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Abstract Hydroxyapatite (HA) is a synthetic biomaterial
and has been found to promote new bone formation when
implanted in a bone defect site. However, its use is often
limited due to its slow osteointegration rate and low anti-
bacterial activity, particularly where HA has to be used for
long term biomedical applications. This work will describe
the synthesis and detailed characterization of zinc-
substituted HA (ZnHA) as an alternative biomaterial to
HA. ZnHA containing 1.6 wt% Zn was synthesized via a
co-precipitation reaction between calcium hydroxide,
orthophosphoric acid and zinc nitrate hexahydrate. Single-
phase ZnHA particles with a rod-like morphology mea-
suring ~50 nm in length and ~ 15 nm in width, were
obtained and characterized using transmission electron
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microscopy and X-ray diffraction. The substitution of Zn
into HA resulted in a decrease in both the a- and c-axes of
the unit cell parameters, thereby causing the HA crystal
structure to alter. In vitro cell culture work showed that
ZnHA possessed enhanced bioactivity since an increase in
the growth of human adipose-derived mesenchymal stem
cells along with the bone cell differentiation markers, were
observed. In addition, antibacterial work demonstrated that
ZnHA exhibited antimicrobial capability since there was a
significant decrease in the number of viable Staphylococ-
cus aureus bacteria after in contact with ZnHA.

1 Introduction

Calcium phosphate (CaP) family, in particular hydroxy-
apatite (HA), has been chosen as a synthetic material for
biomedical applications due to its bioactivity and osteo-
conductivity [1]. In addition, HA has a crystallographic and
chemical composition approaching to that of the natural
bone mineral [2]. This biomaterial has been used in the
form of coatings on metallic implants, fillers in polymeric
matrices, self-setting bone cements, and even as granules
or shaped-structures. However, HA has the disadvantage in
which the rate of bone bonding ability is extremely slow
[3]. Furthermore, HA does not inhibit bacteria from
adhering onto the surface, and this has implications for the
bone healing required for patient recovery since infection
can lead to the failure of surgical operation [4]. An alter-
native way to enhance bone fixation and reduce infection is
via the incorporation of biological entities such as bone
morphogenetic proteins and antibiotics, into HA. However,
the beneficial effects of these biological agents have been
reported to decline during storage and/or sterilization
process [5].
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The crystal structure of HA can accommodate substi-
tutions by various beneficial ions easily. As such, there has
been an increasing research interest concerning the effects
of these ion substitutions. A number of studies introducing
silicon-substituted HA have been reported in the literature,
and this biomaterial has shown to enhance the rate and
quality of bone tissue repair [6-8]. On the other hand,
silver-substituted HA has been synthesized by various
groups, and demonstrated to reduce bacterial adhesion
[9-11]. Though each of these ions has shown to play a
significant role in the bone healing process, it is rational to
synthesise a HA that exhibits enhanced bioactivity and at
the same time, possesses antibacterial property.

Among the various elements that can be substituted, zinc
(Zn) seems to be the potential candidate. It is the most abun-
dant trace metallic element found in bone, and an essential
metal that plays a crucial role in the biochemistry of bone
tissues [12—-15]. There has been considerable effort on the
synthesis of Zn-substituted HA (ZnHA) [16-20]. The substi-
tution of Zn gave rise to contradictory results on the maximum
amount of Zn to be incorporated and the effect on the lattice
structure [19, 21]. Sogo et al. [18] reported the formation of
a-tricalcium phosphate after heating to 1,050 °C when the
incorporated Zn amount exceeded 0.1 wt%. Miyaji et al. [16]
found that the substitution limit of Zn to be around 9.4 wt%,
beyond which parascholzite phase appeared. Li et al. [22]
prepared ZnHA using a hydrothermal method, and the a lattice
parameter followed a similar reduction—expansion trend at Zn
content of 6.4 wt%. On the other hand, the c lattice parameter
decreased with increased Zn content. Bigi et al. [23] noticed
the inhibition of crystallization process with increasing Zn
content. Similarly, LeGeros et al. [24] reported the reduction
of the degree of crystallinity with zinc substitution. Further-
more, both a and c lattice parameters was being observed. Ren
etal. [21] demonstrated the retention of apatite up to 12.4 wt%
of Zn, without any form of heat treatment.

Recently, several works involving Zn-substituted apatite
containing low amount of Zn (<1 wt%) have been repor-
ted, and shown to exhibit either good bioactivity or anti-
bacterial property [25-28]. Webster et al. [17] found that
1.3 wt% of Zn could be incorporated into HA to enhance
osteoblast response. There were also several other studies
reporting similar osteoblast response and reduction of
osteoclast activity on zinc-substituted tricalcium phosphate
(ZnTCP) [18, 28-30]. Ito et al. [28] noted that Zn content of
>1.2 wt% in TCP was cytotoxic. Apart from enhanced
biological property, ZnHA also possessed antibacterial
property. Chung et al. [20] and Stanic et al. [26] observed a
reduction of bacterial strains Escherichia coli (E. coli),
Staphylococcus aureus (S. aureus), Candida albicans
(C. albicans) and Streptococcus mutans (S. mutans) on
ZnHA. However, no work has actually been directed
towards the use of phase-pure ZnHA containing high
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amount of Zn for potential applications in the orthopaedic
and dental fields. This is the first time that phase-pure
ZnHA with 1.6 wt% Zn, was synthesized and evaluated
using human adipose-derived mesenchymal stem cells
(MSCs) and S. aureus in this paper.

2 Materials and methods
2.1 Synthesis of ZnHA

Taking into account that a Zn content of >1.2 wt% would
result in cytotoxicity [28], and there would be an incomplete
substitution of Zn into the HA crystal lattice during synthesis
[17, 22], 1.6 wt% of Zn content was selected for this study.
ZnHA with a Zn content of 1.6 wt% was synthesized via a wet
precipitation method at room temperature using calcium
hydroxide [Ca(OH),] and orthophosphoric acid (H3POy).
Zinc nitrate hexahydrate [Zn(NO3),-6H,0O] was used as the
source for Zn, and the amount of reagents required was cal-
culated using the (Ca + Zn)/P molar ratio of 1.67, assuming
that Zn would substitute for the Ca site. H;PO, solution was
added dropwise into the Ca(OH),/Zn(NO3),-6H,0O mixture
solution under continuous stirring condition whilst the pH
value as maintained above 10.5 by the addition of aqueous
ammonia. Stirring was continued for 18 h after the complete
addition of the reactants before the mixture was left to age for
2 weeks. After ageing, centrifugation was performed to
remove any excess water from the apatite precipitates. ZnHA
was then autoclaved at 124 °C for 2 h.

2.2 Characterisation of ZnHA

The morphology and particle size of ZnHA were examined
using a transmission electron microscope (TEM) in bright
field mode, operating at an accelerating voltage of 300 kV.
Selected area electron diffraction (SAED) was also used to
determine the crystal structure. X-ray diffraction (XRD)
analysis was performed to identify the phase composition of
ZnHA. The diffraction pattern was analysed over a 20 range of
20-40°, using CuK,, radiation at 40 kV and 40 mA, at a step
size of 0.05° and a count time of 10 s. Identification of the
phases in ZnHA were compared to the ICDD (JCPDS) stan-
dards. Determination of the unit cell parameters (a and c¢) of
ZnHA was made by Rietveld refinement of the XRD data
collected over a 20 range of 20-80°, with a step size of 0.03°
and a dwell time of 20 s. Refinement software was then used
based on the structural data for HA of Kay et al. [31]. Infrared
spectrum of ZnHA was obtained using a fourier transform
infrared (FTIR) spectrophotometer, in the region of
400—4,000 cm ™" using a potassium bromide pellets with
spectral resolution of 4 cm™'. The amount of Zn being
incorporated was determined using an X-ray fluorescence
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(XRF) spectroscope. 6 readings were taken, and the mean was
calculated. The surface of ZnHA was then analysed by X-ray
photoelectron spectroscopy (XPS), with a MgK,, radiation
(1,253.6 eV) operating at 100 W. A survey spectrum between
0 and 1,100 eV was recorded, and all the binding energies
(BEs) were referenced to the C 1 s hydrocarbon peak.

2.3 Biological assessment of ZnHA
2.3.1 Biocompatibility property

ZnHA discs of diameter 12 mm were uni-axially com-
pacted. Cell viability behaviour of ZnHA was evaluated
using human adipose-derived MSCs isolated from human
lipoaspirate tissue (Invitrogen, StemPro® Human Adipose-
Derived Stem Cell Kit, Passage 2). These cells would be
thawed and cultured in MesenPRO RS™ medium for a
further passage before they were pooled for use in the
experiments. ZnHA discs were sterilized by rinsing three
times with phosphate buffer saline (PBS) solution, fol-
lowed by ultraviolet exposure for 30 min. 2 x 10* cells
were then seeded on these sterilized ZnHA disc in 1 ml of
Dulbecco’s modified Eagle medium supplemented with
10 % fetal bone serum and 1 % penicillin—streptomycin,
before incubating at 37 °C in a humidified atmosphere of
95 % air and 5 % carbon dioxide. After 10 days of
expansion, the growth media would be changed to osteo-
genic inductive media, which is the growth medium sup-
plemented with 10 mM of B-glycerolphosphate, 100 uM of
ascorbic acid and 10~® M of dexamethasone. The growth
media was changed every 3 days. HA discs were used as
controls, and five replica tests were used for each sample.

2.3.1.1 Cell growth Cell growth over 1, 3 and 5 days was
measured using the alamarBlue™ medium. At each time
point, cells were cultured in 10 % alamarBlue™ medium
for 4 h. The absorbance was then monitored at a wave-
length of 570 nm with a reference wavelength of 600 nm.

2.3.1.2 Type I collagen expression TypeIcollagen (COL)
expression was determined by enzyme immunoassay
(Metra™ CICP EIA kit). For analysis, culture medium was
first diluted with assay buffer ataratio of 1:3. 100 pl of sample
was then added to each well, and incubated at 25 °C for 2 h.
Wells were washed three times with 300 pl wash buffer before
100 pl rabbit anti-CICP was added and incubated at 25 °C for
50 min. Wells were again washed three times with wash
buffer. Next, 100 pl reconstituted enzyme conjugate was
added and incubated at 25 °C for 50 min. A final wash
was performed before 100 pl working substrate solution was
added and incubated for 30 min. Finally, 50 pl of stop solu-
tion was added, and fluorescence was read at 405 nm.

2.3.1.3 Osteocalcin expression Osteocalcin (OCN) level
in the culture medium was measured by an enzyme
immunoassay (Metra® Osteocalcin ELISA kit). 25 pl of
cell medium and 125 pl of anti-osteocalcin antibody were
added to each well before incubating at 25 °C for 2 h.
Wells were then washed three times with 300 pul wash
buffer. Following that, 150 pl reconstituted enzyme con-
jugate was added, and incubated at 25 °C for 1 h. Wells
were again washed three times before 50 pl working sub-
strate solution was added, and incubated at 25 °C for
35 min. Finally, 50 pl of stop solution was added, and
fluorescence was read at 405 nm.

2.3.1.4 Immunocytochemistry After 1 day of culture, cells
were fixed with 4 % formaldehyde in PBS solution with 1 %
sucrose for 15 min, washed with PBS solution and permeabi-
lised at 4 °C for 5 min. They were then incubated with 1 %
bovine serum albumin (BSA)/PBS solution at 37 °C for 5 min
to block the non-specific binding. FITC-conjugated phalloidin
(1:100 in 1 % BSA/PBS) was later added at 37 °C for 1 h.
After washing for three times with 0.5 Tween 20/PBS solution
for 5 min, TOTO-3 (1:5,000 in Tris/EDTA buffer at pH 8.0)
was added at 25 °C for 5 min. The samples were then given a
final wash (15 min x 3) before mounting under Vectashield
antifade mountant, and viewed on a confocal laser scanning
microscope (CLSM).

2.3.1.5 Cell morphology At day 2 and 14, the adherent
cells on the samples were fixed with formaldehyde, dehy-
drated sequentially through a series of ethanol concentra-
tions, and vacuum-dried before viewing under a scanning
electron microscope (SEM).

2.3.2 Antibacterial property

Staphylococcus aureus (ATCC 25923) bacteria was used in
this study. The discs were immersed in 2 ml of tryptone
soya broth containing 4 x 10° cells/ml in a 24-well plate
before incubating at 37 °C for 1, 3 and 6 days. After each
incubation period, 100 pl of the test solution was retrieved
from the 24-well plate, and then subjected to a serial
dilution to enumerate the number of surviving colonies.
25 ul of the aliquot of the latter was then added onto a
tryptone soya agar with triplicate, and incubated at 37 °C
for 1 day for colony formation. The colony formation was
examined and counted. The adherent bacteria on the sur-
face of HA and ZnHA discs at day 1 were fixed with
formaldehyde, dehydrated sequentially through a series of
ethanol concentrations, and vacuum-dried before viewing
under SEM. Samples containing only S. aureus were used
as negative controls.
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Fig. 1 TEM image and SAED pattern of autoclaved ZnHA

2.4 Statistical analysis

A t test was used to determine whether any significant
differences existed between the mean values of the

experimental groups. A difference between groups was
considered to be significant at P < 0.05.

3 Results and discussion
3.1 Physicochemical properties of ZnHA
TEM micrograph of ZnHA particles is shown in Fig. 1. It was

observed that ZnHA exhibited a rod-like morphology, mea-
suring ~ 50 nm long by ~ 15 nm wide, mimicking that of the
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Fig. 2 XRD pattern of autoclaved ZnHA

Table 1 Lattice cell parameters of ZnHA obtained from Rietveld
refinement

Sample Cell parameters®

a (nm) ¢ (nm)
HA [21] 0.9418 0.6884
ZnHA 0.9395 (4) 0.6870(4)

% Errors are = standard errors of the mean, with the values in
parentheses

natural bone apatite. The SAED image displayed a pattern of
continuous rings, indicating that ZnHA has a polycrystalline
structure. Despite the incorporation of Zn, the morphology
and dimensions of substituted HA remained almost
unchanged.

Figure 2 shows the XRD pattern of ZnHA. The broad
diffraction peaks of ZnHA suggested that this biomaterial was
made up of small apatite crystals. Furthermore, the diffraction
pattern was not affected by the incorporation of Zn as phase-
pure HA was produced. There was no evidence of secondary

Fig. 3 FTIR spectrum of
autoclaved ZnHA
g
o OH
g|
8 |®
[}
@
o
< joiz-
(a)
3800 3400 2900 2400 1900 1400 900 400

@ Springer

Wavenumber (cm™)



J Mater Sci: Mater Med (2013) 24:437-445

441

3
5
=
@
[ =
£
A . v/\\ :
285 \%&.\/"‘/ 291 204 207
Binding Energy (eV)

3
L
=
w
c
2
£

133 136 139 142 145

Binding Energy (eV)
Nz

3
=
z
w
8
E

1022 1024 1026 1028 1030 1032 1034

Binding Energy (eV)

Fig. 4 XPS spectrum of autoclaved ZnHA

undesirable phases such as tricalcium phosphate, tetracalcium
phosphate or calcium oxide in the XRD pattern, within the
detection limits. Substitution of Zn>" ions into the apatite
structure resulted in a change in the lattice cell parameters of
ZnHA (Table 1). In this study, both the a- and c-axes
decreased with Zn substitution, following the trend as
described by other works [16, 19-22, 32]. The results obtained
in the current study are logical since the ionic radius of Zn>"
(0.074 nm) is smaller in size than Ca®" (0.099 nm).

The FTIR spectrum of ZnHA is shown in Fig. 3. The
absorption bands could be assigned to the phosphate
(PO,>7) vibrations which were characteristics of HA [33].
The v, PO437 bending bands were located at 562 and
600 cm ™' whilst the V3 PO43 ~ stretching bands were
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centred at 1,037 and 1,089 cm™!. A broad band between
3,300 and 3,700 cm ™' was observed in the spectrum which
corresponded to the presence of water molecules, thereby
obscuring the hydroxyl band at 3,571 cm™". In addition, v;
carbonate (CO327) bands were observed at 1,414 and
1,641 cm™'. The substitution of CO5>~ ions could possibly
be due to the reaction between carbon dioxide and the
precursors during the synthesis process.

The amount of Zn that could be incorporated (1.5 wt%)
as measured by XRF was found to be close to the expected
value of 1.6 wt%. This phenomenon implied that the sub-
stitution of Zn into the Ca site was almost instantaneous
during the synthesis process. Figure 4 shows the narrow
XPS spectra of ZnHA. It revealed the presence of calcium
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(Cayp) and phosphorus (P,,) peaks. In addition, a peak at
binding energy value of ~1,028 eV was observed and
assigned to Znyps. This result suggested that the synthe-
sized biomaterial was indeed Zn-containing HA, and the
values were in agreement with those reported by Wang
et al. [25].

From all these physical and chemical analyses, it clearly
demonstrated that Zn*" ions were structurally incorporated
into the HA crystal structure by replacing the Ca*" ions,
rather than existing as a second phase with HA. Thus, the
chemical formula in which substitution of Zn into the HA
can be represented as follows:

Calo,xan (PO4)6 (OH)2

3.2 Biological properties of ZnHA

There were no studies in the literature reporting on the
investigation of ZnHA towards cellular proliferation and
differentiation. Webster et al. [17] only reported that the
incorporation of Zn into HA enhanced osteoblast adhe-
sion and differentiation, with increased levels of alkaline
phosphatase activity and deposition of calcium-contain-
ing minerals. As such, a detailed in vitro study of ZnHA
will be discussed in this work. alamarBlue™ assay
indicated that the growth activity of MSCs on both HA
and ZnHA increased significantly with culturing time
(Fig. 5). However, cells tended to multiply significantly
(¢ test, P < 0.05) on ZnHA as compared to HA at day 3
and 5, demonstrating that ZnHA was an excellent bio-
active material.

The level of protein expression on HA and ZnHA was
also determined. An increase in COL expression was noted
from day 14 to 28, and day 14 to 21 for HA and ZnHA,
respectively. A significant amount of COL (¢ test,
P < 0.05) was being produced on ZnHA as compared to
HA, at day 14 and 21 (Fig. 6a). In addition, OCN was
detected on HA and ZnHA from day 14 onwards, and
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Fig. 5 Growth of MSCs on HA and ZnHA at various time points
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increased significantly (¢ test, P < 0.05) with culturing
time (Fig. 6b). However, a significant amount of OCN
protein was observed at day 21 and 28 for ZnHA when
comparing both samples.

Fluorescent microscopy revealed that cells were
attaching and stretching (red in colour) well on ZnHA at
day 1 (Fig. 7). This phenomenon was supported by the
SEM images, indicating numerous filopodia projecting
from the cell edges for ZnHA at day 2 (Fig. 8a). No sig-
nificant difference could be observed when comparing to
HA. After 14 days of culturing, biomineralisation seemed
to occur on ZnHA (Fig. 8b) since CaP mineral nodules
could be observed. However, this was not the case for HA.

These findings demonstrated that the substitution of
Zn in minute amount (1.6 wt%) into HA, plays a sig-
nificant role in promoting cell growth and differentia-
tion. Nevertheless, the mechanism in which how Zn
affects the biological response still requires further
investigation.

From the log reduction assay results, it was found that
there was a general increase in the number of S. aureus
from the starting population of 4 x 10° CFU/ml for both
samples within the first day, with a 2-log and 1-log
increment for HA and ZnHA, respectively (Fig. 9).



J Mater Sci: Mater Med (2013) 24:437-445

443

Fig. 7 Fluorescent microscopy images of MSCs cultured at day 1 on
a HA, and b ZnHA. Stress fibers (stained red), and cell nuclei
(stained blue) (Color figure online)

However at day 3, there was a 1-log and 2-log reduction
in the number of bacteria observed in HA and ZnHA,
respectively. By day 6, there was a further 6-log reduc-
tion in the numbers of bacteria for ZnHA, but the
numbers of bacteria seemed to remain unchanged for
HA. For the negative control, the numbers of bacteria
tend to grow with culturing time until it reached a pla-
teau. In general, viable S. aureus colonies could still be
observed for HA, but no viable colonies could be seen
after day 6 for ZnHA. Chung et al. [20] observed the
suppression of the growth of S. mutans colonies sur-
rounding ZnHA-coated sample whereas Stanic et al. [26]
demonstrated no zone of diffusion in ZnHA samples, but
viable cell reduction for E. coli, C. albinos, S. aureus.
Recently, Swetha et al. [34] observed a reduction of the
growth of S. aureus when in contact with ZnHA up to
6 days. All these studies demonstrated similar phenom-
enon such that ZnHA showed viable cell reduction of
E. coli, C. albinos, S. aureus and S. mutans which sup-
port the current findings.

W:I;. 0 _=|:|n'|.|;1 _'|.=D = Elk‘

Fig. 8 SEM images of MSCs cultured on ZnHA. a Numerous
filopodia projecting from cell edges at day 2; and b Evidence of
biomineralisation occurring at day 14

At day 1, a confluent bacterial layer was found on the
surface of HA (Fig. 10a) whilst fewer numbers of bacteria
were seen attaching on the surface of ZnHA (Fig. 10b).
The SEM observation seemed to correspond well with the
results obtained from the log reduction assay, suggesting
that ZnHA was capable of inhibiting bacterial growth.

Based on this work, one could deduce that ZnHA pos-
sessed antimicrobial property, inhibiting bacterial growth
over time. Du et al. [35] reported that chitosan nanoparti-
cles loaded with copper ions interacted with the mem-
branes of E. coli, causing structural change and hence, cell
death. On the other hand, Nan et al. [36] reported that
membranes of E. coli were seriously damaged after in
contact with the stainless steel containing copper ions,
thereby causing nutrients, proteins and other essential
components of the cytoplasm within the bacteria to ‘leak
out’ and hence, resulting cell death. It was hypothesized
that in this study, Zn*" ions would behave similarly to
Cu”" ions to form strong bonds with the membrane pro-
teins of S. aureus bacteria, causing structural changes to the
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Fig. 9 Log reduction against S. aureus for various samples

Fig. 10 SEM images of viable S. aureus attaching on a HA, and
b ZnHA at day 1

membranes, thereby affecting proper nutrient/protein
transport through the nuclei via the membranes and hence,
contributing to cell death [26]. Although there have been
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several works in the literature describing the mechanism of
antimicrobial activity of various materials, the actual
mechanism in which how Zn interacts with the bacteria’s
membrane and thereby, activates antimicrobial property,
should be investigated further.

4 Conclusions

ZnHA containing 1.6 wt% Zn was synthesized via a
co-precipitation reaction at room temperature. Rod-like,
single-phase ZnHA particles measuring ~50 nm in length
and ~15 nm in width, were obtained. The unit cell
parameters (both a- and c-axes) decreased with the sub-
stitution of Zn. ZnHA retained its typical HA characteris-
tics despite the incorporation of Zn. The in vitro cellular
response indicated an increase in the growth of human
adipose-derived MSCs on ZnHA, along with an enhance-
ment in the bone cell differentiation markers. From the
antibacterial study, it was demonstrated that viable
S. aureus bacteria reduction could be observed on ZnHA.
All these findings confirmed the enhanced bioactivity and
antimicrobial property of ZnHA as an alternative bioma-
terial to phase-pure HA.
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