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Abstract

Bioactive sol-gel calcia-silica glasses can regenerate damaged or diseased bones
due to their ability to stimulate bone growth. This capability is related to the for-
mation of a hydroxyapatite layer on the glass surface, which bonds with bone,
and the release of soluble silica and calcium ions in the body fluid which acceler-
ates bone growth. The addition of silver ions imbues the glass with antibacterial
properties due to the release of antibacterial Ag* ion. The antibacterial activity is
therefore closely dependent on the dissolution properties of the glasses which in
turn are related to their atomic-level structure. Structural characterization of the
glasses at the atomic level is therefore essential in order to investigate and control
the antibacterial properties of the glass. We have used neutron diffraction to
investigate the structure of silver-containing calcia-silica sol-gel bioactive glasses
with different Ag,O loading (0, 2, 4, 6 mol%). The presence of the silver had lit-
tle effect on the host glass structure, although some silver metal nanoparticles

were present. Results agreed with previous computer simulations.
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generating a bone-like layer of carbonated hydroxyapatite
that strongly bonds to bone.>* However, all implants have

Glasses based on a silicate network with the addition of CaO
as modifier oxide are used within biomedical research as
synthetic bone grafts for orthopedic and dental applications.'
Of particular interest is the commercially available Bio-
glass®, developed by Hench et al,>> which is based on a
melt-derived silicate glass network containing CaO, Na,O
and P,0s. In particular, the original Bioglass®, 4585, con-
taining 46.1 mol% SiO, and having 5:1 molar ratio of cal-
cium to phosphorus is particularly effective in regenerating
damaged tissues. When Bioglass® is immersed in aqueous
media, including body fluid, it undergoes dissolution,

the risk of post-surgery problems arising from bacterial adhe-
sion to the implant that can later cause infection.* Adminis-
tration of antibiotics to tackle bacterial infection is not
desirable with the increase in resistance to them due to over-
use. The efficacy of antibiotics is also reduced in the pres-
ence of biomaterial-adherent strains.’ Introduction of Ag,O
in Si0,-CaO glasses reduces the risk of bacterial infection
due to the antimicrobial action of the leaching Ag*.*¢ Silver
has a broad-spectrum antimicrobial action, which is particu-
larly important when dealing with polymicrobial coloniza-
tions associated with biomaterial-centered infections.®’ The
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glasses presented in this work were made using the sol-gel
process. The conventional method to prepare silicate glasses
is melt quenching, which consists of bringing the solid pre-
cursors to temperatures >1000°C. The sol-gel process is a
wet chemical bottom-up technique based on the hydrolysis
and polycondensation of precursors in solution,®'°
more versatile than the melt-quenching technique, allowing
one to extend the compositional range over which glasses
can be prepared. Gels can be shaped at room temperature, in
many forms (monoliths, porous foam scaffolds, fibres,
monodispersed spherical nanoparticles, thin films)''~'*
then dried and thermally stabilized, reducing loss of volatile
composition components (eg Li).">'® Sol-gel glasses show
higher degradation rates compared to melt-derived glasses of
similar nominal composition; this is due their nanoporosity
and due to their network connectivity being lower than theo-
retical because of residual H* ions acting as network modi-
fiers.'” ™' The nanoporous glass matrix that is inherent to the
sol-gel process facilitates a controlled, sustained delivery of
the antibacterial agent Ag™.%° Incorporation of 3 wt% Ag,O
into bioactive calcium silicate sol-gel glass imparted potent
antibacterial activity without compromising bioactivity.® The
significant bactericidal effect of silver-containing calcium sil-
icate-based sol-gel glasses was demonstrated on E. coli,
Pseudomonas aeruginosa, and Staphylococcus aureus.*%>°
2 In vitro studies have shown that primary human osteo-
blasts attach, grow and proliferate on the surface of the silver
containing glasses.”* This indicates that the presence of sil-
ver does not affect the bioactivity of the material. As the
bioactivity and the antibacterial action of the glasses are,
respectively, related to the release of Ca*™ and Ag* ions that
are incorporated in the glass network, a quantitative knowl-
edge of the glass structure at the atomic level, in particular to
the way the modifier cations are connected to and modify the
structure of the main network, is of paramount importance.
Neutron diffraction has previously proven to be a successful
tool for the investigation of SiO,-CaO-based bioactive sol-
gel glasses.”> 2’ Here, the aim was to use neutron diffraction
to investigate the atomic structure of bioactive SiO,-CaO
sol-gel glasses with SiO, as component
(~70 mol%), and with Ag,0O incorporated at a relatively low
level (2-6 mol%). Neutron diffraction allows us to investi-
gate the structure of such ternary oxide glasses by resolving
the important correlations between atoms, ie the Si—O, Ca—
0O, Ag—O distances, along with their coordination numbers.

which is

and

the main

2 | EXPERIMENTAL

2.1 | Sample preparation

All reagents were purchased from Sigma-Aldrich (UK).
Glasses were synthesized of the following compositions:
70 mol% SiO,, 30-x mol% CaO, x mol% Ag,O, where

SCIENCE

x =0, 2, 4, 6.4 Synthesis was performed in a darkened
room with covered beakers to prevent the reduction in silver
nitrate or silver oxide precursors to silver metal. A sol was
produced by the hydrolysis of TEOS (tetraethyloxysilane),
using a water:TEOS molar ratio of 12 and using 2 N HNO;
(1 mL per 6 mL of H,O). After hydrolysis was completed
(1 hours stirring), calcium nitrate tetrahydrate was added
and allowed to mix for 1 hours. Then silver nitrate was
added and stirring performed for 1 hours. The sols were
poured into screw-top cylindrical polymethyl pentene
moulds and sealed. They were left to gel (polycondensation)
at room temperature for 3 days and then aged for 3 days at
60°C. The screw tops were unscrewed to the final thread and
then dried at 130°C (heating rate 1°C/min). The dried gels
were then removed from their moulds and placed on a refrac-
tory surface in a furnace, where they were heated to 600°C
(heating rate 1°C/min), holding for 3 hours. The 70 mol%
Si0,, 28 mol% CaO, 2 mol% Ag,O glass was additionally
heated to 800°C at 1°C/min and held for 2 hours before
allowing the furnace to cool to room temperature. The sam-
ple containing 2 mol% of Ag,O was further annealed at
800°C because it was previously shown that Ag" release
from calcium silicate glasses treated at 600°C was rapid dur-
ing the first hour of immersion in simulated body fluid
(SBF)!! and sintering at 800°C made the material more suit-
able by reducing the Ag™ release rate and by improving the
mechanical properties.''?® All glasses were stored in dark-
ened containers. A list of the samples is reported in Table 1.

2.2 | Neutron scattering

The neutron diffraction data were collected on the GEM
diffractometer on the ISIS spallation neutron source at the
Rutherford Appleton Laboratory, UK. The finely powdered
samples were held in 8 mm diameter vanadium foil cans,
which have a very low cross section for the coherent scat-
tering of neutrons, and time-of-flight data collected over a
wide range of Q (where Q = 4msinb/A, where 20 is the
scattering angle). We performed the neutron diffraction

experiment using a Quax ~ 40 A~' which provides a

TABLE 1 Nominal glasses compositions and heat treatment

temperatures
Heat
SiO, Ca0 Ag,0 treatment
Sample (mol%) (mol%) (mol%) (&)
S170Ca30_600 70 30 0 600
Si70Ca28Ag2 600 70 28 2 600
Si70Ca28Ag2 800 70 28 2 800
Si70Ca26Ag4 600 70 26 4 600
Si70Ca24Ag6_600 70 24 6 600
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sufficiently good real-space resolution of the Ag-O pair
distance to enable the required detailed study. The program
GUDRUN was used to reduce and correct the data.” The
initial stages of analysis of neutron scattering data were the
removal of background scattering, normalization, correction
for absorption, inelastic and multiple scattering and subtrac-
tion of the self-scattering term.”*® In this case, since sol-
gel glasses have a high surface area which is populated
with hydroxyl groups, it was necessary to correct for the
effect of inelastic scattering associated with hydrogen by
approximating the self-scattering with Chebyshev polyno-
mials fitted to the data.®’ The resultant total scattering
structure factors, S(Q)-1,
obtain pair distribution functions:

were Fourier transformed to

T(r) = T%0) + 2/ / 0(S(Q) — )M(Q)sin(Qr)dQ (1)
0

where T°(r) = 4nrp, (r is the atomic separation and p, the
macroscopic number density) and M(Q) is a Fourier trans-
formation window function necessitated by the finite maxi-
mum experimentally attainable value of (. Structural
information (coordination number N, atomic separation R
and disorder parameter ) was obtained from the pair dis-
tribution functions by simulation, using the program
NXFit.>® Uncertainties were estimated by processing the
same dataset multiple times with different starting parame-
ters; a small additional estimated uncertainty has been
included in N because sol-gel samples can change compo-
sition over time either taking up or losing H,O depending
on conditions and making it almost impossible to know
composition with the same level of precision one might
associate with a melt-quenched glass. Furthermore, it is
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FIGURE 1

recognized that the empirical correction for H incoherent
scattering introduces further uncertainty. For the Ag—O and
Ca-0 correlations, the estimated uncertainties are £0.04 A
in R, +20% in N and £25% in . For all other correlations
they are +0.01 AinR, £15% in N and +10% in ©.

2.3 | High-resolution transmission electron
microscopy (HRTEM)

HRTEM and electron diffraction were performed on JEM-
2010 (JEOL, UK). The sample was prepared by manually
grinding to a fine powder and mixing in acetone to create
a suspension. The TEM grid was dipped in the suspension
and air-dried before analysis.

3 | RESULTS AND DISCUSSION

Figure 1A shows the total scattering structure factors, S
(Q)-1, from the silver-doped sol-gel bioactive glasses,
along with data from a (SiO;)y7(Ca0)g5 sol-gel glass con-
taining no silver for comparison. Figure 1B shows the real-
space pair distribution functions, 7(r), obtained by Fourier
transformation of the curves shown in Figure 1A.

The S(Q)-1 from the 2 mol% Ag,O sample heated to
800°C exhibits Bragg peaks, indicating that it was partially
crystalline. The Bragg peaks can be indexed to pseudowol-
lastonite, Ca3(SizOg), Inorganic Crystal Structure Database
(ICSD) entry number 26553.%* Neutron real-space pair dis-
tribution functions, 7(r) were then fitted in order to obtain
details of the glass structure. Examples of typical fits to the
T(r) functions together with the key correlations that com-
prise the fits are shown in Figure 2. The structural
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A, Neutron total scattering structure factors, S(Q)-1 and B, neutron real-space pair distribution functions, 7(r) from Ag-doped

calcium silicate sol-gel glasses (plots are in reverse order to the legend) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Typical fits to the neutron real-space pair distribution
functions showing the main partial correlation functions that comprise
the fit. A, Si70Ca30_600 and B, Si70Ca24Ag6_600 [Color figure can
be viewed at wileyonlinelibrary.com]

parameters obtained from the simulations of the 7(r) func-
tions are reported in Table 2. The results in Table 2 show
that in all samples the silicon is surrounded by oxygens at
a distance of 1.61-1.62 A with a coordination numbers in
the range 3.3-4.4. Although imprecise, this is nevertheless
consistent with the presence of SiO, tetrahedra anticipated
within the structure of silicate-based glasses.”>** The mea-
sured O---O and Si---Si distances of ~2.64 and ~3.03 A,
respectively, are those expected in a network of corner-
sharing SiO, tetrahedra.®® It is noted that the Si-O coordi-
nation numbers have a wider distribution compared to the
conventional prepared melt quenched glasses.”® This
could be explained with the fact that, due to their high sur-
face area, these materials are prone to absorb moisture.
Therefore, it is relatively difficult to offer precise values
for the O and H content. This content could also change
with aging of the glass and during the neutron diffraction
experiment itself, which is performed under high vacuum.
However, it remains the case that the variation in these
first-shell coordination numbers is higher than would be
expected even for a sol-gel derived material and one might
therefore speculate that changes to the O and H content are
more severe in this case.

SCIENCE

In all samples, three Ca—O distances can be discerned at
~2.3, 2.5-2.6 and 2.7-2.8 A. The presence of three Ca—O
distances and their lengths are in good agreement with the
results of the neutron diffraction with isotopic substitution
study of (5i0;)7(Ca0)y3 sol-gel glass25 and with an
molecular dynamics (MD) modeling study by Mead and
Mountjoy.” The silver containing glasses all exhibit an
Ag-O distance in the range 2.18-2.25 A with a coordina-
tion number in the range 1.3-2.1. Structural studies of the
environment of silver in silicate glasses are quite rare.
However, there is an Extended X-Ray Absorption Fine
Structure (EXAFS) study that provides evidence of the type
of environment that the Ag" ions can adopt®® wherein the
silver environment in sodium silicate and alumina silicate
ion-exchange glasses with varying silver contents was
probed. The results revealed average Ag—O distances of
2.08, 2.11, and 2.23 A for a sodium silicate glass contain-
ing <1 mol% Ag, an alumino silicate glass containing
silicate glasses containing
~17 mol% silver, respectively. The respective silver coordi-
nation numbers (with respect to oxygen) in these three
glasses were 2.1, 1.8 and 2.5. The samples studied here
contain between 2 and 6 mol% Ag,0 so silver is by far the
minority component of the glasses and consequently the
uncertainties associated with the parameters for the Ag—O
correlations in Table 2 (£0.04 A in R, +20% in N and
+25% in o) are significant. Nonetheless, the average Ag—
O distance and coordination number of 2.21 A and 1.7,
respectively, determined with neutron diffraction are in
broad agreement with those determined from EXAFS?* if
the uncertainties associated with the respective measure-
ments are taken into account. We cannot rule out the pres-
ence of longer Ag—O correlations similar to those at ~ 2.5
and 2.7 A observed in silver phosphate glasses, using neu-
tron diffraction with isotopic substitution (NDIS) by Moss
et al.>® In this case, such correlations would be impossible
to observe in the pair distributions functions because they
would be masked by the much stronger Ca—O and O---O
correlations. No significant variation in silver environment
with content was observed in the samples. The low Ag-O
coordination number may possibly be due to the formation
of Ag nanoparticles embedded in the glass matrix. The
HRTEM image of the Si70Ca28Ag2 glass calcined at
700°C reported in Figure 3, does indicate the presence of
spherical nanoparticles with a diameter of about 8 nm. The
electron diffraction (ED) pattern reported in the inset of
Figure 3 confirms that the nanoparticles are formed by
metallic silver as the rings observed correspond to the
planes (111), (200), (220) and (311). Low Ag—O correla-
tion numbers in the range 1.3-1.6 have previously been
reported in silicate glasses containing Ag nanoparticles.**4°
A short Ag-O correlation at 2.28 A with a coordination
number of 2.1 was also observed in Ag-doped phosphate
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TABLE 2 Structural parameters obtained from the simulation of
the T(r) functions

Heat
treatment ) N )
Sample ({®) Correlation R (A) (atoms) o (A)
Si70Ca30 600 Si-O 1.61 3.5 0.05
Ca-O 228 34 0.12
Ca-O 2.51 1.8 0.11
0--0 264 40 0.09
Ca-O 2.72 1.1 0.11
Si---Si 3.03 3.9 0.11
Si70Ca28Ag2 600 Si-O 1.62 3.7 0.04
Ag-O 2.25 1.6 0.06
Ca-O 232 12 0.06
Ca-0 252 19 0.10
0---0 264 4.1 0.08
Ca-O 2.77 1.6 0.07
Si---Si 3.04 33 0.11
Si70Ca26Ag4 600 Si-O 1.62 4.4 0.05
Ag-O 2.20 1.3 0.13
Ca-O 233 1.7 0.06
Ca-O 258 23 0.07
0---0 264 4.1 0.09
Ca-O 2.68 1.9 0.09
Si---Si 3.03 3.6 0.16
Si70Ca24Ag6 600 Si-O 1.62 33 0.05
Ag-O 2.19 1.7 0.10
Ca-O 235 1.7 0.06
Ca-0 257 21 0.07
0O--0 265 35 0.09
Ca-O 2.70 1.5 0.14
Si---Si 3.02 3.6 0.14
Si70Ca28Ag2 800 Si-O 1.62 3.6 0.04
Ag-O 2.18 2.1 0.14
Ca-O 234 19 0.07
Ca-O 258 21 0.06
0---0 263 42 0.08
Ca-O 2.75 2.2 0.11
Si---Si 3.06 3.5 0.14

based glasses.*® In terms of the application, silver nanopar-
ticles have been used as nanoparticles*' and as coatings for
titanium implants in order to inhibit bacterial coloniza-
tion.*?

An important parameter used to describe the connectiv-
ity of silica based glasses is the Q-speciation, where Q"
represents an SiO, tetrahedral unit that is bonded to n other
such units by corner sharing. The relative proportions of

FIGURE 3 High-resolution TEM image of Si70Ca28Ag2
calcined at 700°C. Inset: electron diffraction pattern showing the
(111), (200), (220) and (311) reflections of silver

the various Q" species (ranging from Q° to Q") that form
the silica network in a glass are often determined by*® Si
NMR.*® However, the average Q-species, Q", can also be
obtained from diffraction data because Q" is equal to the
average Si---Si coordination number. The glasses studied
here all have Si---Si coordination numbers of between 3.3
and 3.9 and exhibit no clear systematic variation with silver
content. The Si---Si coordination numbers reported here are
consistent with those in the literature: Lin and co-workers
reported values of 3.6 and 3.7 for Q" measured from differ-
ent regions of (Si0,)y7(Ca0)q 5 sol-gel glass monoliths.**
The experimental Q" can be compared with that calculated
from the composition of the glasses (Q%). If we assume
that all of the oxygen is bonded to at least one silicon
atom, the average Q-species can be estimated, using the
following equation:

Q7 =2(4 —0/Si)

where O/Si is the mole ratio of O to Si from the nominal
composition. The glasses studied here all have a nominal
O/Si ratio of 2.4 which would give a Q} of 3.2. This is
lower than the average experimental value of 3.6, which
reflects the network modifying effects of the H content and
the consequential fact that not all the oxygen present in the
sample contributes to the silica network. However, this
does not affect the theoretical Si-O and Si---Si coordination
numbers. A similar discrepancy was observed in MD mod-
els of (Si0,);x(Ca0), sol-gel materials,”” and was attribu-
ted to a proportion of the oxygen being shared between
calcium ions or present in Ca—OH groups and not bonded
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to silicon. The results presented here thus provide experi-
mental evidence that validates the MD models of Mead
and Mountjoy.”” Furthermore, the presence of oxygen
shared between calcium ions means that a degree of cal-
cium clustering cannot be ruled out. It is well known that
silver ions in silicate-based sol-gel glasses can be reduced
to silver metal, often in the form of nanoparticles, during
the materials’ processing.*> Delben et al.*® found Bragg
peaks due to metallic silver in X-ray diffraction (XRD) pat-
terns from their silver-doped 45S5 Bioglass. Using data
from the ICSD (entry no. 181730), the expected positions
of the Bragg peaks due to metallic silver in Q-space can be
calculated. Using the crystallographic data from refer-
ence,”” Bragg peaks due to metallic silver are expected to
be at 2.7, 3.1, 4.5 and 5.1 A~'in Q-space. Examining the
neutron pair distribution functions in Figure 1B, we see no
evidence of Bragg peaks at these positions, with the excep-
tion of the peak at 3.1 AL, particularly evident in the
2 mol% Ag,O containing sample heated to the higher tem-
perature of 800°C that can be attributed to pseudowollas-
tonite.>> Even though Ag nanoparticles are present in the
sample after calcination at 700°C (Figure 3), no peaks cor-
responding to metallic silver are observed in Figure 1A.
This may be due to the small dimensions of the nanoparti-
cles, which makes the peaks very broad and difficult to dis-
tinguish, and also to the low concentration of silver in the
glass matrix. Previous XRD studies on the silver-free
(§10,)p 7(Ca0)g 3 composition detected no crystallization at
800°C but did find pseudowollastonite peaks at 850°C (no
patterns were collected between 800°C and 850°C).*® The
results of the neutron diffraction study presented here sug-
gest that substituting some calcium for silver in sol-gel
(Si0,)0.7(Ca0)q 5 bioactive glass up to a level of 6 mol%
had no significant effect on the structure, for samples heat
treated at 600°C. Heat treatment of the 2 mol% Ag,O sam-
ple to 800°C resulted in some crystallization of pseudowol-
lastonite, Ca3(Si3Oo). Furthermore, the results suggest that
Ag® ions (ie the silver not residing within metallic
nanoparticles) are distributed throughout the silica network
and are coordinated to ~2 oxygen atoms at a distance of
2.2 A. The results of this structural study are entirely con-
sistent with properties exhibited by the material; the bioac-
tivity of the glasses is maintained because the structure is
not disrupted by the addition of Ag,O, whilst the presence
of Ag® ions which are coordinated by oxygen and slowly
released as the glass dissolves imparts potent antibacterial
qualities.

4 | CONCLUSIONS

This neutron diffraction study suggests that the addition
of silver does not significantly modify the SiO,-CaO glass

SCIENCE

structure. The silver environment is consistent with that in
silver-containing sodium silicate and alumina silicate
glasses determined, using EXAFS. This result suggests
that the silver is incorporated into and throughout the
glass structure rather than existing in isolated regions of
Ag,O. However, some Ag nanoparticles were present,
resulting in the observed low Ag—O coordination numbers.
The average Q-speciation, calculated from the Si---Si coor-
dination numbers, is similar for all samples and consistent
with that measured with®® Si NMR. This conclusion is in
agreement with a previous molecular dynamics study, and
with the conclusion that some oxygen atoms are likely to
be shared between calcium ions or to be present within
hydroxyl groups. All samples are mainly amorphous after
heat treatment at 600°C. Further heat treatment of the
sample, containing 2 mol% Ag,0O sample to 800°C caused
partial crystallization to pseudowollastonite.
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