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Abstract: Ag doped-bioactive phosphate glasses were pro-
cessed by traditional melt quenching technique with the
concentration of Ag,0 ranging from O to 5 mol%. The Ag
doping led to the depolymerization of the phosphate net-
work which is accompanied by a decrease in the glass tran-
sition temperature. The processing window represented
by AT (AT=Tx-T¢) exhibited a maximum for glasses con-
taining 2-3 mol% of Ag,0. An increase in Ag content in-
duced an increase in the glass dissolution rate. The pre-
cipitation of a Sr-CaP layer at the surface of the glass par-
ticulates was found to occur at shorter immersion time for
the Ag containing glasses. The congruent dissolution and
wide processing window of these Ag containing glasses
may be of great interest for scaffold manufacturing from
sintering of glass powders with antimicrobial properties.

1 Introduction

Since the discovery of the bioactive glass 4555 (Bioglass®)
by L.L. Hench [1] and S53P4 by Andersson et al. [2],
much work has focused on tailoring the silicate bioac-
tive glass composition to enable fiber drawing or powder
sintering [3-5]. Studies show that typical silicate bioac-
tive glasses have a crystallization kinetics that not only in-
hibits shaping at medium to high temperature but also re-
duce the glass’s bioactivity [3, 6].
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Phosphate bioactive glasses (PBGs) arise as a poten-
tial substitute to the typical silicate glasses. The chemical
resistance of phosphate glasses can be tailored to suit dif-
ferent applications. The time required for complete degra-
dation can be adjusted from hours to years [7]. PBG demon-
strate bioactivity and are promising materials for use in
bone repair and reconstruction [8]. Furthermore PBG are
known to possess thermal properties showing wider pro-
cessing window as evidenced by the large number of
bioactive phosphate fibers studied in the past years [9, 10].

Glasses within the 50P,0s5-10Na,0-(40-x)CaO-xSrO
composition exhibited a minimum in the dissolution when
half of the CaO was replaced with SrO [11]. It was found
that the dissolution rate is dependent on the glass struc-
ture and a reduction in the phosphate chain length leads
to an increase in the chemical resistance. Furthermore,
the proliferation and growth of gingival fibroblasts cells
increased with increasing the SrO content. Whereas the
SrO-free glass led to cell death within 24h, the CaO-free
glass showed a cell count similar to the one measured at
the surface of the glass S53P4 used as reference [12]. This
is partially attributed to the decrease in initial dissolu-
tion rate when SrO is introduced in place of CaO in the
glass. The effect of strontium ions both in the media and in
the reactive layer also play an important role as discussed

n [12]. However, despite those promising results, these
metaphosphate glasses present a rapid initial dissolution
rate and late precipitation of a reactive layer disabling the
cells to efficiently attach for the first 1-3 days of culture [12].
This is in agreement with Salih et al. who showed that fast
dissolving glasses did not allow for proper cell prolifera-
tion [13].

Metal ions such as Silver (Ag), Copper (Cu) or Cobalt
(Co) just to cite a few can be added to glasses in order to
give them unique properties or modify the existing physi-
cal or chemical properties for clinical applications. These
ions are known to exhibit antimicrobial properties for ex-
ample [14-16]. Ag is a popular choice as a dopant for sev-
eral biomedical devices owing to its low toxicity to human
cells and effectiveness against many types of microbial
growth, even at low concentrations [17]. Agions in the form
of nitrate, oxide are commonly found in several healthcare
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Table 1: Glasses nominal compositions.

Ag-doped phosphate bioactive glasses =—— 39

Glass P,0; (mol%) Ca0 (mol%) SrO (mol%) Na,0 (mol%) Ag,0 (mol%)
x=0 50 20 20 10 0
x=1 49.5 19.8 19.8 9.9 1
x=2 49 19.6 19.6 9.8 2
x=3 48.5 19.4 19.4 9.7 3
x=5 47.5 19 19 9.5 5

products, for e.g., Ag coated catheters, wound dressing for
example [17]. Ag based ointments have long been used to
treat wounds susceptible to bacterial infections [18]. When
PBGs are doped with Ag, the metal atoms are assumed to
be incorporated in the structure [19]. As opposed to silicate
glasses, PBG are known to have, in general, a congruent
dissolution. Thus the rate of release of Ag ions, which de-
pends upon the dissolution of the glass itself, can then be
controlled if the Ag ions are added in PBG. Ahmed et al.
developed silver-doped phosphate bioactive glasses with
substitution of Na,O for Ag,0 up to 15 mol%. Maximum
antimicrobial effect was found to occur in glasses with 1to
5 mol% of Ag,0 [14]. The structure and properties of the
silver-doped glasses were also studied by the authors [20].
More recently, the investigation of silver-doped phosphate
glasses with antimicrobial properties were also investi-
gated for glasses with 65 and 70 mol% of P,Os [21]. In this
study an increase in the antimicrobial effect was seen with
increasing the Ag content while similar effect was found
on Ag-free glasses when increasing the phosphate con-
tent. However, in these studies, the phosphate content was
50 mol% or greater. The fast dissolution rate of glass in
the P,05-Ca0-Na,0 family, with P,0s content greater that
50 mol%, was found to inhibit growth and bone antigen
expression. On the other hand the glasses with slow solu-
bility upregulated the proliferation of cells [13]. Based on
the previous research on Sr-containing bioactive glasses
it appears that despite a P05 content of 50% gingival fi-
broblast cells can attach and proliferate [12]. Thus it is of
tremendous interest to study the impact of Ag doping on
this glass composition and assess whether antimicrobial
Ag-doped strontium containing phosphate glasses can be
obtained.

In this paper we report on the effect of Ag doping on
the thermal, structural and in-vitro dissolution properties
of the phosphate bioactive glass previously studied in [12].
Ag,0 was introduced relative to the entire base glass as
opposed to the typical isomorphic substitution. The rea-
son for such doping was to maintain the same (Ca+Sr)/P
ratio in the glass while lowering the phosphate content.
The thermal properties as a function of Ag content were

measured using a differential thermal analyzer (DTA). The
structure was assessed by Fourier transformed infrared
spectroscopy in attenuated total reflectance mode (FTIR-
ATR). The dissolution test was performed in TRIS buffer so-
lution in order to confirm the congruent dissolution of in-
vestigated glasses. The formation of a CaP layer at the sur-
face of the glasses upon immersion in TRIS was evidenced
by SEM/EDS and FTIR-ATR. Finally the ions released in so-
lution were quantified using ion chromatography and ICP.

2 Materials and Methods

Glass preparation

Glasses with nominal composition [(Ag,0)x-(0.5P,05 -
0.2Ca0-0.2S5r0-0.1Na,0)199-x] where x = 0,1,2,3 and
5 mol% were prepared. The nominal compositions are re-
ported in Table 1. The glasses were obtained by melting
in a silica crucible in air. Analytical grade CaCOs, SrCOs,
NH,H,PO,, Ag,0, NaPO3 and Na,SO, were used to pre-
pare the batch. Ca(POs), and Sr(PO3), were first prepared
by heating NH,H,PO, and carbonates at 300°C during
2 hours to remove NHs, H>,O and CO, then maintained
10 hours at 850°C and 750°C for the calcium and stron-
tium samples, respectively. The batch was placed in a silica
crucible and heated up to 1000 °C for 30 minutes. 1 wt%
Na,SO, was added to the batch to avoid the reduction
of silver oxide into metallic silver. The melt was poured
into a preheated brass mould and annealed at T¢+15°C for
30 minutes, then cooled down to Tg-50°C at 1 °C-min~!
and annealed during one hour to lower the internal stress.
Finally, the furnace was turned off and the glass cooled
to room temperature before removal. After melting, the
glasses were analyzed with EDS and the composition was
found to be in agreement with the nominal one, within the
accuracy of the measurement (1.5 wt%). Despite the melt-
ing in silica crucible and the addition of Na,S0O,, no Si or
S were found in the analysis.
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Physical properties

The density of the glasses was measured using
Archimedes principle with an accuracy of +0.02 g/cm>.
Ethanol was used as immersion liquid and the measure-
ment was performed on a polished glass bulk. Molar vol-
ume of the glasses was calculated using their density and
molecular weight. Young’s modulus (E) was measured by
the ultrasonic velocity technique. This technique is based
on time-of-flight measurements using the pulse-echo tech-
nique [22] with +2 GPa as the accuracy value. Vickers mi-
crohardness (Hv) was measured by the indentation tech-
nique using a Matsuzawa® Digital Microhardness Tester
MXT 70 with a pyramid shaped diamond indenter. A load
of 0.4905 N was applied for 5 s for all the measurements
which were performed at room temperature on polished
surfaces. The displacement rate was the same on load-
ing and unloading. All the characteristics were averaged
over measurements on 10 indentations per sample. The
accuracy is considered as better than +0.2 GPa.

Thermal properties

Differential Thermal Analysis (DTA, Netzch JUPITER F1)
of all the glasses was carried out at a heating rate of 10
°C/min, in a Pt crucible and with a flow of 50 ml/min of N,.
The Tg (glass transition temperature), T (crystallization
temperature) and T, (crystallization temperature) were as-
sessed from the obtained thermogram. T was determined
as theinflection point of the endotherm obtained by taking
first derivative of the DTA curve with an accuracy of 2 °C.
The Tx was taken as the onset of the crystallization peak
and T, as the maxima of the exotherm. All measurements
were obtained with an accuracy better than +3°C

Structural Properties

The IR absorption spectra for all glass powders before and
after immersion in TRIS were recorded with Perkin Elmer
Spectrum One FTIR Spectrophotometer in Attenuated To-
tal Reflectance (ATR) mode. All spectra were recorded in
the range 600-1600 cm™?, corrected for Fresnel losses and
were normalized to the band with maximum intensity.
Each spectrum is an average of 8 scans and has a resolu-
tion of 1cm™?.

DE GRUYTER OPEN

Optical Properties

The UV-Vis absorption spectra for all the glasses were
recorded in the range 200-1600 nm at room temperature
using a UV-3600 Plus UV-VIS-NIR Spectrophotometer Shi-
madzu. The glass samples used for this measurement were
2 mm thick and optically polished.

In-vitro dissolution

The glasses were crushed and sieved to obtain powder
with size ranging from 125 to 200 pum. These particles were
immersed in TRIS buffer solution and placed in an incu-
bating shaker HT Infors Multitron at 37°C, 100 rpm to ob-
tain laminar flow mixing without moving the particles.
The mass to volume ratio was kept constant at 75 mg of
glass for 50 ml TRIS. Immersion test was conducted for
up to 4 weeks. The pH of the solution was measured be-
fore and after immersion using pH ion analyzer Mettler
Toledo SevenMultimeter with accuracy better than +0.02.
The pH of the solutions containing glass was compared
to a TRIS blank sample. The pH of the blank solution
was found to remain unchanged throughout the testing
period. Post immersion, the glass powder was recovered,
washed with acetone and dried for FTIR-ATR and SEM-
EDS analysis. 10 ml of the TRIS solution containing glassy
powder was diluted in 90ml of ultra-pure water for ICP-
OES measurement Inductively coupled plasma - Optical
emission spectrometer (ICP-OES; Optima 5300DV, Perkin
Elmer) was employed to quantify the amount of P, Sr, Ca
and Na ions found in the TRIS solution after glass immer-
sion. The value obtained for each ions was compared to the
value obtained for the blank samples (only TRIS). The TRIS
samples used as blanks were analyzed to ensure that the
concentration of P, Ca, Sr and Na was consistently O, or un-
der the detection limit, as no such ions should be present
in TRIS buffer solutions.

Imaging and elementary analysis

Scanning electron microscopy (SEM), using a JEOL JSM
7100F apparatus, was used for high-resolution imaging of
the sample surfaces (Pressure: 107 Pa, accelerator volt-
age: 20 kV). Energy Dispersive X-Ray Spectroscopy (EDS)
was used as the chemical microanalysis technique used in
conjunction with SEM. The associated detector (EDS SDD
X-Max 80mm?2 Oxford Instruments AZtecEnergy) allows
one to identify what particular elements are and their rela-
tive atomic proportions. This powerful tool of the elemen-
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Table 2: Thermal and mechanical properties.

Ag-doped phosphate bioactive glasses = 41

Glass T¢(+3°C) T«(£3°0) T,(£3°0) AT=T,-T; (x6°C) HV (+0.2GPa) E (+2GPa)
=0 436 550 603 114 2.3 55
x=1 430 554 583 124 2.2 56
X=2 428 567 611 139 2.2 55
x=3 420 560 597 140 2.2 55
Xx=5 418 546 587 128 2.2 56
T zmm. = 3 Results
=gy .—38.8
. [ e The glasses of investigation with composition [(Ag;0)x-
_ L . (0.5P205 0.2C30'0.2Sl’0'0.1NazO)loo_x] where x =
~ / e ﬁ 0,1, 2, 3 and 5 mol% were analyzed using EDS/SEM. All
LZ aad [=2 §  the compositions were found to be in agreement with the
a y o > nominal one within the accuracy of the measurement. As
' St already mentioned in the previous section, we assume
29 E- (e that no Si was found despite using a silica crucible. Never-
E ; T T T T 376 theless, the Sr L,y EDX peak located at 1806 keV can mask

X = [Ag,0 (mol%)]

Figure 1: Density (p) and molar volume (Vy,) of the investigated
glasses.

AU.

T T T T T T T T g
300 400 500 600 700 800 900
Temperature (C)

Figure 2: DTA thermogram of the investigated glasses.

tal analysis can identify elements heavier than Be with a
spatial resolution better than 1 pm?, corresponding to a
smallest spot size of about 1 um?, and the accuracy is +1%
for polished bulk target in this case where pure standards
are collected on site.

the Si K peak at 1740 keV, however the low melting temper-
ature (1000°C) and the short fining time used for the glass
synthesis, allows to prevent the silica dissolution in phos-
phate melts, as stated in previous studies conducted on
phosphate glasses which do not contain Sr and for which,
the chemical compositions were checked by EDS [23, 24].

Figure 1 presents the density (p) and molar volume
(V) of the investigated glass as a function of Ag,0 con-
tent. With an increase in Ag-0, the density increases while
the molar volume remains constant, within the accuracy of
the measurements.

The thermal properties of the investigated glasses are
reported in Table 2 and the DTA traces are shown in Fig-
ure 2. With an increase in Ag,0, the glass transition tem-
perature T decreases whereas Tx and T, exhibit a maxi-
mum for the glass with x = 2 mol%. AT (AT=Tx-Tg), which
is a gauge of glass’s resistance to crystallization, is also
found to present a maximum for glasses with x = 2 and
3 mol%. It is interesting to note that the glass with x =
1 mol% possesses a sharper crystallization peak as com-
pared to the other glasses under investigation. In addition,
the Young’s modulus and the Vickers microhardness were
determined for all the glass samples. These values, sum-
marized in Table 2, which do not exhibit any difference,
when considering the accuracy of the measurements, are
55 GPa and 2.2 GPa for the Young’s modulus and for the
Vickers microhardness, respectively. The glass’s structural
properties were assessed using FTIR-ATR and Raman spec-
troscopy. The IR spectra of the glasses are shown in Fig-
ure 3a. All spectra were normalized to the band located

Brought to you by | Tampere University Library
Authenticated
Download Date | 11/1/16 12:35 PM



42 —— A Mishraetal.

T T T T T
600 800 1000 1200 1400 1600

Wavenumber (cm’™)

(a)

094 x=1
0.8 4
0.7 4
0.6 o

0.5

AU.

0.4
0.3

0.2

01d =

0.0

T T T T
500 750 1000 1250 1500
Wavenumber (cm™)

(b)

Figure 3: FTIR-ATR a) and Raman b) spectra of the investigated
glasses.

at ~880 cm™!. The spectra exhibit five absorption bands
located around 1260, 1085, 880, 775 and 718 cm™! and
two shoulders at ~1154 and 980 cm™'. With an increase
in Ag-0, all bands remained unchanged in terms of inten-
sity and shape, except for the band at 1260 cm™ which de-
creases in intensity.

Figure 3b presents the Raman spectra of the glasses.
All spectra were normalized to the band with maximum
intensity peaking at ~1175 cm™!. The spectra exhibit four
bands and one shoulder which are all characteristics of
the metaphosphate network. With an increase in Ag-0, all
bands are found to shift to lower wavenumber. The bands
at 695 and 1020 cm™! as well as the shoulder at 1090 cm™
are all found to increase in intensity as compared to the
band at 1175 cm™.

Glass powder of each composition was immersed in
TRIS solution for up to 672 hours. After 0, 24, 72, 168, 336
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Figure 4: Change in pH as a function of immersion time.

and 672h of immersion, the particles were rinsed and dried
for analyses using FTIR-ATR and EDS/SEM. The solution
was diluted ten times for ion concentration analysis using
ICP-OES.

At each immersion time, the pH of the solution was
measured and the change in pH (as compared to the pH
of the blank TRIS solution) is presented in Figure 4. As the
immersion time increases, the pH of the solutions contain-
ing the newly prepared glasses decreased. One can notice
that an increase in Ag, 0 leads to a stronger decrease in the
solution pH.

The ion concentration in solution was quantified us-
ing ICP-OES. The evolution over time of the Ca, Sr, Na, and
P concentrations is presented in Figure 5a, b, c and d, re-
spectively. With an increase of the immersion time, an in-
crease in the Ca, Sr, Na and P concentration is seen. The
release of ions is greater with an increase in Ag,0. This in-
crease is seen despite the decrease in these ions in the base
glass (Table 1), due to the Ag doping.

The FTIR-ATR spectra of the glasses with silver con-
tentx=0a),x=1b),x=3c)x=5d)as a function
of immersion time are presented in Figure 6. For immer-
sion up to 72 h, no significant changes could be seen in
the FTIR-ATR spectra of all investigated glasses. With an
increase in immersion time, all glasses exhibit a decrease
in intensity and shift to lower wavenumber of the bands
located at 1260 and 775 cm ™. The main band, at 890 cm™,
is also found to shift to lower wavenumber. The band at
1085 cm™?, is found to decrease in the glass with x = 0,
whereas, for all Ag-containing samples the band decrease
in intensity for immersion up to 336 h and then increases
in intensity and shift to higher wavenumber for longer im-
mersion time. All spectra for the Ag-containing glasses ex-
hibit the appearance of new bands at 988 and 1030 cm™ ..
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Figure 5: Ca a), Sr b), Na ¢) and P d) concentration in TRIS solution as

Comparison of the spectra for all glasses when immersed
for 672 h is presented in Figure 6e. It is clearly seen that the
rise of the peak at 1150 and the intensity of the new bands
at 988 and 1030 cm™! are higher with increasing Ag,O0.
The SEM images of the glasses with x = 0 after 672 h of
immersion and of the glasses with x = 3 and 5 mol% after
336 h of immersion are presented in Figure 7a, 7b and 7c,
respectively. At 168 h, no change in the glass surface com-
position could be evidenced by EDS analysis. After 672 h of
immersion, no layer could be seen (or only sparsely) at the
surface of the glass with x = 0, while a reactive layer could
be seen at the surface of the Ag-containing glasses already
after 336h of immersion. We noticed that its thickness grew
thicker with increasing the immersion time. From SEM im-
ages the layer grew up to 5 pm for the glass with 5 mol%
Ag,0. EDS analysis revealed that this layer was rich in
Ca and P and contained a significant amount of Sr. It ap-

Ag-doped phosphate bioactive glasses = 43
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a function of immersion time.

pear clear that the layer thickness increases with increas-
ing Ag,0, whereas the layer composition was identical at
the surface of all materials

4 Discussion

The aim of this research is to better understand the impact
of Ag doping on the thermal, structural and dissolution of
a phosphate bioactive glass.

Doping the glass Sr-50, which was found in the past
to be a promising bioactive glass [11, 12], with Ag led to
an increase in the density. This was expected as Ag has a
larger mass than all the other elements present in the glass
composition. However, the addition of Ag does not signifi-
cantly change the molar volume indicating that the Ag acts
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Figure 6: FTIR-ATR of the glass x= 0 a), x= 1b), x= 3 ¢) and x = 5 d) as a function of immersion time and all glasses immersed for 672 h in
TRIS €)
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(a) (b)

(c)

Figure 7: SEM images of the glasses with x = 0 after 672 h of immersion a) and of the glasses with x = 3 b) and 5 c) after 336 h of immersion.
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Figure 8: UV-Vis absorption spectra of the glasses of investigation.

as a monovalent cation in the phosphate vitreous network
with a similar ionic radius and similar positions than the
other modifiers in the network. However the redox activity
of a glass melt is definitely a function of the composition
and, at first sight, it is generally found that increasing ba-
sicity favors the upper oxidation state for most redox cou-
ples [25]. Compared to silicon oxide, phosphorus pentox-
ide is characterized by a lower value of the optical basic-
ity, 0.45 and 0.33, respectively [26]. As a result, phosphate
glasses favor the lowest stable oxidation state, i.e. Ag®. To
avoid the presence of metallic silver droplets, the use of
sodium sulfate as an oxidizing agent was necessary. The
dissolution of the sulfate in the melt leads to the oxidation
of the metallic silver according to the following chemical
reactions:

SO2 = 0> +S0, + %02

2Ag + %02 = 2Ag" + 0%

It results the chemical balance:
2Ag° +SOF = 20% +2Ag* + S0,

Furthermore, to confirm that the use of Na,SO, pre-
vents formation of Ag nanoparticles, the UV-Vis spectra of
the glasses were recorded and are presented in Figure 8.
The absence of absorption band in the visible which could
be a characteristic of the presence of Ag nanoparticles con-
firms that all the Ag is present as positively charged ions in
the glasses under investigation. This is of particular inter-
est since Ag* ions have been found to possess antimicro-
bial properties [19, 27].

The thermal properties of these glasses were recorded.
With an increase in Ag,0, the Ty decreases whereas T, T
and AT show a maximum for the glasses with 2 and 3 mol%
of Ag,0. More interestingly the crystallization peak of the
glass containing 1 mol% of Ag,0 was narrower than that
of the other glasses (Fig. 2). This can be attributed to the
change in crystallization mechanism of the glass induced
by the occurring of a small amount of silver particle during
the reheating of the glass. It is well known that Ag can be
used in glass as nucleating agent [28]. It is also rather com-
mon to see Ag® formation upon heat treatment in glassy
thin films or bulk [29, 30]. The decrease in T, when Ag,0
increases may be explained by the lower cationic field
strength value (Z/r?) of silver (0.6) when compared to the
others modifiers cations, namely sodium (1.06), strontium
(1.56) and calcium (2.04), the coordination number being
considered as 6 for the calculation.

Contrary to the glass transition temperature which is
strongly dependent of the cationic strength, it has been
demonstrated that the mechanical properties clearly de-
pend on physical quantities related to the compactness or
the energy of cohesion of the vitreous network, such as
those defined in [31]. The steadiness of the molar volume,
whatever the silver oxide content, leads to the same com-
pactness and of the microhardness values. Regarding the
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Table 3: FTIR-ATR and Raman bands attribution.

FTIR-ATR
Wavenumber Attribution Reference
(cm™)

718-775 vs P-O-P in metaphosphate [38]
880 Vas P-0-P in Q2 [33, 34]
980 vs PO3” in Q! [34-36]
1085 vas PO3™ in Q1. PO, in Q? [38]
1154 vs PO3 in Q? [34-36]
1260 Vas PO3 in Q2 [34-36]

Raman
695 P-O-P in chains [38-40]
1020 vsNBO in Q! [38-40]
1090 Terminal oxygen bond [38-40]
1175 vs PO, chains [38-40]
1250 Vas PO, chains [38-40]
1320 P=0 [38-40]

Young’s modulus, its variation, as a function of the glass
composition, can be estimated with a good approximation
from the following relation:

E=2 ZXiGiZXiCi
i i

where G; and C; are the dissociation energy per unit vol-
ume and the compacity factor of the oxyde i with the mo-
lar content x;, respectively. Details for the calculation of
these physical quantities are given in [31]. Using thermody-
namic data from [32], the calculation gives almost 56 GPa
for both the parent glass and the one with the highest sil-
ver oxide content. As a consequence, a small amount of
Ag,0 doesn’t modify the mechanical properties of the par-
ent glass.

All the absorption bands in the FTIR-ATR spectra
(Fig. 3a) can be attributed to the phosphate glass network.
The main band at ~880 cm™ is attributed to P-O-P asym-
metric stretching of bridging oxygen in Q? units (v4s P-O-
P Q?) [33-35]. The shoulder centered at ~980 cm™ and
the band peaking at 1085 cm™! correspond to the sym-
metric and asymmetric stretching vibration of PO3™ in Q'
units, respectively [34-36]. The band at 1085 cm™! can be
attributed to an overlap between PO; Q! terminal group
and PO, Q? groups in metaphosphate [37]. The shoulder
at 1154 cm™! and the absorption band at 1260 cm™ corre-
spond to symmetric and asymmetric vibration of PO; in Q?
units, respectively [34-36]. The absorption 3 band located
at 718 and 775 cm™! are characteristic of P-O-P symmet-
ric stretching vibration in metaphosphate structure [38].
Only little change could be seen in the FTIR-ATR spectra
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when Ag,0 increases. The decrease in the absorption band
located at 1260 cm™! indicates a decrease in the network
connectivity and an increasing amount of Q! units. This is
further confirmed from the analysis of the Raman spectra
of the glasses (Fig. 3b). The band at around 695 cm™ cor-
responds to symmetric vibration P-O-P in metaphosphate
type chains, the band at 1020 cm™ to symmetric stretch
mode of NBO in Q! units, and the ones at 1175 cm™! and
1250 cm™! to, respectively, symmetric and antisymmetric
vibrations of PO, also in phosphate chains [38-40]. The
shoulder at ~1090 cm™ corresponds to motion of termi-
nal oxygen bond vibration in phosphate chains [41]. The
shift of all the bands toward lower wavenumber indicates
a weakening of the chemical bonds in the network when
Ag,0is added in the network, due to a network depolymer-
ization. The increase in intensity of the bands at 695 and
1020 cm™! along with the increase in intensity of the shoul-
der at 1090 cm™! further confirm the increase in Q' units
and the shortening of the phosphate chain. This change
in the glass structure induced by an increase in Ag,0 is in
agreement with the shift of the optical band gap toward
higher wavelength when Ag,0 increase (Fig. 8). The in-
crease in the intensity of the shoulder at 1090 cm™! along
with the shift of the optical band gap indicates an increas-
ing number of non-bridging terminal oxygens [42]. This is
expected as the overall phosphate content decreases at the
expense of the glass modifier elements [43]. Furthermore
the small shoulder at 1320 cm ™! related to P=0 remains un-
changed indicating that the amount of Q3 is similar in all
investigated samples. A summary of the band attribution
can be found in Table 3.

Typically an increase in Q' units leads to an increase
in the glass chemical durability [7, 44]. However, in the
studied glasses this seems not to be the case. As shown
in Fig. 4, it is clear that the decrease in the solution pH is
steeper with an increase in the Ag content. Furthermore,
the ICP-OES results show that with increasing the immer-
sion time, the Ca, Na, Sr and P are being released in so-
lution. The increased dissolution rate with increasing Ag
content is clearly seen from the higher content of each ele-
ment in the solution. Except for Na, all the curves present a
parabolic shape. It seems that the element release follows
a t'/2 law which is typical for a diffusion controlled pro-
cess. However, the parabolic shape of the ion release could
also come from the saturation of the solution with those
ions leading to the precipitation of a reactive layer. The fi-
nal Na concentration appears to be high, compared to the
amount of the other ions, if a congruent dissolution is as-
sumed [7]. Typically Na is the first element to leach out in
solution upon dissolution of phosphate glasses. Further-
more, no Na is usually found in the reactive layer precipi-
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Table 4: (M"11/P)q)er / (MET[P)core values with the corresponding
standard deviations.

Na/P Ca/P Sr/P

Parent glass 1.00 1.00 1.00
X=2-2w 0.24 1.59 1.46
(0.03) (0.07) (0.10)

x=5-2w 0.32 1.31 1.25
(0.03) (0.09) (0.09)

tating at the surface of bioactive glasses [11]. The Ag con-
tent was not quantified by ICP as the noise to signal ratio
was too high to draw any clear conclusion.

The FTIR-ATR spectrum of the glasses was recorded at
each immersion time point. From Fig. 6a, it is clear that at
168 h of immersion, structural modification occurs at the
surface of the glasses. All glasses present a disruption of
the Q? units with a subsequent increase of the Q! units.
This is attributed to the first phase of phosphate bioac-
tive glass reaction in physiological medium [7, 11]. The
shift to lower wavenumber of the bands attributed to Q2
units also confirms a weakening of the bonds strength for
these structural units. The phosphate chains breakage is
found to proceed up to the longest immersion time. In a
first time, as explained by Bunker et al., it appears that the
glass dissolution is controlled by the rate at which the wa-
ter diffuses at the surface of the glass. Once a full phos-
phate chain is surrounded by OH group it is released in
solution [7]. This explains that ICP results reveal a per-
fect match between the ions released in solution and the
ion concentration of the parent glass (congruent dissolu-
tion). At longer immersion time P-O-P bond breakage oc-
curs as seen by the change in Q? to Q! ratio in the FTIR-
ATR spectra. However, while the glass with x=0 only show
the disruption of the phosphate chains at the surface of the
particles (Fig. 6a), the spectra of all Ag-containing glasses
(Fig. 6b—6d) present a sharp increase in Q! units and ap-
pearance of new bands at 988 and 1030 cm™}, after 673 h
of immersion. The new bands have been attributed to the
formation of a CaP layer at the surface of the glass parti-
cles [11]. As shown in Fig. 6e, with an increase in Ag,0
the signal related to the CaP layer becomes stronger, as
evidenced by the increasing intensity of the peaks at 988
and 1030 cm™!. This might be attributed to the faster dis-
solution rate with increasing Ag,0, which leads to faster
saturation of the solution toward the reactive layer forma-
tion. The layer forming at the surface was analyzed via
EDS/SEM. While the layer could be sparsely seen at the
surface of the undoped glass (x = 0) even after the longest
immersion time, the glasses with x = 3 and 5 mol% showed
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clear sign of CaP precipitation (as shown by the arrow in
Fig.7b and 7c) already happening after 332 h of immersion.
As the dissolution rate increases with Ag, 0, the layer thick-
ness of the reactive layer was found to be thicker for the
glass with higher Ag content. The EDS analysis confirmed
that the layer was enriched in Ca and St, while Na was pref-
erentially released in the solution. This is illustrated by the
different ratios between the M"? /P values obtained for the
layer divided by those obtained for the core of the glass
particles. These ratios are summarized in Table 4.

Furthermore, when comparing the EDS composition
of all reactive layers, at the surface of all investigated
glasses, a typical layer composition could be expressed
as follow: 59+3%P, 24+4%Ca, 15+3%Sr, 1+1%Na, 0+1%Ag.
Even more the layer was found of be free of Na and Ag. In
addition, the average value of the (Ca+Sr)/P ratio for the
layer is 0.7+0.1 and is higher than those of the parent glass
(0.4). Based on this ratio, as well as the position of the
new absorption bands appearing in the FTIR-ATR spectra
one can assume that the layer forming is a Sr-substituted
calcium-phosphate chemically close to the dibasic cal-
cium phosphate, as seen previously [11]. Moreover, the
layer composition was found to be independent of the Ag
concentration. This can further explain the higher final
level of Na in solution compared to the other ions. Ag ap-
pears to behave similarly as Na, i.e. it is not incorporated
in the reactive layer and thus Ag is expected to leach out
at a similar rate than Na. Such layer was found to pro-
mote the adhesion and proliferation of human gingival fi-
broblasts [12]. Furthermore, the controlled release of Ag as
monovalent ions may be of interest for its antimicrobial
properties.

5 Conclusion

The addition of Ag,0 in a phosphate bioactive glass, with
composition 0.5P,05-0.2Ca0-0.25r0-0.1Na,0, leads to a
glass with shorter phosphate chains and higher number
of terminal non bridging oxygen, as evidenced by the in-
crease in Q! units and the shift of the optical band gap to-
wards higher wavelength. Adding up to 3 mol% of Ag,0
was also found to increase the processing window. Despite
the decrease in the chain length, the decrease in network
connectivity as evidenced by a progressive decrease in Tg
when Ag,0 increases, leads to a glass more prone to re-
act in aqueous solution. The formation of a Sr-substituted
calcium phosphate layer was found to occur sooner in the
Ag-containing glass due to the increased dissolution rate.
However the layer composition was found to be indepen-
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dent of the Ag content. Finally the Ag-containing glasses
were found to dissolve in a congruent manner. Such ma-
terials could be employed for processing of implants with
high surface area to volume ratio, with subsequent antimi-
crobial properties.
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