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Abstract There is increasing interest in developing
scaffolds with therapeutic and antibacterial potential for
bone tissue engineering. Silver is a proven antibacterial
agent which bacteria such as MRSA have little or no
defense against. Using an ion exchange method, silver ions
have been introduced into 45S5 Bioglass® based scaffolds
that were fabricated using the foam replication technique.
This technique allows the introduction of Ag™ ions onto the
surface of the scaffold without compromising the scaffold
bioactivity and other physical properties such as porosity.
Controlling the amount of Ag™ ions introduced onto the
surface of the scaffold was achieved by tailoring the ion
exchange parameters to fabricate samples with repeatable
and predictable Ag™ ion release behavior. In vitro studies
in simulated body fluid were carried out to ensure that the
scaffolds maintained their bioactivity after the introduction
of Ag* ions. It was also shown that the addition of low
concentrations (2000:1 w/w) of silver ions supported the
attachment and viability of human periodontal ligament
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stromal cells on the 3D scaffolds. This work has thus
confirmed ion exchange as an effective technique to
introduce Ag™ ions into 4585 Bioglass® scaffolds without
compromising the basic properties of 45S5 Bioglass®
which are required for applications in bone tissue
engineering.

1 Introduction

Bioglass®-derived glass-ceramic scaffolds and related sil-
icate systems have in recent years attracted increasing
attention for bone tissue engineering (TE) strategies [1-3].
This is because they are suitable 3D porous matrices with
the potential to promote new bone tissue formation, also
providing mechanical support to the surrounding tissue; in
essence they fulfil the basic requirements for an optimal
material for use in bone TE [4]. These scaffolds not only
exhibit highly interconnected porosity with suitable pore
size, but they are also highly bioactive and osteoconduc-
tive. There are, however, still challenges remaining for the
optimisation of the scaffolds before they can be rolled out
for general use in a clinical setting related to achieving
further functionalities for better in vivo performance.

With post-operative bacterial infections and implant
rejection a concern [5], it is reasonable to postulate that for
in vivo TE the ideal scaffold would be one that incorpo-
rates an antibacterial element to help to prevent infections
and thus with the potential to reduce the post operative care
and to improve the patient’s recovery time. Therefore
recent research in bone TE scaffolds is focussing on
incorporating an antibacterial function [6-10].

The most common bacteria that cause these infections
are Staphylococcus aureus and infections can normally be
treated with antibiotics such as gentamicin and vancomycin
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[11, 12]. However a growing problem is that bacteria may
have become resistant to antibiotics because they have
been over used to combat infections [12]. These are called
methicillin-resistant S. aureus strains (MRSA) and vanco-
mycin-resistant S. aureus (VRSA), with MRSA being the
most common [13]. With these resistance strains of bac-
teria causing increasing problems in healthcare, alternative
solutions need to be found not only regarding orthopaedic
implants but also for TE approaches.

Silver has long been a known antibacterial element [8,
14, 15] and it has been proposed for the treatment of bone
infections. The anti-bacterial effect of the silver ion has
been attributed to the very small size and therefore high
surface to volume ratio [14]. This allows the metal ions to
interact closely with the membranes of the bacteria. This
close interaction causes the silver ions to be incorporated
into the bacteria cell membrane and this causes the inter-
cellular substances to leak out of the cell leading to cells
death [14]. Silver ions also have a negative effect on the
bacteria’s ability to colonize, which will control the spread
of infection around an implant. The concentration of silver
used needs to be carefully controlled as high levels of silver
will cause cell cytotoxicity. This toxic effect also occurs at
a high release rate of silver ions, so when incorporating
silver into biomaterials for orthopaedic or TE applications
this effect needs to be taken into consideration [7, 8].

There are several ways of introducing metal ions into a
silicate scaffold, including the traditional melt quenching
technique, sol-gel processing and molten salt ion-exchange
methods. Work has already been done on introducing silver
into silicate [16—-18] and phosphate based glass-ceramics
[19] through the sol-gel technique. Sol-gel methods are
useful if silver is required throughout the whole structure of
the scaffold [17], however the preferred approach is that
the silver ion should act as an initial potent antibacterial
agent whilst the risk of infection is at its highest. This
approach requires that silver ions are only present on the
surface of the scaffold and an obvious processing choice to
incorporate the ion in the outer surface layer of the 3D
scaffold is therefore the molten salt ion-exchange tech-
nique [8].

Molten salt ion exchange is a well known method which
has been investigated for the last few decades for intro-
ducing ions into silicate glass, for example for waveguides
for optical applications [20]. Di Nunzio et al. [8] were the
first to show that by using molten salt ion exchange silver
ions can be introduced into bioactive silicate glasses. This
method allows the fabrication of samples that can be easily
reproduced, with constant diffusion profiles and silver
content, offering a simple and low cost way to introduce
silver into a glass-ceramic after it has been sintered to its
final required shape and dimensions [8]. The glass-ceramic
used by Di Nunzio et al. [8] had a composition in the
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system Si0,-Ca0-Na,O and silver was introduced by
exchanging the sodium ions in the glass with silver ions in
the molten salt. “It should be noted that the preliminary
study of Di Nunzio et al. [8] was carried out using solid
glass-ceramic pellets although for tissue engineering
applications current work should consider highly porous
glass-ceramic scaffolds”. The ion exchange mechanism is
represented by the following equilibrium equation: [8]

heat ,

Na+ )—> Ag(glass

(glass) + Ag+

(melt

)4—Na+

(melt) "

The molten salt bath contained silver nitrate and sodium
nitrate salts, with the sodium nitrate salt used to regulate
the amount of silver being exchanged into the material; this
exchange process is described by the following reaction:

Nay0 + 2AgNO, % 5NaNO; + Ag,0.

45S5 Bioglass®-derived glass-ceramic scaffolds with a
composition in the SiO,-Na,0-CaO-P,0s5 system, which
have been developed and characterised in previous studies
[1, 21] could undergo a similar ion exchange process, as
the glass-ceramic pellets described by Di Nunzio et al. [8].
In the present research the ion exchange technique was
adapted to incorporate Ag ions into Bioglass®-derived
glass-ceramic 3D scaffolds. The bioactivity and cell
response of the scaffolds incorporating silver ions were
investigated for the first time using human periodontal
ligament stromal cells. The aim was to assess whether or
not the incorporation of Ag would have an effect on the
well established bioactivity and cellular response of
Bioglass® based scaffolds.

2 Materials and experimental procedure
2.1 Scaffold fabrication

The bioactive glass-ceramic scaffolds used in this work
were produced using the foam replication technique
developed by Chen et al. [1]. This technique has been
discussed in detail in the previous work so only specific
parameters used in the present research will be indicated
here. The starting bioactive glass powder selected for this
work was 45S5 Bioglass® with the standard composition of
45wt% Si0,, 24.5wt% Na,O, 24.5wt% CaO and 6wt%
P,0s. The 45S5 Bioglass® has a density of 2.70 g cm™>
with a particle size in the range 10-20 pm. Polyurethane
(PU) foam (Reticel, Corby, UK) was used as the sacrificial
template in the foam replica method and polyvinyl alcohol
(PVA) (Sigma—Aldrich, UK) was used as the binder. The
PU foam has 45 pores per inch (ppi) and was cut into
20 x 20 x 10 mm?® blocks in anticipation that during the



J Mater Sci: Mater Med (2011) 22:557-569

559

sintering process the green bodies would shrink by
approximately 50% [1]. The green bodies were sintered at
1,100°C with a pre-sintering step which burnt off the bin-
der and the sacrificial PU foam at 550°C.

2.2 Silver ion exchange

The pre-fabricated 45S5 Bioglass® scaffolds were modified
using ion exchange following a similar procedure as the
one described by Di Nunzio et al. [8]. The scaffolds and the
salt bath of silver nitrate (AgNOs) and sodium nitrate
(NaNO3), obtained from VWR and Sigma—Aldrich, UK,
respectively, in a ceramic crucible, were placed in a fur-
nace at 400°C. This temperature was selected as it is above
the melting points of both nitrate salts (210°C and 310°C,
respectively) and will ensure that the salt bath is molten.
The scaffolds where then dipped into the molten salt bath
for 30 min. The scaffolds were then manually removed and
allowed to cool down on a ceramic plate at room temper-
ature. Once cooled, the scaffolds were then washed in
distilled water to remove any residue traces of the nitrate
salts from the ion exchange process.

The following study was split into three parts with the
preliminary tests investigating whether or not the technique
described by Di Nunzio et al. [§] could be applied not only
to the 45S5 Bioglass® derived glass-ceramic but to porous
scaffolds instead of pellets. The second part of the exper-
iments was aimed at optimising the ion exchange process
for the present scaffolds including also the characterisation
of the newly formed silver ion impregnated scaffolds,
investigating bioactivity and mechanical properties. Finally
selected Ag containing scaffolds were investigated in terms
of their cell biology response.

2.2.1 Preliminary silver ion exchange study

This study used the concentrations of AgNO3 and NaNO;
that were described originally by Di Nunzio et al. [8] and
are shown in Table 1. The objective was to apply for the
first time the same technique described in that work to

45S5 Bioglass®-derived scaffolds. To ascertain if the
technique was successful a number of characterisation tests
were carried out.

X-ray diffraction (XRD) analyses were conducted using
a Phillips PW 1700 series instrument using Cu Ku incident
radiation with the resulting spectra being analysed using
X’Pert high Score software and the PCPDF data base to
obtain the crystalline composition of the scaffolds [22].
The microstructure of the scaffolds was observed using a
variable pressure JEOL JSM 5610LV scanning electron
microscope (SEM). The intention was to compare the silver
ion exchange scaffolds (labelled AgIE scaffolds) micro-
structure with that of the original 45S5 Bioglass® scaffolds,
in order to investigate a possible microstructural effect of
the ion exchange process. Energy dispersive X-ray spec-
troscopy (EDX) was used to determine the elemental
composition of the struts. Using these characterisation tests
the viability of the ion exchange technique was evaluated.
Moreover, it was also investigated how the ion exchange
method could be improved and optimised (next section).

2.2.2 Main silver ion exchange study

From the results and general observations made throughout
the preliminary study described above the following
changes were made to the original ion exchange procedure:

e Introduction of a controlled rate of heating and cooling
during the ion exchange process to help prevent thermal
shock fracture of the scaffolds that was seen to occur
previously. The scaffolds and the salt bath were heated
up to 400°C at a rate of 2°C per minute and cooled
down at a rate of 2°C per minute.

e Concentrations of AgNO; and NaNOj were altered to
more appropriate concentrations based on the results
and observations from the preliminary study (shown
in the Sec 3, see below) and the observations made by
Di Nunzio et al. [8]. The new concentrations are shown
in Table 1. The two new concentrations fall between
the original medium and low concentrations.

Table 1 Concentrations and quantities of sodium nitrate and silver nitrate used for the silver molten salt ion exchange experiments, according to

Di Nunzio et al. [8] and new values determined for this study

Sample name Description of sample

Ratio of sodium nitrate

Mass of sodium Mass of silver

to silver nitrate nitrate (g) nitrate (ml)
PreHigh Preliminary high 20 to 1 4.25 50
PreMed Preliminary medium 200 to 1 42.5 50
Prelow Preliminary low 2,000 to 1 42.5 5
High High concentration of silver 800 to 1 425 12.5
Med Medium concentration of silver 1,400 to 1 42.5 7.14
Low Low concentration of silver 2,000 to 1 42.5 5
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e Increased washing time after the ion exchange process,
this was necessary due to the observation of an excess
amount of salt residue on the surface of the scaffold.

e The immersion time was varied for optimisation
purposes and immersion periods of 15, 30, 45 and
60 min were investigated.

2.3 Material characterisation

The characterisation techniques used in the preliminary
study described above (XRD, SEM/EDX) were repeated
and additional tests were carried out to fully characterise
the new scaffolds.

Fourier transform infra-red spectroscopy (FTIR) was
used to identify specific chemical bonds in the scaffolds
using a Bruker Vector 22 TGA-IR instrument and a
transmission spectra attachment. The scaffolds were
ground into powder and combined with potassium bromide
(KBr, Sigma—Aldrich, UK) and pressed into pellets with a
diameter of 13 mm.

The acellular in vitro bioactivity of the scaffolds was
assessed by soaking them in simulated body fluid (SBF)
for 1, 3, 7, 11 and 15 days and then analysed using XRD,
SEM, EDX and FTIR to determine the possible precipi-
tation of hydroxyapatite (HA) on the scaffold surfaces.
The SBF was prepared according to the standard proce-
dure suggested by Kokubo et al. [23]. Formation of HA
on biomaterial surfaces in contact with SBF is usually
considered the first marker to assess the bioactive
behaviour of biomaterials intended for applications as
bone replacement materials and in bone regeneration [24].
As porosity is an important property of scaffolds [4] it
needs to be measured carefully to ensure that it is not
being significantly altered by the ion exchange process.
This measurement also gives an indication of how much
residue salt may have been left on the surface of the
scaffold. The porosity of a scaffold can be calculated
using the following equation:

. Psc: Mscaffold
Porosity = 1 — (ﬂ =1- ,
Pmaterial Uscaffold X Pmaterial
(1)

where pgcarrold aNd Pmacerial are the densities of the scaffold
and of Bioglass®, respectively, Mgcarrorg 1S the mass of the
scaffold and vgcapp01q 1S the total volume of the scaffold.

The compressive strength of the scaffolds was evaluated
using a Zwick testing machine on 10 x 5x5 mm?® pris-
matic samples. This analysis was carried out for all con-
centrations and for all salt bath immersion periods and after
14 days SBF immersion to give complete information
about the possible effect of the introduction of silver ions
on the scaffolds compressive strength.
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2.4 Cell culture studies

Human periodontal ligament stromal cells (HPDLCs) were
isolated as described by Somerman et al. [25], from
explants scraped off the mid root surface of freshly
extracted premolar/wisdom teeth. The teeth were obtained
with patients’ consent as donations to the Leeds Dental
Institute (LDI) Research Tissue Bank (LREC 07/H1306/
93). Cells outgrowing from human periodontal ligament
explants were cultured in monolayers on tissue culture
plastic in alpha modified minimum essential medium
(«-MEM, Lonza) supplemented with 20% foetal bovine
serum (FBS, Lonza), 2 mM of L-glutamine (Sigma) and
100 units/ml penicillin/streptomycin (Gibco). The cells
were incubated at 37°C under 5% CO, and the media
changed weekly until the cells had reached 90% conflu-
ence. The scaffold samples were cut to 2 x 2 x 2 mm>
and sterilised using UV irradiation; 2 x 10° cells (passage
4) were dynamically seeded either onto plain 45S5 Bio-
glass® scaffolds (controls) or onto each of three of the
silver ion exchanged Bioglass® scaffolds (low, medium
and high samples as defined in Table 1) and maintained in
the dynamic seeding apparatus for 3 days at 37°C, 5%
CO,. The cell-scaffold constructs were then cultured stat-
ically in tissue culture plates for a further 7 days and cell
attachment and viability on the scaffolds confirmed by
staining with live/dead fluorescent markers using Cell-
Track™ Green CMFDA (5-chloromethylfluorescein diac-
etate). Non-viable cells were stained using ethidium
homodimer-1. The stained constructs were then viewed by
confocal laser scanning microscopy (CLSM).

3 Results and discussion
3.1 Preliminary Ag™" ion exchange study

The porosity of the present scaffolds was confirmed as
ranging from 90% up to 95%, calculated using Eq. 1. This
range of values is in agreement with results found in pre-
vious work for scaffolds fabricated by the foam replica
method [1]. The highly porous structure can be seen in
Fig. la and this confirms that highly porous 45S5 Bio-
glass® scaffolds with suitable pore architecture similar to
spongy bone have been produced. The scaffolds produced
here are similar to those described by Chen et al. [21],
indicating the reliability of the foam replication technique
as a robust and reproducible manufacturing method for
bone tissue scaffolds. From the SEM image (Fig. 1b) small
crystalline grains are observed, with diameters of approx-
imately 0.5 pm, which indicates that the scaffold is par-
tially crystallised. The preliminary study was carried out
using the three concentrations originally proposed by Di
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Fig. 1 SEM images of
Bioglass®-derived scaffolds
investigated: a plain 45S5
Bioglass® scaffold at a low
magnification, b plain 45S5
Bioglass scaffold at a high
magnification, ¢ preliminary
low concentration Ag*/45S5
Bioglass® scaffold,

d preliminary medium
concentration Ag*/45S5
Bioglass® scaffold and

e preliminary high
concentration Ag*/45S5
Bioglass® scaffold

58 1298 km

Nunzio et al. [8], as shown in Table 1. Figure 1 shows that
whilst the porosity and the structure of the scaffolds have
been maintained there is residual salt found on the surface
of the scaffold (Fig. lc—e), indicating that the scaffolds
require a more rigorous washing process to solve this issue
after the ion exchange process and that this should be
addressed in the optimisation phase.

EDX analysis results on treated (ion exchange) and non-
treated scaffolds are shown in Fig. 2. They show the
presence of silicon, sodium, calcium and gold, the presence
of gold is due to the coating applied for SEM observations
(Fig. 2a). The EDX analysis on ion exchanged specimens
also indicates the presence of silver, confirming that the ion
exchange method has been successful (Fig. 2b). However,
it was also evident that levels of silver present in the
sample which was immersed in the lowest concentration
salt bath were not detected. This could be because the
concentration of silver was lower than the detection limit of
EDX analysis. Despite taking EDX data at various points
across the sample, the concentration of silver was seen to
be extremely low. The EDX data thus suggest that the ion
exchange technique is appropriate when the correct salt
bath concentration is used and the concentration of Ag in
the scaffold depends on the concentration of the salt bath.

sidual Salt

The crystalline nature of the samples was confirmed by
XRD analysis as shown in Fig. 3, with Fig. 3a showing the
XRD pattern of the partially crystallised structure of the (as
fabricated) 45S5 Bioglass® scaffolds. It is shown that the
spectrum matches that of the crystalline phase NagCas.
Si4O1g, which is in agreement with previous results [1].
Comparing the results in Fig. 3a to those in Fig. 3b—d, it
can be observed that NagCasSicO;g is still present in all
samples after ion exchange. Figure 3d shows the presence
of silver (Ag and Ag;PO, peaks). The presence of Agz;PO,4
is repeated in the low and medium concentration XRD
spectra (Fig. 3b and c), however these two spectra are
lacking the presence of the pure Ag peaks. Thus XRD
analyses provide further confirmation about the presence of
silver in the structure of the Bioglass® based scaffolds.
Since XRD analysis detected silver peaks in the lowest
concentration samples, it can be conclusively stated that
the molten salt ion exchange was successful even at such
low silver concentrations of the starting salt bath.

Di Nunzio et al. [8] have stated that the best salt con-
centration out of the three investigated was the lowest as
this concentration still imparted the Ag ions into the glass-
ceramic structure whilst not having a detrimental effect on
the HA formation (bioactivity study, see below) on the
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Fig. 2 EDX analysis on scaffolds for the preliminary concentrations
of silver used in the ion exchange process: a plain 45S5 Bioglass®—
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material and not inducing a toxic effect on cells. In a full
optimisation study, the immersion period of the sample in
the molten salt bath needs to be taken into account too. As
in Di Nunzio et al. [8] study, in the present investigation
the lowest salt bath concentration was successful to
incorporate silver into the silicate (Bioglass®) network and
it was therefore proposed that a new set of relatively low
concentrations be scrutinised, these are listed in Table 1. In
our optimisation study, these concentrations were selected
between the preliminary studied lowest and medium con-
centrations, as discussed in the next section.

3.2 Main Ag™ ion exchange study

The respective SEM analyses of all samples investigated in
the optimisation study are shown in Fig. 4a—d. The analysis
of samples from all concentrations and all immersion
periods showed that the salt residue present, which was
considerable (e.g. in Fig. 1c—e), has been vastly reduced
but it is still present, demonstrated in Fig. 4b—d whilst
maintaining the general structure and porosity of the plain
45S5 Bioglass® scaffolds (Fig. 4a).

The porosity study carried out on these scaffolds is
shown in Fig. 5. As indicated above, the plain 45S5 Bio-
glass® scaffolds have a porosity of above 90% and this is in
accordance with the literature [1]. On the other hand,
unwashed scaffolds after the ion exchange process have
porosity in the range of 37-75% and the scaffolds that have
been washed in distilled water after the ion exchange
process have porosity in the range of 65-85%. Figure 5
shows that scaffolds treated using the lowest salt concen-
tration exhibit porosity varying in a wider range than that
of scaffolds treated using higher concentration salt baths. It
can also be seen that as the immersion period increases the
porosity range decreases. The decrease in porosity of the
scaffolds is mainly due to the presence of the solidified salt
melt residue on the surface of the struts. It should be noted
that whilst the salt melt is soluble in distilled water so is the
45S5 Bioglass® based scaffold. This means that leaving the
ion exchanged scaffold for an extended period in distilled
water would probably have a detrimental effect on the
scaffold mechanical properties. Since both silver nitrate
and sodium nitrate are also soluble in alcohol, specifically
ethanol, work should be done to assess if a washing process
in an alcohol could reduce the salt residue without com-
promising the mechanical properties. It can be theorised
that the lowest salt concentration scaffolds exhibit a wider
porosity range due to the lower silver nitrate content in the
salt melt; porosity range generally decreases with increas-
ing silver nitrate content. The mechanism behind this
behaviour is not known as of yet. It was observed that
scaffolds which had been immersed for longer periods of
time had formed layers of the salt residue on the scaffold
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Fig. 4 SEM images of scaffolds treated by ion exchange for 30 min
at different concentrations: a plain 4585 Bioglass® scaffold, b low
concentration Ag*/45S5 Bioglass® scaffold, ¢ medium concentration

and that these long immersion scaffolds were easier to
clean as the layers had a tendency to detach leaving the
scaffold almost untouched underneath them.

The results of the EDX analysis on these scaffolds are
presented in Fig. 6a—d. Similar results to those shown in
Fig. 2 with the presence of silicon, sodium, calcium and gold
in all four spectra are obtained. Silver was detected in the
medium and higher concentration samples (Fig. 6¢ and d),

100 -
95
90
85
80
75 ]a A
70] at
054 o

604 ®

55 4 o
50 4 .

45: L ] [ ]
40 4 =
35 .

Fig. 5 Porosity study graph
showing porosities for all three
concentrations over all four
immersion periods

porosity (%)

Agt/4585 Bioglass® scaffold and d high concentration Ag™/45S5
Bioglass® scaffold

for all immersion periods, however, the presence of silver
was not detected in the lower concentration samples at the
shorter immersion periods, similar to the previous results
shown in Fig. 2b. However, longer immersion periods at the
lowest concentration of silver did yield EDX spectra show-
ing silver peaks, indicating that a long enough immersion
period is required for the successful incorporation of silver at
the lowest Ag concentrations. The detection threshold of the
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Fig. 6 EDX analysis on scaffold surfaces for the main concentrations
of silver after immersion in the salt bath for 15 min: a plain 45S5
Bioglass® scaffold, b low concentration Ag*/45S5 Bioglass® scaf-
fold, ¢ medium concentration Ag*/45S5 Bioglass® scaffold and
d high concentration Ag*/45S5 Bioglass® scaffold

instrument, however, should be considered, and it is highly
likely that scaffolds ion exchanged in the lowest Ag con-
centration bath for low immersion times have incorporated
Ag at a level below the detection limit of EDX analysis.

XRD results are shown in Fig. 7. Peaks corresponding to
NagCa3SigO;5 can be seen in all four spectra in Fig. 7a—d
as well as the rest of the samples, which is in accordance
with previous work [1]. Figure 7b—d shows the presence of
pure silver with a peak at approximately 20 = 30 degrees,
while Fig. 7b and d show the presence of Ag;PO, peaks
between 20 = 37 and 20 = 48 degrees. These results agree
with the preliminary study and are also repeated through
the other investigated samples treated at different immer-
sion times. XRD analysis confirmed also the presence of
silver in the lower concentration samples.

FTIR analyses were carried out on scaffolds and the
results are shown in Fig. 8. The aim was to characterise the
chemical composition of the scaffold’s surface considering
that FTIR has not been used to characterise the present
scaffolds before. FTIR results show that the dual Si-O
peaks fall in the region 1,097-1,100 cm~! and 1,037-
1,050 cm™'. Moreover there is a non-bridging oxygen peak
lying between 920 and 940 cm ', dual P-O peaks between
720-650 cm™" and 625-580 cm ™! and finally a dual Si-O

@ Springer

_-......_,.A._H_H.LM !'|L'(L" \ L_..“;\F,.JWMLJUW_LIJ)\.}*

g MNJ\__..JU \,J?Jm\«"w&w’} W%J ©

z

gl st r B
(A)

T I 1 1 I T 1 1 T L 1 T L 1
10 15 20 25 30 235 40 45 50 55 60 €5 70 75 80
0
Angle (2" Theta)

Fig. 7 XRD analysis on scaffold surfaces for the main concentrations
of silver after an immersion period of 15 min in the salt bath: a plain
4585 Bioglass® scaffold, b low concentration Ag*/45S5 Bioglass®
scaffold, ¢ medium concentration Ag*/45S5 Bioglass® scaffold and
d high concentration Ag*/45S5 Bioglass® scaffold

peak appears between 528-536 cm™ ' and 455-457 cm™ ",
as shown in Fig. 8a. These bond peaks are consistent with
results in the literature [26]. The spectra shown in Fig. 8b—
d indicate the presence of the dual P-O peaks at
720-680 cm ™' and at 625-580 cm™'. The spectra have
also the Si—O peak at 528-536 cm™'. All of these peaks
have been shown to occur in plain 4585 Bioglass® [26, 27].
The peak at 1,387 cm™' is from NO;~ which will have
originated from the salt, AgNO; [28]. The peaks at
950-1,000 cm ™' and 670-680 cm™" are due to the Si-O-
Ag bond and this is shown in all four spectra, which
indicates that the silver has been incorporated in the

structure of the 45S5 Bioglass®-derived glass-ceramic
scaffolds [16, 28].

3.3 Bioactivity tests in SBF

Figure 9 shows SEM images after the scaffolds have been
immersed in SBF for 15 days. The presence of HA on the
surface of the scaffold after 15 days of immersion in SBF
on both the plain 4585 Bioglass® scaffolds and the Ag™/
45S5 Bioglass® scaffolds is clearly identified. This result
confirms that the presence of silver in the scaffold surface
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Fig. 8 FTIR analysis on scaffold surfaces for the main concentrations
of silver after 60 min period of immersion in the salt bath: a plain
4585 Bioglass® scaffold, b low concentration Ag™/45S5 Bioglass®
scaffold, ¢ medium concentration Ag*/45S5 Bioglass® scaffold and
d high concentration Ag*/45S5 Bioglass® scaffold

does not affect the formation of HA on the surfaces in
contact with the SBF. HA formation on bioactive glass
surfaces in contact with SBF is a well documented process
[24] and is considered the marker for the bioactivity of a
material intended for bone TE [1]. The process of HA
formation can be described in several stages starting with
the exchange of sodium within the silicate glass-ceramic
with H* or H;0™" from the solution [29]. The next stage
involves the loss of soluble SiO, (in the form of Si(OH),)
to the surrounding solution. This results in the formation of
Si—OH on the surface of the glass-ceramic after the Si—-O—
Si bonds break [29]. Subsequently, condensation and
re-polymerisation of a SiO,-rich layer on the surface of the
scaffold occurs. The next process involves Ca** and PO,
groups migrating to the surface through the SiO,-rich top
layer. These groups then form a CaO-P,0Os-rich film on top
of the SiO,-rich layer. The new CaO-P,Os-rich film grows
further by incorporating phosphate and calcium ions from
the SBF medium. Lastly the amorphous CaO-P,Os film
crystallizes through the incorporation of OH™, CO5>~, or
F~ anions [24, 29].

The compressive strength of the scaffolds is affected by
the ion exchange process, compressive strength values for
all three concentrations over the four immersion periods
before and after immersion in SBF are shown in Table 2.
The results indicate that the ion exchange process increases
the compressive strength of the scaffolds with differences

between the concentrations, immersion periods and pre and
post SBF immersion processes. The compressive strength
increases with both the concentration and the immersion
period with the highest compressive strength being
0.73 £ 0.04 MPa for the highest concentration after
60 min. The compressive strength decreased after the
immersion in SBF but the values for the three concentra-
tions where still higher than the value for the plain scaffold
after 14 days in SBF. The difference between the immer-
sion periods after immersion in SBF has decreased com-
pared to before the samples were exposed to SBF, this
could be due to the fact that SBF removes excess salt
residues from the scaffolds resulting in all samples
behaving similarly after a certain immersion period. In
Bioglass®, the silicate network containing calcium and
sodium as network modifiers incorporates the phosphate in
the form of orthophosphate which is charge balanced by
the calcium network modifier [30]. When silver ions
exchange with sodium ions, which are ionically bonded to
a non-bridging oxygen, they also interact with nearby
bridging oxygens to form a two-coordinate structure [30].
This extra interaction is caused because silver ions can lose
their outer electron more easily than sodium ions. This
extra bond formed could affect the mechanical strength
marginally. EDX results on samples after immersion in
SBF are shown in Fig. 10. Increased levels of Ca and P
ions in the scaffolds’ structure can be inferred from the data
in Fig. 10 compared with the levels shown in Fig. 6, which
shows Ca and P levels before SBF immersion, and this is a
clear indication of the bioactivity of the scaffold, which is
also in broad agreement with previous results [1]. The
presence of HA on the scaffolds surface after 15 days in
SBF, which can be inferred from the Ca/P ratio in the EDX
patterns, confirms that 45S5 Bioglass®-based scaffolds are
suitable for bone TE as they are highly bioactive and that
the presence of silver has not affected the bioactivity.
The immersion of the scaffold in SBF has an effect on
the FTIR spectra as shown in Fig. 11. The main peaks that
indicate the presence of HA are the dual P-O bonds at
625-580 cm™" and 720-650 cm™'; these peaks will grow
in size as the length of time in SBF increases. The Si-O
peak at 455-457 cm™ !, on the other hand, decreases over
the immersion period of the scaffold in SBF. These two
facts are indicative of HA formation on the surface of the
scaffold and are shown in Fig. 11a [26, 27]. All three
spectra of silver containing scaffolds shown in Fig. 11
confirm the indicators of HA formation. In particular, the
P-O bonds at 600-604 cm ™' and 550-525 cm ™" in Fig. 11
are seen to increase with increased immersion time in SBF.
In Fig. 12b the Si-O peak at 455-457 cm™' is seen to
decrease with increased immersion time in SBF and the Si—
O peaks at 1,097-1,100 cm~ ! and 1,037-1,050 cm~! have
flattened out [27]. The non-bridging oxygen peak lying
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Fig. 9 SEM images of scaffold
struts after a immersion period
of 15 min in salt bath and after
immersion in SBF for 15 days:
a plain 4585 Bioglass® scaffold,
b low concentration Ag*/45S5
Bioglass® scaffold, ¢ medium
concentration Ag*/45S5
Bioglass® scaffold and d high
concentration Ag*/45S5
Bioglass® scaffold

Table 2 Compressive strengths

of plain and ion exchanged Immersion period

Compressive strength in MPa

scaffolds covering all three

Low concentration

Medium concentration High concentration

concentrations over the four

immersion periods Before immersion in SBF

15 0.62 £ 0.04 0.65 + 0.07 0.68 £ 0.06
30 0.64 + 0.03 0.66 + 0.07 0.69 + 0.09
45 0.65 £ 0.06 0.68 + 0.04 0.72 £ 0.05
60 0.67 £ 0.06 0.70 + 0.08 0.73 £ 0.04
Plain scaffold 0.53 + 0.08
After 14 days in SBF

15 0.50 £ 0.04 0.51 + 0.06 0.55 £ 0.05
30 0.50 £ 0.5 0.53 + 0.05 0.56 + 0.04
45 0.51 £ 0.06 0.52 + 0.06 0.55 £+ 0.06
60 0.49 + 0.03 0.53 + 0.08 0.58 £+ 0.07
Plain scaffold 0.43 £ 0.05

between 920 and 940 cm ™' is still present in Fig. 11b—d,
but it is seen to have shrunk compared to Fig. 8, indicating
that the non-bridging oxygen’s are becoming bridging
oxygen’s by forming P-O bonds. It should be noted that if
the Si—O peak at 455-457 cm™' is still large, it could
indicate that the HA layer is very thin or discontinuous [26,
27].

3.4 Cell viability on Ag substituted scaffolds

Figure 12 shows that all silver substituted scaffolds as well
as the controls (non-substituted scaffolds) exhibited green
fluorescent viable cells attaching to the scaffolds. No dead
cells were apparent. However, the highest number of cells
attached to the scaffolds was seen in those constructs with
the lowest concentration of silver and in the control scaf-
folds. In general, the presence of Ag' ions at low

@ Springer

concentrations appeared to have supported cell attachment
and maintained cell viability on the scaffolds up to 7 days
in vitro. However, scaffolds containing higher concentra-
tions of Ag" appeared to have reduced cell attachment.
This preliminary data illustrates that a low silver ion con-
centration in Bioglass®-derived glass-ceramic scaffolds has
no obvious detrimental effects on cell attachment and
viability compared to the control 45S5 Bioglass® scaffolds
without silver.

These results coincide with the recent report by Xing
et al. [31] who used poly-3 hydroxy butyricacid-co-3-
hydroxy valeric acid nanofibers loaded with 5-13 nm silver
particles and showed that there were no signs of cytotox-
icity on NIH3T3 fibroblast cells [31]. However, Balagna
et al. [9] showed recently that Ag-bioactive glass scaffolds
inhibited MG63 osteoblast cell proliferation and differen-
tiation after 4 days of culture compared to the control
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Fig. 10 EDX analysis of scaffold for the main concentrations of
silver after immersion in salt bath for 15 min and after immersion in
SBF for 15 days: a plain 45S5 Bioglass® scaffold, b low concentra-
tion Ag™/45S5 Bioglass® scaffold, ¢ medium concentration Ag™/
4585 Bioglass® scaffold and d high concentration Ag*/45S5
Bioglass® scaffold

bioactive glass scaffold alone. They suggested that silver
ion accumulation caused cell death and arrest of cell pro-
liferation. Our results showed that higher concentration of
silver incorporated into the scaffolds had reduced numbers
of attached cells but no dead cells were observed after
1 week of culture.

4 Conclusions

45S5 Bioglass® based glass-ceramic scaffolds were fabri-
cated by the foam replication technique, which produced
scaffolds with a porosity of above 90%. The pore structure
obtained fulfils the porosity requirement for bone TE in
terms of pore size and interconnectivity, making these
scaffolds highly suitable for their intended purpose in bone
TE. The characterisation of these basic scaffolds, including
bioactivity tests in SBF, showed that they conform to all
previous work carried out on them. Thus these results gave
confidence to the robustness of the fabrication technique
and the reproducibility of the scaffold structure and prop-
erties. Silver was introduced into the chemical structure of

the 4585 Bioglass® based scaffolds through a molten salt
ion exchange method. The characterisation tests showed
that there is a saturation point where no more silver will be
exchanged into the scaffold, with this occurring between 15
and 30 min of salt bath immersion. The porosity of the ion
exchanged scaffolds was seen to decrease by the process
however porosity did not fall below 65%. The ion
exchange process led to an increase of the compressive
strength of scaffolds, i.e. from 0.53 £ 0.08 MPa for plain
4585 scaffolds up to (0.62-0.73) & 0.04 MPa for the ion
exchanged samples before SBF immersion. After immer-
sion in SBF the compressive strength of all the samples
decreased. SBF immersion tests showed that the addition of
silver into the composition of the scaffold has not affected
the formation of HA on the scaffold surfaces, thus the
scaffolds bioactivity is not impaired by the presence of Ag.
The in vitro cell culture study indicated that the lower
concentration of added silver ion supported cell attachment
and maintained cell viability on 3D scaffolds comparable
to the control (un-substituted) 45S5 Bioglass® scaffolds.
Further biological studies are necessary to determine other
possible cellular effects associated with the addition of
silver ions to the scaffolds. Moreover the effect of silver
ions on a bacterial cell suspension will be investigated to
confirm the antimicrobial effect and to be able to draw a
final conclusion on the optimal silver ion concentration to
fulfil both purposes; of having the desired antimicrobial
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Fig.

; 600

12 HPDLCs attachment and viability on 3D Bioglass® scaf-

folds: a low concentration Ag*/45S5 Bioglass® scaffolds, b medium
concentration Ag*/45S5 Bioglass® scaffolds, ¢ High concentration
Ag™/45S5 Bioglass® scaffolds, and d plain 45S5 Bioglass® scaffold.

effect without jeopardizing bone cell viability, attachment
and proliferation.
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