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Abstract

The aim of this paper is to synthesise calcium phosphate (CaP) nanoshells by controlling their particle size and shape using negatively charged
liposomes (1,2 dioleoyl-sn-glycero-3 phosphate sodium salt (DOPA) and 1,2-dipalmitoyl-sn-glycero-3-phosphate sodium salt (DPPA)) as a
template. The morphology, particle size, size distribution and zeta potential properties of DOPA and DPPA liposome templates were determined.
The results showed that both DOPA and DPPA formed spherical nanoshell structures to be used as templates for the synthesis of CaP nanoshells. By
using the DOPA template, spherical CaPs structures with a mean particle size of 197.5 £ 5.8 nm were successfully formed. In contrast, needle or
irregularly shaped CaP particles were observed when using the DPPA template.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Calcium phosphates; Nanoshells; Liposomes; Template

1. Introduction

Since 2000, more than five thousand research papers have
been published related to the synthesis of calcium phosphates
(CaPs), according to the Scopus database. Due to their
compositional similarity with the mineral phase of bone,
CaPs have a significant role in the field of bone tissue
engineering [1]. In addition, they have excellent biological
properties such as non-toxicity, biocompatibility and osteo-
conductivity [1,2]. However, the fracture toughness values of
synthetic CaP ceramics are not as high as those of human
cortical bone. Therefore, CaP ceramics lack sufficient
strength to be used at high-load bearing sites, such as
femoral and tibial bones [3]. Researchers are now focusing on
finding similar materials that fulfil the requirements of bone.
Properties of existing CaPs can be improved by exploring the
unique advantages of nanotechnology. It has been established
that nanotechnology offers a distinct approach to overcome
the deficiencies of CaPs [1].

* Corresponding author. Tel.: +60 4 599 6442; fax: +60 4 594 1013.
E-mail address: chhussein@eng.usm.my (S.H.S. Zein).

Nanostructured materials have proven to be biologically
effective [4]. Nanostructured ceramics clearly represent a
promising class of orthopedic and dental implant formulations
with enhanced biological and biomechanical performance [1].
Indeed, greater mechanical properties have been reported by
reducing the grain size of ceramics to the nanometer range [5,6].
Subsequently, improved properties are also possible by control-
ling their characteristics such as particle size, particle distribution
and agglomeration [7]. For example, nanostructured hydro-
xyapatite (HA) can promote osteoblast adhesion and prolifera-
tion, osseointegration, and the deposition of calcium containing
minerals on the surface of these materials [8].

Various nanostructures of CaP ceramics with Ca/P molar
ratios of 0.50-2.00 [9], including spherical nanoparticles [10],
nanowires [11], nanorods [12,13], and nanoneedles [14], have
been synthesised in the laboratory with different synthesis
methods. However, only a few attempts have been made to
prepare nanoshell structures of CaPs. Nanoshells can be defined
as a rigid shell surrounding a solid and/or liquid spherical core
composed of a different material. They range in size from
20 nm to 200 nm [15]. In addition, they have been found to be
very useful in various fields such as ion exchangers, catalysts,
drug delivery and especially bone scaffolds [16-18].
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Because the biological and mechanical properties of CaP
particles are expected to be strongly influenced by their particle
size and shape [19], the shape and size control are important in
the synthesis method. Thus, the aim of this study was to
synthesise CaP nanoshells and control their particle size and
shape by using negatively charged liposomes (1,2 dioleoyl-sn-
glycero-3 phosphate sodium salt (DOPA) and 1,2-dipalmitoyl-
sn-glycero-3-phosphate sodium salt (DPPA)) as templates
through the base titration method. These liposomes were
chosen to make a template due to their negatively charged head
group, which can help in the localisation of calcium and
phosphate ions around the liposomes and allow the growth of
CaPs [20]. In addition, they have a good biocompatibility and
have the ability to support the reparation of osseous deficiencies
[21]. Furthermore, they have strong intrinsic bioactivity, which
can be used in bone reconstruction or antibiotic filled porous
coatings for implants and may find benefit in creating artificial
bones [22].

2. Materials and methods
2.1. Materials

Calcium chloride (CaCl,), 85% phosphoric acid (H3PO,)
and sodium hydroxide (NaOH) were commercially obtained
from Sigma—-Aldrich. DOPA (C3;9H7,0gPNa) lipid was
supplied from Avanti Polar Lipids and DPPA (C35HegOgPNa)
lipid was obtained from Fluka. Glycerol (3% (v/v)) was
supplied from Merck. All chemicals were of a commercial
analytical grade. De-ionised (DI) water was used as a solvent in
the experiments.

2.2. Methods

The synthesis of CaP nanoshells was performed in two steps.
First, the liposome template was prepared by using the DOPA
or DPPA lipid. Then, the prepared template was used to
synthesise the CaP nanoshells.

2.2.1. Preparation of liposome templates

The preparation of the DOPA liposome template was
performed using the sonication method developed by Schmidt
[23]. Sonication was used to reorganise the multilamellar
(multiple bilayer) to unilamellar (single bilayer) liposome
templates to reduce their size and improve their size
distribution. The procedures were performed at room tem-
perature because the DOPA lipid has low T, (—8 °C). First,
DOPA lipids were hydrated in a scintillation vial of DI water.
Second, the hydrated DOPA solutions were stirred at 1000 rpm
for 1 h. Finally, the hydrated DOPA solutions were sonicated in
an ultrasonic bath for 15 min.

The DPPA liposome template was prepared by using the
same preparation method as that of the DOPA template.
However, the DPPA lipid could not dissolve in the solutions
homogenously due to its high 7, (67 °C). The formation of
liposomes requires heating the liposomes at temperatures not
lower than the T of the lipid [24]. Thus, considering the high T,

of the DPPA lipid, a combination of methods of sonication and
heating was used. The heating method used was developed by
Mozafari et al. [25]. First, the DPPA lipids were hydrated in a
scintillation vial of DI water. Then, the hydrated DPPA
solutions were stirred at 1000 rpm and heated at 120 °C for 1 h
in the presence of glycerol (3% (v/v)). This procedure was
conducted to ensure that all lipids were dissolved homo-
genously. Glycerol has the ability to increase the stability of
lipid vesicles, and it does not need to be removed from the final
liposome product [24]. The hydrated DPPA solutions were then
placed in an ultrasonic bath and sonicated for 15 min above the
T, of the DPPA lipid. Finally, the hydrated DPPA solutions
became translucent, and the DPPA solutions transformed from
gel to liquid [26,27].

2.2.2. Synthesis of CaP nanoshells

CaP nanoshells with liposome templates were prepared
using a modified base titration method developed Schmidt et al.
[20,22,28]. First, 0.1 M of CaCl, and 0.1 M of H;PO, (adjusted
to pH 7 with 0.1 M of NaOH) were added separately to the
prepared liposome template of DOPA or DPPA. The mixtures
were then stirred at 400 rpm at room temperature. The
concentrations of calcium and phosphate ions were fixed at
0.1 M to reach an initial molar ratio of Ca/P equal to 1. Next,
0.1 M of NaOH as a base solution was added into the mixtures
every 30 min to allow the precipitation of CaPs on the
liposomes. Approximately twenty 200-wl NaOH additions
were used in each experiment. NaOH was used as base solution
in this study to supersaturate the mixtures by increasing the pH
of the mixtures. The pH changes during the experiments were
measured using a pH meter (Eutech Instrument — Ecoscan pH
5). The mixtures were then stirred overnight and then ultra-
filtered to separate the unwanted particles by using Whatman’s
membrane nucleopore track-etched polycarbonate with a
50 nm pore size from Fisher Scientific. Finally, before analysis,
the mixtures were dried in an oven at 60 °C for 48 h to obtain
the final product.

2.2.3. Characterisation of the liposome templates and CaP
nanoshells

The morphology analyses of the liposome templates and
CaP nanoshells were examined by transmission electron
microscopy (TEM) (Philips, model CM 12) operating at
120 keV. Samples of the templates were prepared using the
technique of negative staining in which 2% uranyl acetate was
dropped into samples on a carbon-coated copper grid before air-
drying, while the samples of CaP nanoshells were prepared by
placing one drop of the sample dispersed in absolute ethanol on
a carbon-coated copper grid and air drying.

The particle size of the liposome templates and CaP
nanoshells were measured by using the technique of dynamic
light scattering (DLS). In addition, the width of the size
distribution was obtained using the polydispersity index. In
addition, the zeta potential of the templates and CaP nanoshells
were obtained by using the technique of laser Doppler
velocimetry (LDV). DLS and LDV were measured on a
Zetasizer Nano ZS (Malvern, UK). Briefly, the samples of
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templates were diluted in DI water while the samples of CaP
nanoshells in powder form were dispersed in DI water before
addition to the sample cell. Each experiment was repeated in
triplicate, and each datum given is the average of 15 runs. All
the measurements were performed at room temperature.

The elemental analyses of the CaP nanoshells were
examined by energy-dispersive X-ray spectrometry (EDX)
(Leo Supra 35 VP FESEM). A sample in powder form was
spread evenly on the top of a double-sided carbon tape in which
the tape was attached to an aluminium stub. The weight
percentages of elements of samples were obtained as an average
of 3 values in the EDX results.

Infrared spectra of the samples of CaP nanoshells were
obtained in the transmission mode using a Fourier transform
infrared (FT-IR) Perkin-Elmer spectrometer model Spectrum
GX from discs containing samples of CaP nanoshells and
potassium bromide (KBr) in the range 4000 cm ! t0 400 cm L
For sample preparation, powder samples were first mixed with
KBr and were pressed to form a thin pellet for analysis.

3. Results and discussion
3.1. Characterisation of liposome templates

To act as a template for CaP nanoshells, the liposomes
should have stable spherical structures, which allow the CaPs to
grow uniformly on them. The structures of the liposome
templates were observed via TEM analysis in Fig. 1(a—c).
Fig. 1(a) shows that the spherical unilamellar template
structures successfully formed from the DOPA lipid, although

there were some aggregates. However, as shown in Fig. 1(b),
spherical unilamellar template structures were not obtained
when the DPPA lipid was prepared similarly to the DOPA lipid;
this finding might due to the gel state of the DPPA lipid, which
could not form closed continuous bilayered structures when the
preparation temperature was under the 7, of DPPA lipid [24].
However, when the DPPA lipids were mixed with glycerol and
heated above its T, spherical unilamellar structures of DPPA
liposome template were successfully formed (Fig. 1(c)). This
may due to the interaction energy between the chains reduced
and the fluidity of liposomes increased during the heating
process (above T, of DPPA lipids) [29,30]. As a result, the
liposomes can be reorganised to form unilamellar structures by
sonication.

The TEM images are of little use for evaluating absolute
sizes because the liposomes may be distorted by the vacuum,
and the high-energy electron beam used in imaging could, in
principle, damage the liposome structures [31]. To address the
issue, the samples were characterised using a Zetasizer Nano
ZS to obtain information on their size and size distribution. In
addition, evaluation of the zeta potential of the liposome
templates using the Zetasizer Nano ZS can help to predict their
stability [27].

The results of the mean of particle size, polydispersity index
(width of the particle size distribution) and zeta potential
measurements of the DOPA and DPPA templates are
summarised in Table 1. The DOPA template had a smaller
mean particle size (64.7 & 0.7 nm) compared to the DPPA
template (103.9 &+ 1.5 nm). Thus, both DOPA and DPPA
templates are categorised as unilamellar liposomes because

Fig. 1. TEM images of liposome templates (a) DOPA (without heating and glycerol), (b) DPPA (without heating and glycerol), and (c) DPPA (with heating and

glycerol).
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Table 1
The mean of particle size, polydispersity index and zeta potential of DOPA and
DPPA liposome templates.

DOPA DPPA
Particle size (nm) 64.7 +£0.7 1039+ 1.5
Polydispersity index 0.235 £ 0.013 0.275 £ 0.008
Zeta potential (mV) —753+£29 —53.2+£3.0

Note: Each type of liposome was measured three times.

their particles sizes were less than 500 nm [32]. In addition, the
mean polydispersity index values of DOPA and DPPA
templates were similar, indicating that both liposomes had
similar particle size distributions. In addition, the particles sizes
of the templates of the DOPA (Fig. 2(a)) and DPPA (Fig. 2(b))
were in the ranges between 13.6-255.0 nm and 13.6-531.2 nm,
respectively. On the other hand, the mean zeta potentials of the
DOPA and DPPA templates were —75.3 £29mV and
—53.2 £ 3.0 mV, respectively (Table 1). Liposome templates
with a zeta potential more negative than —30 mV are normally
considered stable [33]. The stable and negatively charged
templates of DOPA and DPPA can aid the localisation of ions
around the liposomes and enhance the local supersaturation of
CaPs [34]. Thus, it is assumed that the zeta potentials of the
DOPA and DPPA templates are sufficiently negative to enhance
the precipitation of CaPs nanoshells on them [35]. In
conclusion, both DOPA and DPPA liposomes were determined
to be suitable templates for nanoshell based materials.

3.2. Characterisation of CaP nanoshells
Fig. 3 shows the pH as a function of the number of NaOH

additions (1 addition =200 pl of 0.1 M of NaOH) for the
synthesis of CaP nanoshells using DOPA and DPPA templates.

11
--- Localisation line

— Growth line

0 5 10 15 20

Number of 0.1 M of NaOH addition
—¥— with DOPA —e— with DPPA

Fig. 3. pH as a function of the number of NaOH additions for DOPA and DPPA
templates in the synthesis of CaP nanoshells (1 addition =200 pl of 0.1 M of
NaOH).

Generally, the pH of the mixtures varied in three stages
(initiation, localisation and growth) in the synthesis of CaP
nanoshells. At the initiation stage, the pH of the mixtures using
DOPA and DPPA templates increased rapidly from 6.85 to 7.00,
respectively. Then, the pH started to increase gradually from the
5th (pH 10.02) and 8th (pH 10.05) NaOH addition for the
mixtures with DOPA and DPPA templates, respectively.
Calcium and phosphate ions began to localise around the
negative charges of liposomes at this localisation stage [20].
Finally, the mixture reached the growth stage, which is the most
important stage in the synthesis of CaP nanoshells because the
growth of CaPs on liposome templates can take place once the
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Fig. 2. Particle size distributions of liposome templates of (a) DOPA and (b) DPPA.
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Table 2

Comparison of weight percentage of elements in samples of CaP nanoshells and their final molar ratios of Ca/P.

Sample of CaP Elements (wt.%) Mole fraction Mole fraction Final molar

nanoshells of Ca of P ratio of Ca/P
Ca P C (0} Cl

(a) With DOPA 12.64 10.36 26.76 36.90 12.23 1.11 0.32 0.33 0.97

(b) With DPPA 12.74 6.79 40.36 27.35 11.63 1.12 0.32 0.22 1.45

Note: The weight percentages of elementals of samples obtained as an average of three values according to EDX results.

pH is saturated and the supersaturation of the mixtures occurred
[36]. The optimal pH was reached at the 14th (pH 10.52) and
15th (pH 10.49) NaOH addition for the mixtures with DOPA
and DPPA templates, respectively, and was maintained until the
20th NaOH addition (end of the experiments). The optimal pH
of both mixtures was very close to each other, although the
mixture using DPPA had a higher initial pH than the mixture
using DOPA as a template. Thus, the optimal pH of the mixtures
did not depend on the types of liposome templates. However,
the number of NaOH additions needed to reach localisation and
growth stages for the mixture of CaP nanoshells using DOPA
templates were less than that of DPPA template. Thus, it can be
assumed that the time needed for the growth of CaPs on the

Fig. 4. TEM images of CaP nanoshells synthesised with templates of (a) DOPA
and (b) DPPA.

DOPA template was less if compared with that of the DPPA
template.

Elemental analyses were performed using the EDX
technique. The comparison of the weight percentage of
elementals and their final molar ratio Ca/P of the CaP
nanoshells using DOPA and DPPA templates are shown in
Table 2. Calcium (Ca), phosphorus (P), carbon (C) and oxygen
(O) are the main elements identified as the major constituents,
as in bone, with some minor components of sodium (Na) and
chloride (Cl). The high percentages of C in both samples are
attributed to carbonate ions (COs>7) in the samples and
originate from the long chain of liposomes. The final molar
ratio of Ca/P of the CaP nanoshells using the DOPA template
(0.97) approaches the molar ratio of Ca/P of CaP nanoshells
(1.00), which was suggested by Schmidt et al. [28]. This Ca/P
molar ratio (1.00) could correspond to either crystalline
brushite or amorphous calcium phosphate (ACP) [28,37,38].
On the other hand, CaP nanoshells using the DPPA template
had a higher final molar ratio of Ca/P of (1.45), which
corresponded to the calcium-deficient hydroxyapatite (CDHA)
or ACP [1,39]. Thus, the difference in the molar ratio of Ca/P
may influence the morphology of CaP nanoshells.

The TEM technique was employed to visualise the structural
morphology of CaP nanoshells, and the images are shown in
Fig. 4(a) and (b). In Fig. 4(a), TEM examination of CaP
nanoshells using the DOPA template revealed that the CaPs
precipitated at the outer layer of the vesicles. Dark field images
confirmed the precipitation of CaPs. CaP nanoshells in
spherical structures were formed using the DOPA template,
although some aggregates were observed. On the other hand,
needle or irregularly shaped nanoparticles of CaPs were
observed in Fig. 4(b) when using the DPPA template. The
needle or irregularly shaped particles were obtained due to the
instability of the DPPA template because the spherical structure
of the DPPA template may be damaged during the experiments.
As a conclusion, DOPA had a better template effect on the
growth of CaPs nanoshells than DPPA.

Table 3 shows the mean of particle size, polydispersity index
and zeta potential values obtained for the samples CaP
nanoshells using DOPA and DPPA templates. The results
showed that the mean particle size of CaP nanoshells using the
DOPA template (197.5 + 5.8 nm) was significantly smaller
than that using the DPPA template (1889.0 & 301.7 nm). In
addition, the mean particle sizes of the CaP nanoshells were
increased from 64.7 £0.7nm to 197.5 £5.8 nm and from
103.9 + 1.5 nm to 1889.0 & 301.7 nm after the growth of CaPs
on the DOPA and DPPA templates, respectively.
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Table 3
The mean of particle size, polydispersity index and zeta potential of CaP
nanoshells using DOPA and DPPA templates.

CaP nanoshells

With DOPA With DPPA
Particle size (nm) 197.5+5.8 1889.0 £ 301.7
Polydispersity index 0.326 £ 0.034 1.000
Zeta potential (mV) —345+0.6 —-209£0.5

Note: Each type of CaP nanoshells was measured three times.

In addition, the polydispersity index values were increased
from 0.235 £ 0.013 to 0.326 & 0.034 and from 0.275 £ 0.008
to 1.000 when CaPs were grown on DOPA and DPPA
templates, respectively. CaP nanoshells using DPPA template
are very polydisperse and may not be suitable for DLS
measurements because this particle sizing technique has a
limitation in describing the size of non-spherical particles. The
non-spherical particles scatter differently than spherical
particles and affect the diffusion speed, and thus the particle
size will change [40]. Thus, the particle size of the needle or
irregular particles of CaPs using the DPPA template may be
significantly different than the original particle size of the
DPPA template.

Fig. 5(a) and (b) shows the typical size distribution obtained
from the CaP nanoshells using DOPA and DPPA templates,
respectively. Two population sizes of CaPs particles can be
observed for both samples. The main population shown in
Fig. 5(a) composed 92.4% of the particles of CaP nanoshells
and was obtained in the size range between 37.8 nm and
825.0 nm when using DOPA as the template. Meanwhile, the
remaining particles were much larger in size, between

C.-H. Yeo et al./Ceramics International 38 (2012) 561-570

955.4 nm and 2669.0 nm. For CaP nanoshells using the DPPA
template, the population shown in Fig. 5(b), composed of
34.0% of the smaller particles, was between 68.1 nm and
396.1 nm in size. Thus, up to 76.3% of the particles were larger
particles with sizes in the range from 458.7 nm to 1718.0 nm.
Thus, the CaP nanoshells produced using the DOPA template
were more monodisperse than those using the DPPA template.
On the other hand, it was confirmed that the potential surface
of CaP nanoshells did change significantly after the growth of
CaP on liposome templates. The average zeta potentials of CaP
nanoshells with DOPA and DPPA templates were
—34.5+ 0.6 mV and —20.9 £ 0.5 mV, respectively. However,
the magnitude of the zeta potential of CaP nanoshells decreased
from —75.3 £ 2.9 mVand —53.2 & 3.0 mV after the growth of
CaP on DOPA and DPPA templates, respectively. The results
agree with the theory that the electrostatic potential is
dependent upon the distance from the surface [41]. The
slightly extended positive charge of calcium ions from the
surface of liposomes increased the distance from the surface,
resulting in the lower negative zeta potential of the CaP
nanoshells. Moreover, the liposomes containing phosphatidic
acid possess a specifically strong affinity for calcium ions.
Thus, the zeta potential of the liposome template changed from
strongly negative to weakly negative after binding calcium ions
[42]. However, the result of the zeta potential of CaP nanoshells
using the DPPA template (less negative than —30 mV) showed
that the CaP nanoshells using the DPPA template may become
unstable after the growth of CaPs on the DPPA template,
perhaps because the growth of CaPs on the template was not
uniform in every direction. Therefore, it can be assumed that
spherical structures of particles were more stable than needle or
irregular particles in the synthesis of CaP nanoshells.

Statistics Graph (3 measurements)

~
o
N~

Intensity (%)

100 1000 10000

Size (d.nm)

Statistics Graph (3 measurements)

(b)

Intensity (%)

100 1000
Size (d.nm)

10000

Fig. 5. Particle size distribution of CaP nanoshells using templates of (a) DOPA and (b) DPPA.
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Fig. 6. FT-IR spectrum of CaP nanoshells using templates of (a) DOPA and (b)
DPPA.

Fig. 6(a) and (b) shows the FTIR spectra of CaP nanoshells
using DOPA and DPPA templates, respectively. The FTIR
spectra of both CaP nanoshells had similar profiles. The peaks
at 1043 cm™' and 1088 cm™ ' belong to the phosphate group
(PO43_) stretching mode [34] for CaPs nanoshells with DPPA
and DOPA templates, respectively. Moreover, the peaks of the
PO, bending mode splitting around 564 cm ™' and 605 cm ™!
for both samples, indicating that CaP nanoshells with DOPA
and DPPA templates were partially crystalline [34,43,44].
These results are in agreement with the EDX results, in which
CaP nanoshells were partially crystalline or amorphous in
structure. The peaks around 841 cm ™' for both samples were
attributed to another phosphate group (HPO,*”) [44]. In
addition, the stronger peaks of PO,>~ in the CaP nanoshells
with the DOPA template implied that it contains more
phosphate ions compared to the CaP nanoshells with the
DPPA template. These stronger peaks can contribute to the
lower Ca/P molar ratio of CaP nanoshells using the DOPA
template rather than the DPPA template. Moreover, the lower
final molar ratio of Ca/P in the CaP nanoshells with the DOPA
template may contain more phosphate [45]. Thus, the molar
ratios obtained by EDX (Table 2) are in agreement with the
results obtained by FT-IR in Fig. 6(a) and (b). Moreover, the
presence of peaks in the region of 1400-1600 cm ' and 869—
879 cm ™" in the FT-IR spectra are attributed to carbonate
groups (CO5%7) [43,46] due to the substitution of PO,>~ by
CO5? ions [47]. In addition, the carbonyl group (C=O)
stretching  vibration peak appeared at 1729 cm ' and
1738 cm™' for CaP nanoshells with DOPA and DPPA
templates, respectively [48,49]. The C—H bonding of samples
with liposome templates also appeared in the ranges of 2854—
2925cm™" and 2850-2917cm™' for DOPA and DPPA
templates, respectively [36,49]. The C=0O and C-H bonding
can be attributed to the carbon atom chain of the fatty acids of
liposomes in CaP nanoshells. Moreover, strong peaks of the
hydroxyl group (O-H) stretching were at 3394 cm™' and
3411 cm™"' for CaP nanoshells with the DPPA template
(Fig. 6(b)) and DOPA template (Fig. 6(a)), respectively [47].
The O-H in the samples also contributed to the polar headgroup
(O-H) of the negative charge of liposomes. The peaks of CaP
nanoshells with DOPA and DPPA templates around 1600 cm ™'

[21] were described to H-O-H modes, indicating that water
was absorbed on the surface [50]. As a result, all the peaks
discussed above and their positions in the FTIR spectra confirm
the formation of CaP nanoshells with both liposome templates
(DOPA and DPPA).

3.3. Growth mechanism

Previous results show that liposomes play an important role
in the formation of CaP nanoshells. Growth of CaPs with the
presence of liposome templates is a heterogeneous nucleation
process. Calcium ions are bound to the negatively charged of
the phosphate headgroup (—OH) of liposomes. This negative
charged headgroup in DOPA and DPPA templates can aid the
localisation of ions surrounding the liposome [34].

Fig. 7(a) and (b) shows the growth mechanism of CaP
nanoshells using DOPA and DPPA templates, respectively. In
Fig. 7(a), there was an electrostatic attraction of calcium ions to
the surface when CaPs were introduced to the DOPA template,
resulting in a tightly bound stern layer of calcium ions on the
surface of the DOPA template [36]. Thus, calcium and
phosphate ions preferentially formed around the DOPA
template when the areas around the DOPA template were
saturated. Once CaPs surrounds the DOPA template, the shell
may act as a normal nucleation site for further shell growth.

The results from the zeta potential analysis showed that the
CaP nanoshells may become unstable after the growth of CaPs
on the DPPA template. If the liposome is unstable, it is likely to
deform or rupture as it complexes with precipitating ions [20].
Thus, the damaged structure of the DPPA template may occur
during the experiments, especially during the drying process.
Besides, the reaction between calcium and phosphate ions is
also preferred over precipitation on the damaged DPPA
template as the nucleation site. As a result, unlike CaP
nanoshells using the DOPA template, the needle or irregular
particles of CaPs were produced when using the DPPA
template, as shown in TEM images (Fig. 4(b)).

The calcium ion is a bivalent cation and has strong electrostatic
interaction with adjacent functional groups in solutions except for
the interaction with the headgroup of the liposomes [51]. During
drying, water evaporation could increase the concentrations of
local free ions [20]. These free ions produce the van der Waals
attractive forces that can overcome the electrostatic attraction of
calcium ions with liposomes and influence the stability of
liposomes (see Fig. 7(b)) because liposome stability is sensitive to
the ionic strength of the surrounding milieu [22,52]. It might
result in the two-dimensional growth of CaPs on the DPPA
template rather than growth in all directions. In addition, the
attractive van der Waals forces only caused the tendency towards
aggregation in CaP nanoshells using the DOPA template.
Fig. 8(a) and (b) shows the chemical structures of DOPA and
DPPA templates, respectively. Both liposome templates may
differ in the fatty acid part. The carbon atom chains of the DPPA
template only contain single chemical bonds, while the DOPA
template has double bonds in the carbon atom chains, which
might be due to the higher stability of the DOPA template than
DPPA template in the synthesis of CaP nanoshells.
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4. Conclusion

CaP nanoshells were synthesised by using different
liposomes as templates. The results showed that both DOPA
and DPPA formed spherical nanoshell structures.

Based on the results obtained in the present investigation, the
morphology and size of the CaP nanoshells depended on the
types of template used. The results of morphological analysis
showed that CaP nanoshells with spherical structures can be
successfully formed by using the DOPA template. In contrast,
the needle or irregularly shaped particles were observed in the
CaP nanoshells using the DPPA template. The molar ratio of
Ca/P of CaP nanoshells with the DOPA template (0.97)
approached the expected molar ratio of the Ca/P of CaP

nanoshells (1.00). This Ca/P molar ratio (1.00) could
correspond to either crystalline brushite or ACP. On the other
hand, CaP nanoshells using the DPPA template had a higher
final molar ratio of Ca/P of (1.45), which corresponded to
CDHA or ACP. However, CaP nanoshells using DOPA and
DPPA templates were indicated as partially crystalline in FT-IR
analyses. Thus, CaP nanoshells were demonstrated to be
partially crystalline or amorphous in structure.

On the other hand, the results for the particle size distribution
analysis showed that the CaP nanoshells produced using the
DOPA template were more monodisperse than those using the
DPPA template. In addition, the magnitude of the zeta potential
of the surface of the average zeta potentials of CaP nanoshells
decreased after the growth of CaPs on DOPA and DPPA
templates. The result of the zeta potential of CaP nanoshells with
the DPPA template (less negative than —30 mV) showed that the
nanoshells may become unstable after the growth of CaPs on the
DPPA template. This result was proven in the morphological
analysis. It shows the effectiveness of liposomes depends on the
stability. Conversely, CaP nanoshells using the DOPA template
with zeta potential more negative than —30 mV were still
considered stable. Thus, the stability of the liposome template is
important in the synthesis of CaP nanoshells. Further study needs
to be conducted to stabilise the liposome structure during the
growth of CaP nanoshells.
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