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Abstract In this study, silver-loaded coral hydroxyapa-
tites (SLCHAs) were used as scaffolds for bone tissue
engineering. The SLCHAs were prepared by surface
adsorption process and ion-exchange reaction between
Ca”* of coral hydroxyapatite (CHA) and Ag™ of silver
nitrate with different concentrations at room temperature.
The properties of the composite SLCHAs were investigated
by inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES), scanning electron microscropy (SEM)
equipped with backscattered electron detector (BSE), and
energy-dispersive X-ray spectrometer (EDS). The SEM
images showed that the morphology of the SLCHAs
depended on the content of Ag*, and the silver ions were
uniformly distributed on the surface of SLCHAs. The ICP-
AES results demonstrated that the silver content of the
SLCHAs decreased along with the decrease of the con-
centration of silver nitrate. The SLCHAs were found
effective against Escherichia coli and Staphylococcus
aureus by antibacterial test. Mouse embryonic pre-osteo-
blast cells (MC3T3-E1) were used to test the cytocompat-
ibility of SLCHAs, CHA, and pure coral. Cell morphology
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and cell proliferation were studied with SEM, laser scan-
ning confocal microscope (LSCM), and MTT (3-(4,
5-dimethylthiazol-2-yl1)-2,5-diphenyl tetrazolium bromide)
assay after 1, 3, and 5 days of culture. The results indicated
the cell morphology and proliferation on the scaffolds of
Agt (13.6 pg/ml)/CHA and Ag* (1.7 ug/ml)/CHA were
better than that on Ag"™ (170 pg/ml)/CHA. In addition,
adhesion of MC3T3-E1 on the scaffolds showed that the
confluent cells showed fusiform shape and arranged tightly
on the scaffolds. All the results showed that the antibacterial
SLCHAs would have potential clinical application as the
scaffolds for bone tissue engineering.

1 Introduction

The regeneration potential of human bone is limited in the
cases of repair of large bone defects, such as those associated
with comminuted fractures or bone tumor resections. At
recent times, because of more and more traffic accidents,
earthquakes and wars, bacterial infections often result from
heavy contamination of the wound with soil, organic mate-
rial, etc. Despite repetitive and aggressive debridement, a
large number of fractures still remain contaminated and
become infected, which limits one-stage bone grafting [1-3].

At present, local antibiotic therapy has been considered
as a safe technique resulting in high local concentration of
antibiotics with minimal systemic levels [4-6]. However,
the nature of infectious processes has been greatly changed
with the introduction of mutated forms antibiotic-resistant
to the action of most antibiotics. As a result, the effective
treatment of local infections has become much more dif-
ficult in requiring systemic or localized administration of
large doses of multiple antibiotics, which often has atten-
dant undesirable side effects and clinical limitations [7, 8].
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Because infections occur when bacterial numbers over-
whelm local defenses, healing is promoted by reducing the
numbers of bacteria in the wound to a level that can be
eliminated by local defenses. Rapid and efficient wound
healing will reduce the cost of treatment and promote an
earlier return to function.

Therefore, the synthetic bone grafts, such as hydroxy-
apatites (HA), cements and different types of polymers and
composites, have been widely developed to replace auto-
grafts and allografts [9-12]. CHA has been widely used as
scaffolds in various biomedical applications [13-16] due to
its biodegradability, biocompatibility, non-toxicity, good
mechanical properties, bioconductivity, and 3D sponge-
like porous structure. However, the incidence of biomate-
rial-centered infection, often leading to revision surgery,
underlies the need to improve the properties of existing
biomaterials.

An easily achieved approach to increasing the antimi-
crobial property of the scaffold is to incorporate an anti-
bacterial agent into the bone graft. It has long been known
that the antimicrobial properties of the silver ion have been
exploited since ancient times by Mediterranean and Asiatic
cultures. The historic use of silver in surgical treatment of
wounds and broken bones is well documented [17-19]. The
significant feature of silver ion is its broad-spectrum bac-
tericidal property [20-22] for Gram-negative and Gram-
positive pathogens, which is particularly significant for
polymicrobial colonization associated with biomaterials-
related infections. It is generally found that bacteria show a
low propensity to develop resistance to silver-based prod-
ucts, and therefore both metallic and ionic silver have been
incorporated into several biomaterials such as polyure-
thane, hydroxyapatite and bioactive glasses [23-25]. In
addition, silver-based vascular and urinary catheters have
been in clinical use [26]. Therefore, it would be interesting
to incorporate ionic silver in CHA to increase its bacteri-
cidal property. At present, many studies have attempted to
investigate the possible use of SLCHAs as antibacterial
bone grafts. However, there is little report about the rela-
tionship between silver content and cytocompatibility. In
particular, the effectiveness of SLCHASs occurs because of
the slow release of silver ions, resulting in continuing
bactericidal concentrations of silver in the Luria—Bertani
Broth (LB) agar plate.

In this study, composite antimicrobial scaffolds were
obtained by soaking CHA in silver nitrate solution. Silver
content in the CHA composite was test quantitatively by
inductively coupled plasma-atomic emission spectrometry
(ICP-AES). The morphology and surface composition of
the SLCHAs were studied by scanning electron microscopy
(SEM) coupled with backscattered electron detector (BSE)
and energy dispersive X-ray spectroscopy (EDS). The
cytocompatibility of SLCHAs, CHA and pure coral, such
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as cell morphology and cell proliferation, was investigated
with SEM, laser scanning confocal microscopy (LSCM)
and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide) assay. Furthermore, bactericidal property
was evaluated by using a modified Kirby—Bauer technique.

2 Materials and methods
2.1 Materials

CHA was provided by Guangdong Key Laboratory of
Orthopaedic Technology and Implant Materials in China.
CHA was cut into cuboidal samples (~ 132.51 + 29.12 mg)
with a dimension of 5 mm x 5 mm x 5 mm in size. Silver
nitrate (Molecular Weight = 169.87) was purchased from
Sigma. All reagents were analytical grade and used without
further purification.

2.2 Sample preparation

To introduce silver ions through the ion-exchange process,
SLCHAs were obtained by socking CHA in silver nitrate
(AgNO;, Sigma) solutions (pH = 5.8) containing different
concentrations of silver ions (1.7, 8.5, 13.6, 17, 85, 170,
and 1700 pg/ml, respectively) at room temperature for
24 h. Then the samples were removed and carefully rinsed
with distilled water several times, and frozen overnight in a
vacuum freeze-dryer (LGJ-12, Beijing, China).

2.3 Characterization of SLCHA scaffolds

The total silver content in the SLCHAS was determined by
X Series ICP-AES (Thermo Fisher Scientific, USA). The
morphology and surface composition of the SLCHAs were
studied by using SEM (Quanta-400, Fei, Netherlands)
equipped with a BSE (HKL, Oxford, UK) and an EDS
(INCA, Oxford, UK). CHA samples were used as control.

2.4 Antibacterial property

Escherichia coli (E. coli, ATCC25922) and Staphylococcus
aureus (S. aureus, ATCC 25923) were incubated in ster-
ilized LB broth and then cultivated overnight at 37°C in a
shaking incubator. The disc diffusion method was carried
out in LB agar plate using a modified Kirby—Bauer tech-
nique. The bacterial suspension used for the tests (100 pl of
10°, 10° colony forming units, CFU) was uniformly dis-
persed on the surface of a LB agar plate before placing the
test samples on it. Then the agar plates containing the test
samples or control were incubated at 37°C for 24 h and the
inhibition zones surrounding the sample were measured.
CHA samples and 15 pl Ampicillin (Amp, Shanghai,
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China) with the concentration of 50 pg/ml were used as
control.

2.5 Cell cultures

The cytocompatibility of the SLCHAs, CHA and pure coral
was investigated with the MC3T3-E1 pre-osteoblastic cells
according to the protocol reported previously [27]. The
cells were cultured at 37°C in a humidified atmosphere of
5% CO, in air, in 25-cm? tissue culture flasks. The cell
culture medium used was modified Eagle’s minimum
essential medium (¢-MEM, Hyclone, USA) with 4.5 g/l
glucose, 10% fetal calf serum (Hyclone), 10 pg/ml ascor-
bic acid, 50 U/ml penicillin, and 50 U/ml streptomycin.

The cells with a density of about 10* cells/cm?® were
suspended in culture medium, dispersed over the composite
scaffolds, which were sterilized by ®°Co y-irradiation at a
dose of 25 kGy, in a 48-well plate for MTT assay, SEM
observation and LSCM (OLYMPUS FluoView  FV1000,
Olympus, Japan). The assays were performed at 1, 3, and
5 days, respectively.

2.6 Cell morphology

After 1, 3 and 5 days of culture, the SLCHAs, CHA, and
pure coral were washed with PBS to eliminate non-
adherent cells and then fixed with 2.5% glutaraldehyde for
20 min at room temperature, dehydrated through a series of
graded alcohol solutions, and then freeze-dried overnight.
All samples were sputter coated with gold before SEM
examination. Cells cultured on the scaffolds were also
observed with LSCM after being washed with PBS twice
and the cell nuclei were colored with propidium iodide (PI,
Sigma, St.Louis, MO, USA) to visualize the cells. Cells
were incubated in 5 pg/ml PI solution diluted with PBS
buffer for 30 min at 37°C. Then the samples were washed
with PBS three times. The mixture of 50% glycerin and
50% PBS was added to keep the samples wet during the
examination period. According to the emission wavelength
of PI, the filter was set 570 LP and the laser was 543 nm in
the fluorescence mode. In the reflection mode, the laser was
488 nm and the filter was set 488/4 nm.

2.7 MTT assay

The MTT (Sigma, St. Louis, MO, USA) assay [28] was
used to evaluate the level of cellular energy metabolism
and indirectly indicate the condition of cell proliferation.
After MC3T3-El pre-osteoblastic cells were incubated in
48-well plate for 1, 3 and 5 days, the cell proliferation was
determined by MTT assay. Three samples per group were
evaluated. MTT solution at 5 mg/ml was prepared by
dissolving MTT in PBS which was then filter-sterilized,

which was added to each well and cultured at 37°C for 4 h
in humidified atmosphere of 5% CO, in air. At the end of
the assay, the blue formazan reaction product was dis-
solved by adding 400 pl dimethyl sulfoxide (DMSO,
Sigma) and 150 pl of the solution was then transferred to a
96-well tissue culture plate. DMSO (400 pl) and pure coral
were used as blank control group. Optical density of the
solution in each well was measured at a wavelength of
490 nm using a Microplate reader (Biocell-2010, Austria).
The absorbance at 490 nm can be used to analyze the cell
growing activity. Data are presented as mean with standard
deviation.

2.8 Statistics

The quantitative data are presented as mean and standard
deviation. The statistical significance of the differences
among the experimental groups was evaluated by univari-
ate ANOVA and LSD with the SPSS13.0. Value P < 0.05
was considered significant.

3 Results and discussion
3.1 Characterization of SLCHA samples
3.1.1 Measurement of total silver content

Fig. 1 illustrates the total silver content of different SLCHA
samples. The silver content of the SLCHA samples in dif-
ferent groups is 167.90 & 11.00 pg/g, 83.42 £ 4.51 pg/g,
30.20 £ 2.32 pg/g, 22.39 £ 4.09 pg/g, and 15.11 + 0.55
ngl/g, respectively. It indicates that the silver content of the
SLCHAs measured decreases along with the decrease of the
concentration of silver nitrate. Meanwhile, according to
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Groups of SLCHA samples

Fig. 1 The total silver content of different SLCHA samples
(C Value, n = 3)
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these results, silver content in scaffolds depended on the
ionic concentration of solution. As reported [29, 30], the ion-
exchange reactions between Ag™ and Ca®" were also influ-
enced by multiple factors such as pH value of solution,
reaction time, ion competition, etc. We are far from trying to
extrapolate the results to the whole preparation, especially
considering that the set of SLCHA are not typical of those
currently being prepared. Even so, it could be important to

Fig. 2 SEM images with EDS
A and BSE micrographs of
SLCHA samples B, and CHA
C: a, 1700 pg/ml (Ag")/CHA;
b, 170 pg/ml (Ag*)/CHA;

¢, 85 ug/ml (Ag")/CHA,;

d, 17 pg/ml (Ag¥)/CHA,

e, 13.6 pg/ml (Agh)/CHA;

f, 8.5 ug/ml (Ag™)/CHA;

g, 1.7 ug/ml (Ag")/CHA; and
h, CHA. No apparent
differences in porous structure
among the SLCHA samples and
CHA could be seen in the

Fig. 2A. The tables standing for
the composition of inner middle
portion of SLCHA samples and
CHA were exhibited in Fig. 2B.
The bright spots for tiny
particles with the heavy silver
atoms were marked with black
arrows over the darker
background of the scaffold in
Fig. 2C
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review the subject, considering the increasing production of
SLCHA scaffolds.

3.1.2 Morphology and surface composition of the SLCHAs

Fig. 2A and B present eight SEM images, taken with
related EDS spectra. Fig. 2A (a—g) are images from
the surface of the SLCHA sample, respectively, which
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Fig. 2 continued

indicate that the SLCHA product still maintained the  characteristic peaks of calcium, carbon, silver, phospho-
porous structure of the original coral. The EDS spectra in ~ rus, and oxygen, which demonstrate the conversion from
Fig. 2B (a—g) from the inner middle portion show  Ca-rich CHA to Ag'-CHA through the ion-exchange
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Fig. 2 continued

reaction. The EDS spectrum in Fig. 2B (h) indicates the
characteristic peaks of calcium, carbon, phosphorus, and
oxygen expected for HA, consistent with previous reports
[31, 32]. Some precipitates were also observed by BSE on
the struts at the sample surface in Fig. 2C (a—g). These
precipitates are believed to be AgCl, formed through
the dissolution—reprecipitation process during conversion
course. The AgCl precipitates on the struts make them
look thicker than that on the untreated struts in the CHA
(Fig. 2C (h)). In addition, Fig. 2C (a—g) demonstrates that

@ Springer

the content of precipitates decreases along with the
decrease of the concentration of silver nitrate, in accor-
dance with the results of Fig. 1. On the other hand, the
fresh CHA surface of a strut (Fig. 2C (h)) consists of large
particles with dense structures, which is considered as HA
converted from coral. Therefore, the main conversion
mechanism in the experiment is the ion-exchange reaction.
It is a secondary dissolution—reprecipitation process, dur-
ing which AgCl precipitates form on the surfaces of the
sample.



J Mater Sci: Mater Med (2010) 21:2453-2462

2459

3.1.3 In vitro antibacterial effect

Using a modified Kirby—Bauer assay [33], the bactericidal
properties of seven SLCHA samples and pure CHA sample
were compared. After 24 h of incubation at 37°C, the
SLCHA samples show antibacterial effect on Gram-posi-
tive S. aureus and Gram-negative E. coli in an agar plate
besides the lowest silver-loading dosage and the control
(shown in Fig. 3). The diameter of the zone of inhibition

Fig. 3 Antibacterial test results for E. coli a and S. aureus b after
24 h incubation: 1 1700 pg/ml (Ag*)/CHA, 2 170 ug/ml (Ag™)/
CHA, 3 85 pg/ml (Ag")/CHA, 4 17 pg/ml (Ag™)/CHA, 5 13.6 pug/ml
(Agh)/CHA, 6 8.5 pg/ml (Ag")/CHA, 7 1.7 pg/ml (Ag*)/CHA, and 8
CHA. Amp with the concentration of 50 pg/ml was used as control

200Hm

for the 1700 pg/ml (Ag™)/CHA is ca. 19 mm, whereas that
of 13.6 pg/ml (Ag")/CHA is ca. 13 mm (where the size of
both blocks is ca. 10 mm). This result indicates that the
1700 pg/ml (Agt)/CHA has a more effective contact
biocidal property than the 13.6 pg/ml (Agh)/CHA. As a
control, the pure CHA sample showed no inhibition ability.
Elemental silver has been believed to have antimicrobial
function either as a release system for silver ions or as a
contact-active material [34]. In the present study, the
SLCHA samples seem to be not only contact-active but
also slow-releasing. The diffusing ability of silver ions on
agar plate might be blocked by the formation of secondary
compounds such as AgCl in the Kirby-Bauer test media
[35], which is the limitation of the Kirby—Bauer technique
as a quantitative tool to determine the antimicrobial
activity. In the case of SLCHA, the silver can freely diffuse
into the test media and act as biocidal agents. In addition,
the SLCHA provides high surface area to contact bacteria.
Therefore, the SLCHA has a superior contact antibacterial

property.
3.1.4 Cell cultures

3.1.4.1 Cell distribution and morphology The MC3T3-
E1 cells were seeded in the three-dimensional scaffolds and

200pum 200pm

Fig. 4 Fluorescence microscopy images of MC3T3-E1 cells cultured in different scaffolds for 2 days: a, silver ion (13.6 pg/ml)/CHA; b, CHA;

and ¢, pure coral. The bright red signals stand for cell nuclei

Fig. 5 SEM images of MC3T3-El cells cultured in different scaffolds for 2 days: a, silver ion (13.6 pg/ml)/CHA; b, CHA; and ¢, pure coral.

Cells were marked with black arrows
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Fig. 6 MTT assay of cell viability of MC3T3-El cells cultured in
scaffolds. Proliferation of MC3T3-El1 cells is not significantly
different from that on CHA, pure coral, and the lower silver
concentrations (P = 0.538, 0.076, 0.298, 0.216, 0.658, 0.411) at days
1, 3, and 5, but is significantly higher on the control group and
170 pg/ml Ag™/CHA group (P = 0.000). Compared to blank control
group, the proliferation of the cells cultured in each scaffold increased
with the increasing of culture time besides the CHA soaked with
170 pg/ml Ag* ions

cultured for 2 days. The cell morphology and uniform
distribution in the scaffolds observed by LSCM and SEM
can be seen in Fig. 4 and Fig. 5, respectively. LSCM

images of MC3T3-El cells (Fig. 4a—c) demonstrated that
most of the cells were polygonal in shape, fully spread. The
amount of MC3T3-E1 cells attached to the scaffolds was
indistinguishable, which indicated that the SLCHA sample
in this group (Fig. 4a) had good biocompatibility in 3D
space. Furthermore, the SEM pictures (Fig. Sa—c) showed
that the MC3T3-E1 cells reached out ‘‘pseudopods’’ and
were larger in ¢ than those in a and b in 3D space. But in
the composite scaffolds that had silver dosage from zero to
13.6 pg/ml, the ‘‘pseudopods’ was more obvious, pro-
gressively. LSCM images implied that the cell distributed
evenly with decrease of silver content, but the proliferation
of cells is not affected by the smaller silver content.

3.1.5 Cell proliferation in 3D scaffolds

MTT assay was used to assess the cell viability and pro-
liferation of MC3T3-El cells cultured in different 3D
scaffolds with 1, 3, and 5 days of culture, as shown in
Fig. 6. The results of the repeated-measures ANOVA and
LSD are summarized in Table 1. It can be seen that sig-
nificant differences exist among the different groups
(F = 76.457, P = 0.000). Proliferation of MC3T3-E1 cells
is not significantly different from that on CHA, pure coral,
and the lower silver concentrations (P = 0.538, 0.076,
0.298, 0.216, 0.658, 0.411) at days 1, 3,and 5 (Fig. 6), but
is significantly higher on the control group and 170 pg/ml
Ag*/CHA group (P = 0.000). Compared to blank control
group, the proliferation of the cells cultured in each scaf-
fold increased with the increasing of culture time besides

Table 1 The effect of different bone substitutes on MTT assay of MC3T3-El cell for 1, 3, and 5 d. (x +£ SD, OD Value, n = 3)

Groups Cultural time Sum F P
1d 3d 5d
170 pg/ml Ag*t/CHA X 0.1077 0.1080 0.1027 0.1061 0.099 0.907
s 0.0180 0.0182 0.0127 0.0145
13.6 pug/ml Ag*/CHA X 0.1217 0.5233 0.7207 0.4552 88.183 0.000
s 0.0049 0.0429 0.0875 0.2688
1.7 pg/ml Ag*/CHA X 0.1297 0.5430 0.7800 0.4842 102.147 0.001
S 0.0180 0.0924 0.0261 0.2892
CHA X 0.1700 0.5687 0.8250 0.5212 59.365 0.000
0.0110 0.0704 0.1069 0.2930
Pure coral x 0.1193 0.5987 0.7810 0.4997 79.333 0.000
s 0.0078 0.0485 0.1041 0.3015
Control X 0.0713 0.2827 0.4477 0.2672 36.144 0.000
S 0.0032 0.0459 0.0821 0.1700
Sum X 0.1199 0.4374 0.6095 0.3889 341.615* 0.000%*
S 0.0317 0.1914 0.2740 0.2794
F 21.355 34.725 38.436 76.457* (F = 17.131, P = 0.000)"
P 0.000 0.000 0.000 0.000*

* F statistic and P value of main effect; * F statistic and P value of crossover effect
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the CHA soaked with 170 pg/ml Ag* ions. In this study,
the proliferation of the cells cultured in samples with lower
silver-ionic content was similar to that in CHA and that
in pure coral scaffold. In addition, the proliferation of
MC3T3-El cells was improved with different concentra-
tion of silver ion. In Fig. 6, the cell proliferation and
growth were best in CHA scaffold at day 5. The absorbance
at 490 nm was almost 0.83, which was 4.85 times higher
than that in day 1.

4 Conclusions

In this study, silver ions were successfully introduced to the
CHA scaffolds by ion-exchange reaction and precipitation
process to improve its antibacterial property of CHA scaf-
folds. In addition, the scaffolds obtained by soaking with
appropriate concentration of silver-ion solution was bene-
ficial to keep the MC3T3-E1 compatibility of CHA sub-
strates, and MC3T3-E1 cell growth may be affected by the
silver ion content. Importantly, the composite SLCHA
scaffolds had an excellent biocidal potential against Gram-
positive bacteria (S. aureus) as well as Gram-negative
bacteria (E. coli). According to these results, it is antici-
pated that this SLCHA scaffold can be potentially used in
various clinical applications in bone tissue engineering.
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