in order to avoid undesired crystal-
lization phenomena. The as obtained glass samples were
annealed at 450 °C in order to release any residual
internal stress and successively polished. The time and
temperature conditions of annealing were chosen on the
basis of the characteristic temperatures of the glass,
determined in a previous work.3*

In order to perform the ion-exchange, specimens of
about 10x10 mm? surface (1 mm depth) of the glass
were dipped in a molten bath of AgNO; and NaNOs. In
the following, the used bath content will be express as

Legend of the prepared samples, ion exchange conditions tested, silver surface concentration and thickness of the ion-exchanged layer measured on

the different samples

Sample Time (min) Solution composition Surface Ag Thickness of the surface
concentration (wt.%) exchanged layer (um)
H15 15 100 mol NaNOs : 5 mol AgNOj; (high silver content) 56 15
H30 30 - 20
H60 60 62 28
HI120 120 75 50
M15 15 100 mol NaNOs : 0.5 mol AgNO; (medium silver content) 51 15
M30 30 50 17
M60 60 - 22
M120 120 60 50
M240 240 72 53
L15 15 100 mol NaNOs; : 0.05 mol AgNOj; (low silver content) 36 13
L120 120 44 40
L240 240 46 52
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molar ratio (Table 1). Different samples were prepared
by modifying, step by step the ion-exchanging time and
the silver nitrate concentration in the molten bath.

The silver introduction in the glass surface was
obtained exchanging Na* for Ag™, by an equilibrium
process represented by the equation:3°

NaJr (glass) + AgJr (melt) = Ang (glass) + Na+ (melt)

Table 1 reports the 12 different exchange conditions
of the glass.

The samples will be named by using a letter (H, M, L)
related to the silver content in the salt bath (High,
Medium or Low) followed by a number corresponding
to the used ion-exchanging time (Table 1). The temper-
ature of the molten bath was constantly set at 380 °C.
This temperature was chosen according to some con-
siderations: it is above the melting points of both
AgNOj (210 °C) and NaNO; (310 °C), it can assure a
good flow of the molten salts (and thus a better temper-
ature control), it is below the characteristic temperatures
of the glass (T, =543 °C, T, =665 °C) [34], so any struc-
tural modification of the bulk due to heating is avoided.

The samples were analyzed by means of X-ray dif-
fraction (X’Pert Philips diffractometer) using the Bragg
Brentano camera geometry and the Cu-K, incident
radiation, and their surface morphology and composi-
tion were assessed by scanning electron microscopy
(Sem Philips 525 M) and energy dispersion spectrometry
(EDS Philips-EDAX 9100). In particular, for each
sample, the silver surface concentration was detected as
well as the thickness of the ion-exchanged layer. A silver
content around 3-5%.,, was chosen as the lower limit of
the ion-exchanged layer.

Furthermore, a micro-indentation test was conduced
in order to verify if the introduction of silver in the sur-
face layer causes modifications of its mechanical prop-
erties. A load of 100 g with a Vickers indentor was used.

In vitro tests were carried out by soaking the samples
in SBF. The SBF used in this work is the one proposed
by Kokubo and it mimics the inorganic salt composi-
tion of human physiological fluids.3>33 Its composition
is reported in Table 2. After soaking in SBF at 37 °C,

Table 2

Simulated body fluid according with Kokubo composition

Ton mM /1 Salt g/l
Na* 142.0 KCl 0.224
K* 5.0 CaCl, 0.2775
Ca*t 2.5 MgCl,-6H,O 0.305
Mg*™* 1.5 NaCl 7.99
Cl~ 147.8 NaHCO; 0.353
HCO3 4.2 K,HPO,4-3H,0 0.288
HPOZ 1.0 Na,SO4 0.07
SOy 0.5 TRIS® 6.057

4 Tri-hydroxymethil-methil-amine: (HOCH,);CNH,.

for periods up to 2 months (chosen according with the
observation of HAp growing on unmodified SCN), the
samples were tested by means of X-Ray diffraction,
SEM observation and compositional analysis (EDS), to
verify the precipitation of a HAp layer on their surfaces.
Ag™ leaching tests were carried out on a set of three
samples prepared at the best-assessed exchange condi-
tions. At this purpose, three samples of the L15 series
(named L15a, L15b and L15¢) and three samples of
the as done SCN (used as reference), each of them of the
same size and surface area (100 mm?), were soaked into
25 ml of SBF at 37 °C up 28 days. GFAAS analyses
were periodically performed by spiking 1 ml of SBF
from the soaking solutions. For comparative purposes
also the pure SBF (without any sample inside) was
analyzed.

3. Results and discussion

XRD analyses were performed to verify if the ionic
exchange process induced any crystallization process of
the glass. Furthermore, XRD analysis also allowed ver-
ifying the eventual presence of a metallic silver phase.
Fig. 1 reports the XRD patterns of samples L[240
(Fig. 1a), H15 (Fig. 1b) and H120 (Fig. lc). For the
used low bath concentration, the amorphous structure
of the glass was retained in every sample, even for long
ion-exchanging times (L240). On the other hand, on the
samples prepared by using the high bath concentration
(series H) the diffraction peaks of metallic silver were
detected as well as the amorphous halo. The presence of
metallic silver was found for every sample of series H.
Furthermore, for ion-exchanging times longer than 15
min, the crystallization of Na,Ca,SizOg took place. This
crystalline phase was already found when we previously
induced the crystallization of SCN and it was stated
that it does not cause any depletion of the material

bioactivity.34-37
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Fig. 1. X-ray diffraction patterns obtained on a L240 (a), H15 (b) and
H120 (c) samples.



2938 S. Di Nunzio et al. | Journal of the European Ceramic Society 24 (2004) 2935-2942

For series M, the presence of silver crystals has been
detected for ion-exchanging times higher than 60 min.
Yet, for this latter series, the crystallization of Na,Ca,.
Siz0y didn’t take place, not even for the longest ion-
exchanging times (M 120 and M240).

Silver crystals can be considered responsible of
the crystallization of the amorphous matrix well below
the T, as already reported in literature.-*

These results assess that by modifying the ion-
exchanging parameters, is possible to tailor the final
surface structure of these biomaterials.3°

The silver surface concentration detected via punctual
compositional analysis on the ion-exchanged samples is
reported in Table 3. As predictable, the silver surface
content is both dependent on the ion-exchanging time
and on the bath concentration and steadily increases
with them. More precisely, for each of the three differ-
ent bath concentrations (H, M, L) an almost linear
trend of the silver surface concentration versus the ion-
exchanging time was found (Fig. 2a).

The surface silver content can be remarkably lowered
by diluting the silver concentration in the bath, as
shown in table 1. At fixed times (15 min and 120 min),
the silver surface content is correlated to the bath con-
centration by a logarithmic trend (Fig. 2b). The final
silver content for the samples obtained using ‘“‘short”
ion-exchanging times (15-30—60 min) didn’t show any
remarkable difference. For this reason, samples of L
series were ion-exchanged only for one ‘“short” time (15
min) and for 2 “long” times (120 min and 240 min).
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Fig. 2. Silver surface concentration vs. exchanging time (a) and vs.
bath concentration (b).

However, as can be observed in Table 1, the ion-
exchanging time showed a remarkable effect on the total
thickness of the ion-exchanged layer, showing a linear
increase of it with the processing time. In fact, for the
three tested bath concentrations, the ion-exchanged
layer profiles are analogous, beginning with a thickness
of approximately 15 um for the shortest time (15 min)
and ending with an ion-exchange depth of about 50 um
for the highest time.

Amorphous SCN is a bioactive material and thus we
focused our efforts on series L samples which didn’t
show any crystallization phenomena. For the above
mentioned reason, on the lower bath concentration ser-
ies of samples, we carried out a more accurate study of
the composition profiles.

At this purpose, Fig. 3 depicts the Na and Ag con-
centration profiles for series L samples. As can be
observed, L15 profiles show a higher slope compared to
the ones found for L120 and L240 samples. This differ-
ence can be related to the shorter ion-exchanging time
and thus to the correspondent limited ions diffusion
path. Samples L120 and L.240 showed a more gradual

Table 3
Amount (mg) of introduced Ag into different samples belonging to the
low silver content series

Sample Surface area Glass weight Ag weight Ag/glass
[mm?] (mg)* (mg)° (Yow)

Ll5a 100 252.9 1.144 0.45
253.8

L15b 100 287.1 1.906 0.66
288.6

L15c 100 212.0 1.017 0.48
212.8

4 The weight indicated in Italic font refers to the sample before
exchange (Wtpefore). The one indicated in Regular font refers to the
sample after the exchange (Wtger).

® The amount of Ag" introduced in the glass was estimated by
difference between the sample weight before and after the exchange,
corrected for the atomic weight (aw) of Ag and Na, by the following
formula: g Ag in the glass =[(Wtpefore—Wlagier)/(aWAE—awNd)]- awAe,
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Fig. 3. Profile of the silver and sodium contents versus the surface
distance detected on the samples prepared by using the lowest saline
bath (L series).
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modification in the ions (Ag"™ and Na™) profiles and
thus they reflect a situation closer to the equilibrium
one. Considering each sample, a complementary trend
of the Na™ and Ag™ profiles can be observed. This lat-
ter observation, confirmed that the ions involved by the
ion-exchange process are Na® and Ag*. Table 3
reports the amount (mg) of introduced Ag into different
samples belonging to the low silver content series: the
global content of silver in the glass is very low (the
maximum value is 0.66%,,) if considering the entire
mass, but it must be underlined that almost all Ag™ ions
are concentrated on glass surface.

In Fig. 4, a back-scattered micrograph of sample H15
is reported. The lighter area in the right side of the pic-
ture corresponds to the ion-exchanged layer and a con-
stant thickness of it can be observed all over the sample.
The surface homogeneity all over the samples proves
that the chosen technique is suitable for the proposed
aims. The micro-indentation test on the ion exchanged
sample shows two cracks that propagate, from the
indent corners, parallel to the surface (Fig. 5a), reveal-
ing a compression state (that as known improves
mechanical resistance of the surface) due to the intro-
duction of silver ions in the surface layer. In fact Ag*
ions have larger size than Na™ ones. In the bulk of the
ion-exchanged sample, as well as in the unexchanged
one, the indent has not preferential ways of propagation
(Fig. 5b).

The bioactivity of the obtained glasses has been stud-
ied by means of in vitro tests, in order to investigate the
influence of the silver presence on their surface proper-
ties. The samples were soaked in SBF for different times
and then their surfaces were analysed by means of XRD
and SEM-EDS analysis.

Fig. 4. Micrograph obtained by observing the cross section of a H15
sample (Backscattering signal). The surface layer, exposed to the ion
exchange treatment, is evident on the right of the image as a brighter
region.

For comparison purposes the same analyses were
performed also on unmodified SCN glass. After 1
month soaking in SBF only a thin silica gel layer is
detected by XRD analysis (the amorphous halo of silica
gel, at about 20°, appears beside the halo of the glass, at
about 32°) and SEM observations on the glass surface.
After 2 months dipping in the solution, XRD patterns
indicate the formation of a thicker layer of silica gel
(only the halo at 20° is still present), SEM observation
shows the presence of small agglomerates of HAp and
EDS analysis confirmed an enrichment in Ca and P
content on the surface.

The presence of copious AgCl crystals was observed,
after soaking in SBF, on all the samples of H series.
These crystals are characterized by a cubic shape with a
dimension of some micrometers and cover most of the
samples surface. No evidence of Ca enrichment and P
presence as well as any apatite precipitation was found
on these samples, not even after 2 months of soaking.
So, it can be concluded that the bioactive behaviour of
glassy SCN is strongly affected by the deep chemical
modification of the surface induced by the ion-exchange

Fig. 5. Micro-indentations: (a) on SCN sample and (b) on L120 sam-
ple at about 30 um from the surface; microindentor loaded with 100 g.



2940

treatment performed in severe conditions (high silver
content in the bath). On the contrary, both M and L
series showed bioactive properties. The analysis of their
surfaces put in evidence both the presence of P and Ca
enrichment. Furthermore, precipitated apatite crystals
were observed on these samples as shown by the micro-
photograph reported in Fig. 6. The presence of AgCl
crystals was observed on every sample. This is probably
due to the quite low solubility of AgCl and to its fast
precipitation on the surface during the first stage of
soaking. It can be noted that generally, the apatite
crystal agglomerates covered the AgCl cubic phase.
Fig. 7 reports a magnification of hydroxyapatite
agglomerate on sample L.15 showing the typical globu-
lar morphology of precipitated hydroxyapatite. The
apatite crystalline structure couldn’t be investigated by
XRD analysis because of the overlapping of AgCl dif-

fraction peaks.

Fig. 6. Micrograph representing hydroxyapatite (a) and AgCl crystals
(b) formed on the surface of a L120 sample after soaking in SBF for 2

months (secondary electron signal).
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Fig. 7. Morphology of hydroxyapatite crystals grown on a L15

sample after 28 days soaking in SBF.
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The effect of different ion-exchanging times was
investigated by comparing L series samples, as shown in
Fig. 8 where EDS analyses performed at constant low
magnification were reported. By observing Fig. 8a, it is
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in SBF (layer a), on a L240 sample soaked for 1 (layer b) and 2

months (layer c) in SBF.
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evident that on L15 sample, the Ca and P content is
high, even after only 28 days in SBF.

Furthermore the Ca/P molar ratio measured on L15
sample is close to 1.67, the characteristic value for HAp.
On the other hand, the L240 sample showed a lower
bioactive ability, as can be observed by comparing Ca/P
and Ag/Cl peaks intensity among the different analyses
(Fig. 8b and 8c). It must be also underlined that the Ca
and P content on the surface of L240 sample, after two
moths soaking, is lower than that of L15 sample after
only one month soaking.

The leaching tests performed on the pure SBF and on
the solution in contact to the as done SCN revealed
negligible amounts of Ag (probably due to raw materi-
als impurity). The values were all in the range 1.07-3.27
ng/l; the detectable limit was 0.2 ug/l.

The solution in contact to the L15 samples revealed a
not negligible release of Ag* during the first hours of
soaking (Fig. 9). This feature is in accordance to the
morphological and microstructural results, which evi-
denced the almost immediate AgCl precipitation on the
glass surface. The precipitation of AgCl does not affect
the release of a moderate amount of Ag™*, which will be
responsible of the antibacterial effect. An immediate
release of Ag™ ions is a good result, since the bacterio-
static effect should take place immediately after the
material implant. The maximum value of global
released Ag™ (19 pg/mm?) is well below the critical level
of citotoxicity reported in literature.!*!>40 However,
great attention should be paid to the role of the pre-
cipitated AgCl on cytotoxicity. For these reasons future
efforts will be focused on a complete cytotoxicity and
antibacterial evaluation of the proposed biomaterial,
taking into account the possibility of further lowering
the Ag content on the glass surface by a proper calibra-
tion of the exchange conditions.

4. Conclusions

The molten salts ion-exchange technique is an effec-
tive way to produce bioactive glasses with silver-con-
taining surfaces. It is a simple and low cost technique
and allows preparing, in a quick and reproducible way,
bioactive materials with antibacterial properties. By a
proper calibration of the ion-exchanging parameters we
could tailor the final structure and the surface composi-
tion of the proposed biomaterial while maintaining its
bioactive behavior and producing a silver-containing
surface with a capability of silver ion release below the
critical level of citotoxicity. This means that by using
low silver concentration in the saline bath and low
ion-exchanging time, we were able to introduce silver on
the glass surface while maintaining its bioactivity and
producing a potential bacteriostatic and medically safe
material.
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Fig. 9. Amounts of Ag* ions released into SBF from ion exchanged
SCN glass. (ll L15a, ¢ L15b, e L15c,—average).

Furthermore, the proposed method can be applied
directly to the final devices and can be easily used on an
industrial scale.
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