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Abstract Bioactive glasses may function as antimicrobial
delivery systems through the incorporation and subsequent
release of therapeutic ions. The aim of this study was to
evaluate the antimicrobial properties of a series of com-
posite scaffolds composed of poly(octanediol citrate) with
increased loads of a bioactive glass that releases zinc
(Zn*™) and gallium (Ga®") ions in a controlled manner.
The antibacterial activity of these scaffolds was investi-
gated against both Gram-positive (Staphylococcus aureus)
and Gram-negative (Escherichia coli) bacteria. The ability
of the scaffolds to release ions and the subsequent ingress
of these ions into hard tissue was evaluated using a bovine
bone model. Scaffolds containing bioactive glass exhibited
antibacterial activity and this increased in vitro with higher
bioactive glass loads; viable cells decreased to about 20 %
for the composite scaffold containing 30 % bioactive glass.
The Ga®" release rate increased as a function of time and
Zn*" was shown to incorporate into the surrounding bone.
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1 Introduction

The stiffness and strength of a hard tissue scaffold should
be matched with those of natural bone [1]. The mechanical
properties of scaffolds are highly dependent on both fab-
rication technique and porosity; the latter being small
enough to facilitate load bearing but large enough to
encourage vascularization [2]. Engineered scaffolds for
self-regenerative applications not only provide a frame-
work for tissue repair but can also act as carriers for
antimicrobial agents. The scaffold should be designed to
promote cell adhesion for target tissues whilst also pre-
venting bacterial adhesion and biofilm formation. Infec-
tions associated with surgical implants require long periods
of antibiotic therapy and usually implant removal and
replacement is the only remedy once a mature bacterial
biofilm is formed [3].

A biofilm is a microbially derived sessile community
characterized by cells that are irreversibly attached to an
interface or to one another. Embedded in an extracellular
matrix that the attached bacteria have produced, these cells
exhibit an altered phenotype with respect to growth rate
and gene transcription [4]. Infections by biofilm formation,
following hip joint replacement, account for 7 % of all
revision surgeries [5]. Such infections are difficult to
detect, are tolerant to host defense mechanisms and
antibiotics, and can lead to endocarditis [6]. A strategy to
prevent or inhibit biomaterial-associated infection is to use
materials which are resistant to bacterial infection [7].
There is evidence to suggest that a surface engineering
strategy based on a coating comprised of zinc (Zn>"),
where ions elute in a controlled manner to the surface could
reduce infection. Many pathogenic microorganisms medi-
ate their resistance to inhibitory substances via biofilm
formation [8]. Due to both the development of resistant
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phenotypes [9], and the retarded penetration of antimicro-
bials into biofilms [10], approximately 10* higher doses of
antimicrobials are needed to kill biofilms than for plank-
tonic organisms. For biofilm formation to be inhibited
in vivo, a biocide must be applied to the device prior to
insertion [11]. Coatings have been produced based on
chlorhexidine and silicone with ammonia couplings, but
these have offered little clinical applicability due to erosion
of the compounds in vivo [12, 13]. Although antibiotic
treatment retards biofilm progression by eliminating
planktonic cells, there is growing concern with cross-re-
sistance exhibited by antibiotic-resistant strains to other
antimicrobial agents such as disinfectants [14, 15]. A
suitable agent should be effective against a broad range of
Gram-positive and Gram-negative bacteria.

Bioglass was invented in the late 1960s and is now used
clinically due to its ability to promote tissue regeneration
[16]. Bioactive glasses can be formulated to contain and
subsequently release clinically beneficial ions such as sil-
ver (Ag+), zinc (Zn”), copper (Cu2+) and gallium (Ga3 b))
[17]. These ions can be released when the glass is in
contact with aqueous medium, resulting in glass surface
degradation. The release of such ions can prevent bacterial
adhesion and inhibit biofilm formation [18]. It has also
been suggested that bacterial depletion occurs due to an
increasing pH and the subsequent osmotic effect, which
results from ion release from glasses [19]. Recently,
bioactive glasses containing Ga have attracted a great deal
of attention related to the bactericidal and chemothera-
peutic properties of the Ga* ion [20].

Elastomers have been widely used for composite fabri-
cation due to their high capacity for filler loading. Poly(oc-
tanediol citrate) (POC) is a thermoset polyester elastomer
which is made from non-toxic and inexpensive precursors by
a simple polycondensation method [21]. The properties of
POCs can be tailored by modifying both the initial monomer
molar ratio and subsequent curing conditions [22]. The
performance of POC can be improved by combining the
polymer with a bioceramic phase such as hydroxyapatite or a
bioactive glass [23, 24]. Bioactive glasses suffer from low
fracture toughness and poor flexibility whereas polymers
suffer from insufficient strength. Combining such materials
can result in a composite with the synergistic advantages of
both the polymeric phase and the bioactive glass.

The authors have previously reported on the fabrication
and characterization of composite scaffolds formed from
POC and a Ga/Zn ion-releasing glass for the purposes of
hard tissue replacement and regeneration [23]. The physi-
cal and biological properties of these materials can be
tailored by altering the amount of bioactive glass inclusion.
It was found that Young’s modulus of composites
enhanced with increasing bioactive glass content within the
matrix while in vitro degradation declined. There was
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found to be a threshold at which composites promoted
osteoblast-like hFOB responses better than pure POC. Here
we assess the release of Ga>" and Zn** from these com-
posite scaffolds and how this ion release influences
bioactivity and antibacterial activity. To have a better
understanding of ions release and migration to its sur-
rounding, scaffold implanted bovine bone models were
used.

2 Experimental sections
2.1 Composite scaffold fabrication

Composite scaffolds with various concentrations of melt-
derived bioactive glass (0.48510,—0.12Ca0-0.32ZnO-
0.08Ga,05; molar fraction) were prepared by a porogen-
leaching technique as previously described [23]. Briefly,
POC pre-polymer was synthesized by addition of equimolar
quantities of citric acid and 1,8-octanediol in a three-neck
round bottom glass flask heated to 165 °C. After the mixture
melted, the temperature was decreased to 140 °C and held
for 1 h. The pre-polymer was dissolved in 1,4-dioxane to
obtain a 20 % solution and then a defined amount of bioac-
tive glass (10, 20 or 30 wt%) was added to the solution and
sonicated for 30 min. The composite scaffolds thus obtained
were named POC-BG-10 %, POC-BG-20 % and POC-
BG-30 %. Subsequently, 90 wt% of salt porogen (NaCl) was
added to the mixture and the resultant material was stored in
an oven (80 °C, 7 days). When curing was complete, the
blocks of POC-BG-NaCl were washed in distilled water for
4 days to remove the salts. Finally, the scaffolds were frozen
(—80 °C) and cut to the required shape. The scaffolds were
freeze-dried overnight before use.

2.2 Ion release study

The analysis of ion release was carried out by soaking
11-14 mg cylindrical composite scaffolds in 10 ml phos-
phate buffer saline (PBS, pH 7.4) in a conical flask. Sam-
ples were placed in an orbital shaker incubator for periods
of 1,7, 14, and 28 days. The scaffolds were taken out from
PBS at timed intervals and the extracts were refrigerated
(5 °C) prior to being analyzed by a plasma—atomic emis-
sion spectrometer (MP-AES) Agilent 4100 (Agilent
Technologies, Inc., Santa Clara, CA, USA) for Si, Ca, Zn
and Ga concentration measurement in the solutions.

2.3 Acellular in vitro tests in SBF
In vitro bioactivity was evaluated in an acellular simulated

body fluid (SBF) prepared according to the method
reported by Kokubo and Takadama [25]. Three replicates
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for each sample of the cylindrical scaffolds (11-14 mg)
were immersed separately in 20 ml SBF and incubated at
37 °C. At pre-determined time intervals (1, 7, 14 and
28 days) the samples were removed from the solutions and
gently washed with distilled water and dried at 37 °C.
Further, all the samples were analyzed by SEM-EDS for
elemental composition and morphology. The ionic con-
centrations of extract solutions from the scaffolds were
analyzed by inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7500, USA).

2.4 In vitro bone tests for ion penetration into bone
tissue matrix

Bovine bone specimens (2.cm x 2 cm x 1 cm) were
sourced from a local butcher shop, cleaned by detaching
any soft tissues using a cutter and a 5 mm hole was drilled
through the center. The specimens were washed thoroughly
with ultrapure water and then soaked in NaCl solution for
1 day. The as-prepared sterilized scaffolds (6 mm diame-
ter x 6 mm height) were used to fill the voids of the bones.
The specimens were immersed into PBS and incubated for
7 days at 37 °C. At day 7, specimens were removed from
PBS and dried in a vacuum oven at 37 °C. A piece of bone
was used for each scaffold, an unfilled sample of bone
(without scaffold implantation) was used as a positive
control and a sample of bone without incubation in PBS
was used as a negative control. Further, X-ray microanal-
ysis of the bone surface was performed to quantitatively
characterize the concentration of ions taken up by the bone.

2.5 Scanning electron microscopy and energy
disperse spectrometric analysis

Microanalysis was obtained using an energy dispersive
spectrometer (EDS: 20 mm X-Max, Oxford Instruments,
Oxford, UK) and the INCA software connected to a
scanning electron microscope (SEM: Quanta™ 250
FEG—FEI, USA) at 20 kV. All scaffolds were gold-coated
using a 150 rotary-pumped sputter coater (Quorum Tech-
nologies). All samples were analyzed in triplicate under the
same microscopy conditions. Analysis was performed from
the scaffold-bone interface onto the edge of bone specimen.

2.6 Antibacterial tests

Antibacterial tests were performed using a liquid culture
method as a qualitative measure of cell growth. The growth
of a gram negative (Escherichia coli, ATCC 15597) and a
gram positive bacteria (Staphylococcus aureus, NCTC
6571) in LB broth in the presence of rectangular composite
scaffolds (1 cm wide x 3 cm length) was investigated
following 10 h incubation and the results compared with a

pure LB broth culture as control. Before performing the
test, the scaffolds were autoclaved at 126 °C and the
monomer residues in scaffolds were washed in PBS fol-
lowed by rinsing with distilled water in order to adjust the
pH to physiological level. 50 pl of bacteria culture with the
final cell density of approximately 10°~10° colony forming
unit per millimeter (CFU/ml) were inoculated in a 10 ml
solution of autoclaved LB broth and constructs in a 15 ml
conical tube. The tubes were incubated at 37 °C and sha-
ken at 100 rpm using an orbital shaker incubator (Bench-
top, Ind. & Vac. Instrument). The optical densities of the
cultures were serially monitored every 2 h up to 10 h at
595 nm (OD 595) using a microplate reader (BMG LAB-
TECH, Offenburg, Germany). In order to determine the
viable bacteria, cultures (after 10 h) were diluted to 1076
and placed on LB agar plates and incubated at 37 °C
overnight. After incubation, the colonies were quantified
and digital images of the plates were captured.

3 Results and discussion
3.1 Ion release study

The SiO5>~, Ca®", Zn>" and Ga®" ions release profiles of
POC-BG composite scaffolds in PBS are presented in
Fig. 1. Elemental concentration of all the components
increased with time. As expected, all the composites
showed a similar release trend with a statistically higher
release of SiO5”~ at every time point. The Ga®* and Ca®"
ion release ratios were also found to increase over incu-
bation time, with a maximum of 1.5 and 1.4 ppm,
respectively. The increase in ionic concentration of SiO3>,
Ca®" and Ga** with incubation time revealed that POC is
degrading alongside the glass phase, in consistence with
our previous study [23]. As composite scaffolds degraded
over time, the medium was able to diffuse through the
matrix thus causing more glass material to be released.
Although a high Zn concentration is present in the glass
series, very low concentrations of Zn>" ions were recorded
in the PBS solution over 1-28 days. The measured
amounts (~0.03 ppm) were significantly lower than the
reported average Zn>" ion concentration of human plasma
(0.95-1.30 ppm) and in vitro toxic levels (5.9 and 6.1 ppm)
for murine osteoblasts and L929 fibroblast respectively till
28 days of immersion in PBS [26, 27]. It may reduce one
of the concerns about the release of high level of Zn*"
which may cause cytotoxicity to cells.

3.2 Acellular in vitro test in SBF

Figure 2 shows the release of Ca’", PO,*~, SiO5*~, Zn*"
and Ga®" ions in SBF on day 1, 7, 14 and 28 days. The
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Fig. 1 Ion release kinetics from composite scaffolds in PBS: AES plots of elemental concentrations of Si05>~, Ca®*, Ga** and Zn*" after

28 days of scaffolds immersion

experiment was performed to assess in vitro behavior of
POC-BG-10 %, POC-BG-20 % and POC-BG-30 % in
terms of chemical composition changes in the simulated
body environment. The concentration of Ga®" follows a
steadily rising trend and POC-BG-30 % showed the
highest Ga> " release at pre-determined time points. At the
end of the experiment, Ga’" concentration from POC-BG-
30 % extracts showed similar result observed for the ion
release profile in PBS but not for POC-BG-10 % and
POC-BG-20 %. However, the assessment of Zn>' ion
release revealed a higher concentration when compared to
the study in PBS (Fig. 1), although the Zn®" was still
relatively low for the duration of the experiment, reaching
a maximum of 0.24 ppm at day 28. There were no sig-
nificant differences for SiO3>~ concentration measured in
PBS and SBF at any time-points. The Ca*" concentration
in SBF across all groups increased at day 1 and it could be
concluded that an increase in Ca’" concentration is
induced by the release of Ca>" ions from composites. At
day 7, Ca®" concentrations reached the lowest level and
then gradually increased until the end of the experiment
(day 28). A low decrease in Ca®" concentration in the later
stages are most likely a consequence of the consumption of
Ca”* through the formation of calcium phosphate (CaP) on
scaffold surfaces. The concentration of PO43_ decreased
when composite scaffolds were soaked and was less than

@ Springer

original SBF phosphate concentration during the entire
period of the experiment. The depletion of PO,*~ from
SBF confirms the formation of CaP layer on the scaffolds
surfaces during incubation as presented in Fig. 3. The
formation of a CaP surface layer is considered essential for
the biological success of the material as it may determine
the suitability of material as a bone substitute by the ability
to chemically bond to the adjacent living bone [25]. Thus,
from the results, an interaction between the SBF and the
composites has occurred. SEM-EDS analysis confirmed
the presence of CaP layers on the surfaces of the composite
specimens. However, the CaP formation ability was poor.
The very low CaP-forming ability can be attributed to
release of both Zn*" and Ga®" from the composite
scaffolds.

Although Zn is known to be a potent inhibitor of apatite
crystal growth, it was found that Zn>" release, at nontoxic
levels, does not completely inhibit initial apatite deposition
[28]. For example, Fuierer et al. reported that a low con-
centration of Zn>" ions (0.25 ppm) was able to slow, but
not stop, the rate of HA formation from supersaturated
solutions by 78 % [29]. They found that pre-adsorbed Zn
on the seed crystals was effective in retarding crystal
growth as a result of formation of Zn,(PO,4); complexes.
Zn initially retards HA nucleation and the number of nuclei
decreases with the amount of Zn addition [30]. This
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immersion time for the investigated composites
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Fig. 3 Top SEM images confirm CaP layer deposition (arrows) on the composite scaffolds during immersion in SBF and (bottom) EDS profiles

of the composite scaffolds after being soaked in SBF for 28 days

phenomenon was explained by the ability of Zn to deac-
tivate the HA nuclei. When nucleation sites are reduced,
the chance for each HA nucleus to receive Ca>* and PO,>~
in SBF will increase. As a result, larger HA crystals could
be produced. At longer soaking times, the available Zn on

the surface is covered by the HA layer and, due to the
higher bond energy of Zn—O (rather than Ca-O), the dif-
fusion of Zn from the network into the solution is retarded
and its influence on HA formation reduces [30]. Moreover,
it is understood that retarded HA formation of Zn-doped
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bioactive glasses can further facilitate slower HA crystal-
lization and thus provide a better bone bonding interface
in vivo [31]. Indeed, the presence of Zn in the bioactive
glass phase explains the lack of crystallinity associated
with the formation of the apatite layers observed on com-
posite scaffolds after immersion in SBF. Thus, the release
of Zn>* and its subsequent inclusion in the apatite layer
favors the formation of amorphous apatite.

It has been also reported that Ga has an inhibitory effect
on HA deposition and growth [32]. Ga-doped Brushite
showed a reduced rate of HA formation in a solution
containing Ca. This phenomenon is a result of Ga
adsorption on the apatite surface which further prevents the
growth of HA [33]. In addition, to observing the impact of
Ga on bioactivity, Franchini et al. [34] examined a series of
glasses based on 4555 that contained increasing amounts of
Ga up to 3.4 mol%. The bioactivity test in SBF revealed
that there is a competition between Ca®>" and Ga®" for
binding with phosphate ions. As a result after long period
of soaking the phosphate ions are not sufficient to precip-
itate with the continuously released Ca”" from the glass to
precipitate HA. Consequently the Ca/P ratio of SBF and
glass exceed the topical Ca/P ratio of HA (1.67) and car-
bonate ions from SBF begin to form calcite. It is hypoth-
esized that this replacement can inhibit crystallite growth
[34]. Overall, the co-precipitation of Ga—phosphate might
be partially responsible for delayed CaP precipitation [35].
Ga may also act as a network former in the glass and
consequently can reduce the solubility of the glass which
will retard bioactivity [35]. In addition, the increased
acidity caused by Ga-containing bioactive glasses may be
another reason for delayed apatite formation [35]. The
enhanced surface acidity of Ga-containing glass is expec-
ted to preliminary inhibit the deposition of CaP, the
essential prerequisite for HA crystallization. In the present
study, the release of both Zn and Ga can extremely inhibit
apatite formation and crystallization such that after 28 days
of incubation in SBF it was still only partially covered by a
CaP layer.

3.3 In vitro bone tests for ion penetration into bone
tissue matrix

The digital image of a selected bovine bone implanted
scaffold and the corresponding SEM image are shown in
Fig. 4. The specimens were examined by EDS at the pre-
determined distances after 7 days soaking in PBS (Fig. 4)
and the results are presented in Fig. 5. Four points at var-
ious distances from the scaffold-bone interface (i.e. 0, 200,
1500 and 4500 pum) were investigated by EDS for the
presence of all ionic species from the bioactive glass phase
in the composite. Very low concentrations of Ga" (ap-
proximately 0.06 %) were absorbed into the bone from the
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specimens containing POC-BG-20 % and POC-BG-30 %
scaffolds by up to 1500 pm from the implanted scaffolds.
The highest Zn>* concentration was detected at point 0 and
it decreased with distance from the scaffold. The results
demonstrate that Zn>" ions were released from the scaf-
folds and taken up into the bone as far as 4.5 mm away
from the implant. As expected, Zn>" was not detected for
the unfilled POC and control specimens.

The amounts of Ca>* and PO43_, alongside the Ca/P
ratio, were determined at all points (Fig. 5). Significantly
higher Ca*™ and PO,”~ ionic concentrations to Zn>" were
detected at all points in the bone specimens and were
attributed predominantly to the bone itself. PO4>~ ionic
concentration remained relatively constant in the observed
area. The concentration of Ca®" slightly decreased in the
vicinity of the bone-scaffold interface as Zn>" is incorpo-
rated into the bone. The observed patterns of Zn*' and
Ca”* migration into bone specimens are consistent with a
study by Wren et al. [36]. However it is unclear whether
the reduction in Ca®" concentration was significant, since
EDS is predominantly a qualitative tool and it cannot dis-
tinguish between low counts [36]. Furthermore, higher
Ca®" was detected at the bone-scaffold interface for POC—
BG-10 % compared to POC-BG-20 % and POC-BG-
30 % which can be attributed to the lower Zn*" concen-
tration recorded for the POC-BG-10 % composite. As can
be seen in Fig. 4, no significant difference in Ca/P ratio
was observed between any of the samples (calculated at
approximately 1.3—1.5). This shows that incorporation of
Zn*" in bone does not influence the original Ca/P ratio of
the mineral phase of bone. Although the theoretical frac-
tion of Ca and P of bone should be 40.3 and 18.4 %
respectively, it can vary and is influenced by factors such
as bone source, location and age as well as the presence of
metabolic bone disease [37, 38].

Comparison of results from the ion release study in PBS
and scaffold implanted bones reveals that Zn*" is released
from composite scaffolds and quickly re-precipitated in
bones while Ga®* can be recorded in acceptable concen-
trations in buffer solutions. A possible mechanism for this is
the dissolution of Zn>" and ZnOH™ ions from the glass
particles and precipitation of the hydroxide, Zn(OH),, onto
the bone surface [39]. It may also be the reason for the low
levels of Zn>" observed in the extracts from the ion release
experiments. Foley and Blackwell also observed that the
highest rate of Zn>" release from zinc phosphate cements
occurred after 2 days, and reached almost zero after 28 days
of incubation [40]. Similarly, the highest rate of Zn*"
release detected by Osinaga et al. was within 24 h [41].

The Zn** ion is known to have a stimulatory influence
on bone formation and mineralization and an inhibitory
influence on bone resorption [42]. Zn deficiency is a
common reason for bone growth retardation due to



J Mater Sci: Mater Med (2016) 27:18

Page 7 of 11 18

Fig. 4 a Digital image and
b SEM image of POC scaffold
implanted into bone specimen

18 1 Ca?*

Atomic %

0 200 1500 4500

Distance (nm)

11 Zn2+

Atomic %

0 200 1500 4500
Distance (nm)

1.500 mm

200.0 pra

127 PO4>

Atomic %

0 200 1500 4500

Distance (nm)

27 Ca/Pratio
1.8 1

1.6 1
1.4 A
1.2 4

0.8
0.6 -
0.4 A
0.2 A

0 .

Ca/P atomic ratio

0 200 1500 4500

Distance (um)

@ Negative control
m POC-BG-10%

@ Positive control
B POC-BG-20%

B POC
m POC-BG-30%

Fig. 5 Normal atomic % EDS data for Ca, P and Zn content as well as Ca/P ratio at scaffold-bone interface at various distances 0, 200, 1500 and

4500 pm (Color figure online)

reduction in osteoblastic activity, in collagen content, in
proteoglycan synthesis, and in alkaline phosphatase (ALP)
activity [43]. Low Zn bioavailability can also lead to
inadequate immunoresistance to infections in the elderly
[44]. It has been found that osteoporotic patients have a
lower skeletal Zn content than normal [45]. Excessive Zn
content can also result in disorders such as growth retar-
dation, anaemia and immunosuppression [44]. Thus, the
beneficial effect of Zn is greatly dependent upon its dose
and duration. It is also expected that the local delivery of
Zn would have a significant impact on bone regeneration.
The levels of synergistic ion release from our materials

correlates well with the levels of Ga®' and Zn*" ions
typically associated with clinical benefits (cell responses).
The release of both ions at nontoxic level from our mate-
rials could be the main reason for improving the cell pro-
liferation and increasing collagen synthesis which are
reported in our previous study [23].

3.4 Antibacterial tests
The effect of bioactive glass addition on the growth of both

E. coli and S. aureus was investigated by monitoring cul-
ture turbidity for 10 h. The results are shown in Figs. 6 and
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7. It can be seen that the culture containing POC is slightly
different from that of the negative control (LB broth) after
10 h. The low antibacterial activity of POC may be
attributed to the presence of a large number of acid groups.
As shown in Fig. 6, the results indicate that both E. coli
and S. aureus growth were significantly inhibited by the
addition of bioactive glass. As the value of the optical
density (OD) at 595 nm represents the absorbance of the
bacteria, a decrease in OD implies bacterial depletion [46].
Consequently, the antibacterial efficacy of the materials
was enhanced in proportion to the bioactive glass con-
centration. In particular, the culture including composite
with 30 wt% bioactive glass inclusion had significantly less
bacteria than the control during incubation at 37 °C. These
data suggest that the antibacterial activity of composite
scaffolds is dependent on glass content.

Growing cultures after 10 h of growth were also plated
to count viable cells, and the viable cell numbers are
consistent with the OD of the growing cultures (Fig. 7).
Notably, at that time point, “viable cells recovered”
decreased significantly with increasing glass content. As
shown in Fig. 8, POC-BG-30 % scaffolds effectively
limited the growth of both E. coli and S. aureus.
Antibacterial testing against E. coli and S. aureus revealed
bacteriostatic effects. However, the antibacterial activity of
the composite scaffolds against E. coli was not as effective
as that on S. aureus. This result might be attributed to the
differences on membrane structure and composition of the
examined bacteria; S. aureus, a typical Gram-positive
bacterium, is composed of a peptidoglycan layer which is a
loosely-packed network structure with plenty of pores.
Through these pores, foreign molecules can be transported
across the cell into the interior with little obstruction. In
contrast, E. coli is a typical Gram-negative bacterium
which due to the presence of lipopolysaccharide molecule
contains an outer membrane outside the porous peptido-
glycan layer acting as drug barrier. The barrier can resist
the permeation of large foreign molecules [47]. Thus, our
composite scaffolds would be expected to have different
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Fig. 7 The viable E. coli and S. aureus recovered from agar plates
after 10 h of incubation at 37 °C (Color figure online)

antibacterial activity against these two bacteria due to the
ions release.

The antimicrobial effect of bioactive glasses is most
likely a consequence of an ion release effect, in addition to
pH changes that they induce [48]. It is postulated that the
antimicrobial effect of the composite scaffolds is based on
the release of metal ions (Ga>" and Zn>") to the cultures.
Bioactive glasses doped with Ga’" have antibacterial
activity against both Gram-positive (Staphylococcus aur-
eus, methicillin-resistant Staphylococcus aureus, and
Clostridium difficile) and Gram-negative (Escherichia coli
and Pseudomonas aeruginosa) bacteria [20]. Due to the
similarity of Ga®" and Fe’" in terms of ionic radius,
coordination number and electronegativity, Ga®" (redox
inactive) can efficiently compete with Fe®" (redox active)
for binding to iron-containing enzymes, as well as to
transferrin, lactoferrin, and microbial iron chelators [34,
49]. However, under the same conditions, unlike Fe3+,
Ga®" cannot be reduced leading to inhibition of a number
of essential biological reactions including those responsible
for DNA and protein synthesis as well as energy production
[50, 51]. Since only one-third of circulating transferrin is
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Fig. 6 Effect of the composite scaffolds on the growth of E. coli and S. aureus; measured by monitoring the optical density at 595 nm
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S. aureus

Fig. 8 Plate assay of E. coli and S. aureus using a LB broth; b POC; ¢ POC-BG-10 %; d POC-BG-20 %; e POC-BG-30 % at 10 h

occupied by iron, Ga®* can react with the remaining sites
and form transferring-Ga complexes and diminish the
bacterial uptake of Fe** as well as the enhancement of a
microorganism’s vulnerability [51]. Recently, it has been
reported that low concentrations of Ga*' inhibit biofilm
formation from E. coli and S. aureus even when a high
percentage of bacteria have survived the Ga,0; treatment
[52]. An explanation for this behavior is that Ga’*
decreased bacterial Fe*" uptake in a concentration-depen-
dent manner.

Recent reports have shown that Zn in micromolar con-
centrations can inhibit biofilm formation from several
Gram-positive and negative bacteria [53]. The antibacterial
activity of Zn>" against Streptococcus mutans and Acti-
nomycesviscosus was found to be a result of Zn>* migra-
tion [54]. The antibacterial activity of Zn>* depends on its
concentration and contact duration. Two distinct mecha-
nisms of actions have been proposed to explain the
antimicrobial activities of Zn>" leading to cell death:

(1) a direct interaction with microorganism membrane
proteins leading to membrane destabilization and
enhanced permeability and finally destruction of
their capability to transport through the plasma
membrane;

(2) an interaction with nucleic acids and deactivation of
enzymes of the respiratory system and electron
transport system [55, 56].

It is reported that Gram-positive bacteria were the most
susceptible bacterial group to Zn>" but Gram-negative
aerobic bacteria were usually not inhibited even at high
concentrations (1024 pl/ml) [57]. However, Alhalawani
et al. found that, in a glass series containing both Ga and
Zn, the antibacterial activity was improved by the release
of Zn*" ions and not by Ga®** ions [58]. It was found that
the glass with lower Ga®" content showed enhanced
antibacterial properties against E. coli. Thus, in the work
reported here, release of Zn>" ions may be the reason for

significant antibacterial activity of the composites against
both Gram-positive and Gram-negative bacteria.

The release of both Ga®* and Zn*" ions at a controlled
rate, could offer significantly enhanced biological perfor-
mance of materials for bone tissue regeneration. It has been
reported that Ga®* and Zn®' in specific concentrations
show therapeutic effects on the growth and proliferation of
osteoblastic cells [59, 60]. Therefore, these ions doped to
bioactive glasses with the aim of promoting bone forming
ability as well as achieving anti-bacterial and anti-inflam-
matory properties. Our previous study revealed that the
composite scaffold containing 10 % bioactive glass
showed higher cell attachment and type-I and type-III
collagen synthesis compared to composites with 20 and
30 % bioactive glass. The findings in the present study
indicate that adding the bioactive glass into the matrix
improved the bacteriostatic properties of composites and
the intensity of those effects corresponds with glass content
in the composite. Thus, composites with bioactive glass
containing therapeutic ions could not only improve
antibacterial properties but also are expected to improve
cell adhesion and proliferation. However, there is theoret-
ically a threshold of glass content at which most of the
desirable properties can be satisfactorily achieved. Our
findings present a new approach in the production of tissue
engineering scaffolds which would eventually enable a
minimal risk of infection and reduce the need for revision

surgery.

4 Conclusion

In this study, composite scaffolds of POC and bioactive
glass containing Ga and Zn were fabricated and evaluated
for solubility, bioactivity and antibacterial activity. Ion
release into both PBS and SBF revealed that Ga** release
was similar in both solutions while Zn*" release was
slightly higher in SBF after 28 days of incubation. It was
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found that apatite formation was significantly inhibited due
to the release of these ions from composite scaffolds. In a
bovine bone model, it was found that Zn>* was released
and penetrated into the bones by as far as 4500 pm from
the scaffold-bone interface. However, the presence of Zn®t
on the bone surface did not affect Ca/P ratio at the mea-
sured points. The resulting composite scaffolds were found
to be highly reactive against both Gram-positive S. aureus
and Gram-negative E. coli bacteria. The antibacterial
activity of composites increased with glass concentration.
It was found that the bacteria were significantly inhibited
by the release of Zn*" and Ga* ions. If these results can
be confirmed in vivo, then composite scaffolds of elas-
tomers and bioactive glasses containing clinically benefi-
cial ions such as Zn?* and Ga** may have applicability in
bone grafting due to their antibacterial activity and
simultaneous bone tissue formation. Further research is
needed to evaluate possible synergistic effects of released
metal ions, especially Ga’* and Zn®', on biological
response.
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