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Abstract Hydroxyapatite (HA) nanoparticles have been
studied as nano-sized carriers for the delivery of thera-
peutic agents. One important consideration for these
carriers to be used effectively is their bio-distribution
in vivo, of which particle size has a significant effect. In
this work, HA nanoparticles doped with Ethylene-diamine-
tetramethylene-phosphonate (EDTMP) were synthesized
via co-precipitation as a model for HA doped with
53Samarium ('**Sm) EDTMP. EDTMP has high affinity
for radioactive '>>Sm isotopes that can emit both gamma
and beta radiation. The effects of synthesis temperature,
amount of dopant and hydrothermal treatment on the size
of HA-EDTMP nanoparticles were therefore studied. The
results showed that the EDTMP ligand was successfully
incorporated in the nanoparticles without changing the
crystal structure as shown from X-ray diffractometer
(XRD) analysis. From the Field Emission Scanning Elec-
tron Microscopy (FESEM) and Transmission Electron
Microscopy (TEM) micrographs, it was observed that
shorter rod-like nanoparticles, obtained at low synthesis
temperatures, became elongated needle-like nanoparticles
with increasing temperature. Increasing dopant amount by
five fold increases particle size slightly, while a two fold
increase in dopant amount has no significant effect.
Hydrothermal treatment increases particle crystallinity and
results in smooth elongated rod-like structures. The size of
HA nanoparticles doped with EDTMP can therefore be
manipulated by controlling synthesis temperature and
through hydrothermal treatment.
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1 Introduction

Hydroxyapatite (Ca;o (PO4)s(OH),, HA) is a major mineral
component in animals and humans and is chemically
similar to bone mineral [1, 2]. HA, in its different forms, is
widely studied due to its excellent biocompatibility, bio-
activity and similarity in chemical composition with human
bone tissues [3-6]. As such, it is utilized in many bio-
medical applications such as orthopaedic implants [7-9],
sustained drug release systems [10—15] and as an adsorbent
in column chromatography for purification and separation
of nucleic acids and proteins [16, 17]. A wide range of
applications for HA is possible because its properties can
be tailored by controlling its composition, for example by
substitution in the crystal structure, particle size and mor-
phology prior to usage [18-20].

HA has also been studied for the delivery of therapeutic
agents. Matsumoto et al. [11] studied HA as a carrier of
protein and modelled its release in vitro. Zhu et al. [21]
showed adsorption of green fluorescence protein EGFP-N1
pDNA onto HA nanoparticle of size 40-60 nm. The results
showed that HA nanoparticle EGFP-N1 pDNA conjugates
transfected SGC-7901 cells in vitro and mice cells in vivo,
and the pDNA were successfully expressed. These studies
demonstrated the potential of HA nanoparticles to be used as
a non-viral gene carrier or as a carrier of therapeutic agents.

There have been many studies of cancer treatment via
radiation of '**Samarium (***Sm) isotopes and early phase
I/II studies were published more than 10 years ago [22, 23].
It has since been developed to be used clinically for pain
palliation in symptomatic bone metastases from several
cancers, mainly prostatic and breast carcinoma [22-25].
Ethylene-diamine-tetramethylene-phosphonate (EDTMP)
has a high affinity with '>>Sm [26] and so readily forms
the complex—'>*Sm-EDTMP (commercially known as
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Fig. 1 (a) Structure of 153Sm-EDTMP complex; (b) structure of
EDTMP ligand

Quadramet®) such that ">>Sm>* ion is in the centre of the
ligand, as shown in Fig. 1. This structure is similar to what
Mondry et al. [27] reported for Eu™-EDTMP complex.
Goeckeler et al. [28] were able to easily complexed '>*Sm
with EDTMP in a single step, with more than 99% effi-
ciency of '3 *Sm-EDTMP. It was shown that this method of
preparation is chemically stable and does not undergo any
substantial decomposition for more than 48 h. Therapeutic
and bioimaging applications of '*>*Sm-EDTMP exploit the
irradiation of short range (penetration depth of 2-3 mm)
beta and gamma emissions for localised mortality of
tumour cells. It reduces damage to bone marrow [29] and
allows biodistribution and dosimetric assessment of the
radiopharmaceutical in the individual patient [30].

Taking advantage of the fact that EDTMP has high
affinity for 1538m and bone and/or HA, it provides a
potential avenue to develop nano-sized HA conjugated with
radioisotopes with EDTMP ligands for both therapeutic and
bioimaging functions [31]. Hooi et al. [32] studied HA
nanoparticles conjugated with radioisotopes **™Technetium
(®’™Tc) for bioimaging. At the same time, they demon-
strated a novel method to generate a drug-loaded or radio-
labelled HA nanoparticles by exploiting the high-affinity
(poly) phosphonate to HA interaction. Several studies had
also been studied for therapeutic and in vivo imaging using
HA-'3*Sm-EDTMP particles. Chirby et al. [33] studied the
adsorption of '3 *Sm-EDTMP complex on the surface of HA
particles and its skeletal uptake in rats. Clunie et al. [34]
performed clinical trials on patients with chronic knee
synovitis using HA-'>*Sm-EDTMP particles as a carrier
to obtain biodistribution data. Results were shown to be
favourable and that HA-'>*Sm-EDTMP particle is a poten-
tially useful radiation synovectomy agent. O’Duffy et al.
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also used HA-">*Sm-EDTMP particle to [35] treat chronic
synovitis and studied its long term effects of radiation
exposure. The results showed that specific chromosomes-
types abnormalities in peripheral lymphocytes are indictors
of whole body radiation exposure, but it was found that there
was no increased in scored chromosome types abnormalities
after HA-'>*Sm-EDTMP synovectomy.

Biodistribution data of HA-'>Sm-EDTMP particles
intended for therapeutic treatments of specific cancerous
sites is therefore important as initial studies. Maximizing
the concentration of therapeutic nanoparticles at tumour
sites is vital for greater treatment efficacy due to its short
range beta emission. This minimizes damage to healthy
cells in other parts of the body. Biodistribution is greatly
affected by the uptake of macrophages of the mononuclear
phagocyte system (MPS), of which one of the major
determinants of clearance kinetics of these nanoparticles by
the MPS macrophages is particle size [36, 37]. This study
therefore aims to synthesize controlled sizes of HA nano-
particles doped with various amount of EDTMP as a model
for HA-">*Sm-EDTMP nanoparticles. As '>*Sm>* ion in
the centre of the EDTMP ligand, doping HA nanoparticles
with '3Sm-EDTMP should not have significant difference
in size in comparison to doping HA nanoparticles with
EDTMP. In addition, by doping '**Sm-EDTMP into HA,
instead of surface tagging, would allow for further particle
surface modification to enhance targeting and selective
cellular uptake. In this paper, the effects of synthesis
parameters (i.e. temperature, amount of EDTMP,
hydrothermal treatment) on the size and morphology of
HA-EDTMP nanoparticles is therefore reported.

2 Experimental

Calcium nitrate tetrahydrate (Ca(NOs3),-4H,0O) from Riedel-
deHaen, ammonium dihydrogen phosphate (NH4H,PO,)
from Aldrich, 25% v/v ammonium hydroxide (NH,OH)
from Honeywell, Multibone; Ethylene-diamine-tetrameth-
ylene-phosphonate (NCH,PO5H,) from Izotop and Sodium
hexametaphosphate (SHMP) from Sigma-Aldrich were
purchased and used without further purification in this study.
Hydroxyapatite (Sigma-Aldrich) [Ca;q (PO4)s(OH),] were
used as reference for X-ray diffractometer (XRD) analysis.

Aqueous solutions of Ca(NOs3),-4H,O (0.787 g in
13.2 ml water) and NH4H,PO, (0.23 g in 32 ml water)
were prepared separately. 0.714 ml of water was added
into 25 mg of EDTMP (per vial). EDTMP solution of
71 pl, 142 pl and 355 pl were added to the phosphate
solution (these concentrations were chosen to provide
substantial radioactivity for bioimaging purposes as
previously tested). NH,OH was added to the solutions to
raise pH to 11 prior to the precipitation. NH4;H,PO,4 was
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added to the Ca(INO3),.4H,0 solution and stirred continu-
ously for 3 h at different temperatures (0°C, 25°C, 65 °C
and 85°C). The synthesized HA samples then undergo
post-synthesis hydrothermal treatment, where 15 ml
(5 mg/ml) of HA suspension was introduced into hydro-
thermal bombs (Parr acid digestion bombs, model 4744)
and kept in a 200°C oven for 24 h. All samples were
subsequently freeze dried (Alpha 1-4 LSC, Christ,
Germany) to obtain the HA powders. Table 1 shows the
labelling of the HA-EDTMP samples. Hydrothermal sam-
ples are identified with a suffix H. e.g. HA-0C-355H.

The morphology of the samples was characterized using
Field Emission Scanning Electron Microscopy (FESEM),
qualitative analysis of chemical bonds with Fourier Trans-
form infrared spectrometry (FTIR). The crystal structure of
the samples was examined using XRD while the particle
sizes were measured using Dynamic Light Scattering (DLS)
and Transmission Electron Microscopy (TEM).

2.1 X-ray diffractometer (XRD)

The phase structure of the coatings was identified using
XRD (XRD-6000, Shimadzu, Tokyo, Japan) Parameters
were set, using CuKo radiation, operating at 40 kV and
40 mA. Data were collected over a 260 range from 20° to
50°, with a step size of 0.05° and dwell time of 10 s.

2.2 Fourier-transformed Infrared Spectroscopy (FTIR)

The molecular structure of doped HA was analyzed using
FTIR (FTIR Spectrum GX, Perkin—Elmer, USA). The IR
spectra of the powdered samples were recorded using a
Perkin—Elmer 1600 FT-IR spectrometer. Samples were
mixed with KBr (0.6 mg of sample to 140 mg KBr) in an
agate mortar and pestle followed by compression into a
pellet form. Sample spectra were collected over the
range of 4,000-400 cm ™" at a resolution of 4 cm ™" and the
reported data represents the average of 64 scans for a better
signal to noise ratio.

2.3 Field emission scanning electron microscope
(FESEM)

Morphology of powder samples was analyzed with FESEM
(JSM 6340F, JOEL, Tokyo, Japan). Samples were prepared

by scattering the powder samples onto carbon tape adhered
to a platform, prior to coating with platinum. Micrographs
were captured at vacuum condition with working distance
of 8 mm, accelerating voltage of 5 kV and emission cur-
rent of 12 pA.

2.4 Transmission electron microscope (TEM)

Particle size was characterized using the TEM (JEM 2010,
JOEL, Tokyo, Japan). Samples were prepared by mixing a
small quantity of sample in powder form in ethanol fol-
lowed by ultra-sonication in a water bath. A carbon coated
copper grid was used to collect the samples from the
solution and the images were captured via an in-built
camera.

2.5 Dynamic light scattering (DLS)

Dynamic light scattering (ZetaPlus, Brookhaven, USA)
was used for hydrodynamic size measurements of the
colloidal sample. A 0.1 wt% SHMP solution were first
prepared. To SHMP solution 5 mg of nanoparticles were
added, followed by dispersion via ultra-sonication to form
a colloid. All measurements were performed at 25°C at a
measurement angle of 90°.

3 Results
3.1 Fourier-transformed Infrared Spectroscopy (FTIR)

The FTIR spectra of HA doped and control samples syn-
thesized at 85°C are shown in Figs. 2, 3 and 4. Control
samples were synthesized under the same conditions but
without EDTMP-doping. Since similar observations were
made from the FTIR spectra of HA samples synthesized at
different temperatures, only the FTIR spectra of HA-85C
samples were shown. The spectra of the control samples
exhibited all seven characteristic phosphate peaks of HA;
triply degenerated asymmetric stretching mode of the P-O
bond of at 1,100-1,000 cm ™", non-degenerated symmetric
stretching mode of the P-O bond at 990-920 cm ™', triply
degenerated bending mode of the P-O bond at 603 cm™'
and 566 cm™', and double degenerated bending mode
of the O-P-O bond at 472 cm™'. These results were in

Table 1 Labeling of

HA-EDTMP samples EDTMP Temperature (°C)
. . . amount (pul)
synthesized with varying dopant 0°C 25 °C 65°C 85°C
amounts and temperatures
71 HA-0C-71 HA-25C-71 HA-65C-71 HA-85C-71
142 HA-0C-142 HA-25C-142 HA- 65C-142 HA-85C-142
355 HA-0C-355 HA-25C-355 HA -65C-355 HA-85C-355
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Fig. 2 FTIR spectra of HA-EDTMP samples prepared at 0°C, 25°C, 65°C and 85°C (a, before hydrothermal treatment; b, after hydrothermal at

200°C for 24 h.)
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Fig. 3 FTIR spectra for the range of 3,000 cm ™' to 2,750 cm ™" and 2,800 cm ™' of HA-EDTMP samples prepared at 0°C, 25°C, 65°C and 85°C.
(a, before hydrothermal treatment; b, after hydrothermal at 200°C for 24 h.)
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Fig. 4 FTIR spectra for the range of 1,394 em™! to 1,378 cm ™! of HA-EDTMP samples prepared at 0°C, 25°C, 65°C and 85°C. (a, before

hydrothermal treatment; b, after hydrothermal at 200°C for 24 h.)

agreement to those reported by Koutsopoulos [38]. For the
doped HA-EDTMP samples, additional peaks at
2,856 cm™ !, 2,925 cm™ ! and 2,958 cm ™ corresponding to
the -CH,— bonds and 1,384 cm ™' corresponding to ethyl-
ene diamine complex (—-N-CH,—) [39] were observed. The
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intensity of these peaks increased with increasing amount
of EDTMP, from samples HA-85C-71 to HA-85C-355.
These results show that EDTMP can be successfully doped
into HA nanoparticles through a co-precipitation synthesis
technique.
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The carbonate (CO32_) peaks at 1,421 cm_l, 1,457 cm™!
and 873 cm™! (Fig. 2) indicate B-type substitution, where
CO5”~ substitutes the phosphate positions in the HA lattice
[40, 41]. It has been reported that the B-type substitution is
predominant in HA synthesized from precipitation reactions
[42—44]. The synthesis of HA and HA-EDTMP under
atmospheric conditions allows for the dissolution of carbon
dioxide from the atmosphere. Carbonate substitution
increases at higher temperatures due to the formation of
calcium carbonate during the heating of alkaline calcium
nitrate solution prior to synthesis, thus the formation of
carbonate-substituted HA [43]. After hydrothermal treat-
ment, the phosphate stretching mode at 960 cm ™" increased
in intensity, while there is a decrease in intensities for the
carbonate peaks and hydroxyl vibration at 628 cm™' and
3,564 cm ™! respectively. This decrease in intensity is due to
the decomposition of carbonate into carbon dioxide at high
temperature and pressure during hydrothermal treatment.
Increased in peak intensity at 628 cm ™' and 3,564 cm ! and
PO437 stretching mode at 960 cmfl, also indicated an
increased in particle crystallinity [44]. This increase in
particle crystallinity is consistent with the XRD results
which would be discussed later.

3.2 X-ray diffractometer (XRD)

Figures 5 and 6 plots the XRD diffraction patterns of HA
and HA-EDTMP synthesized at various temperatures
without and without hydrothermal treatment respectively.
Since similar diffraction patterns were obtained for

different amounts of doped EDTMP, only results from the
355 wl samples would be shown. The results show that the
HA samples exhibited characteristic XRD diffraction pat-
terns of HA [38]. No difference between the diffraction
patterns of the control HA sample and HA-EDTMP was
observed. This indicates that doping with EDTMP does not
change the crystal structure of HA. Peak intensities were
also observed to increase with synthesis temperature con-
firming that samples synthesized at higher temperatures
(85°C) were indeed more crystalline, whereas samples
synthesized at lower temperatures (0°C) were amorphous.
This is supported by previous studies by Loo et al. [45] and
Pang et al. [46]. Pang et al. concluded that particles syn-
thesized at temperatures below 60°C resulted in particles
with poor crystallinity, while crystallinity increased and
crystallographic orientation improved above this transition
temperature. Synthesis temperature is therefore a strong
driving force for crystal growth, resulting in particles with
higher crystallinity and higher aspect ratios.

After hydrothermal treatment, the crystallinity of HA
nanoparticles drastically increased as reflected from the
changes in peak intensities between Figs. 5 and 6. The
fraction of crystalline phase (Xc) in the HA powders can be
evaluated by the following equation according to Landi
et al. [47]

Xe = 1= Vi00/I00 (1)

where I3 is the intensity of (300) diffraction peak and V15,
300 18 the intensity of the hollow between (112) and (300)
diffraction peaks of HA. The calculated degrees of

HA-85-355H

HA-65-355H
HA-25-355H

30

25

20 35

40

# HA-0-355H

HA-H

45 50 55

Fig. 5 XRD spectra of HA-EDTMP samples prepared at 0°C, 25°C, 65°C and 85°C doped with 355 pl of EDTMP, before hydrothermal

treatment compared with commercial HA
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Fig. 6 XRD spectra of HA- -
EDTMP samples prepared at IS
0°C, 25°C, 65°C and 85°C T
doped with 355 pl of
EDTMP,after hydrothermal
treatment compared with
commercial HA

HA-85-355
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Table 2 Degree of crystallinity
for HA-EDTMP samples when

Synthesis temperature (°C) for HA doped

Crystallinity Xc (%)

. with 355 ul
doped with 355 ul, before and " Before hydrothermal After hydrothermal
after hydrothermal treatment at treatment treatment
200°C for 24 h
0 Amorphous 0.555
25 0.103 0.566
65 0.120 0.564
85 0.363 0.658

crystallinity for these samples are summarized in Table 2.
The crystallinity increased from amorphous to 0.363 by
increasing the temperature from 0°C to 85°C. After hydro-
thermal, the Xc increased to 0.555 to 0.658 for 0°C to 85°C.
These results verify that hydrothermal treatment indeed has
a greater effect on crystallinity than synthesis temperature.

3.3 Field Emission Scanning Electron Microscope
(FESEM) and Transmission Electron Microscope
(TEM)

FESEM and TEM micrographs of HA nanoparticles doped
with 355 pl EDTMP synthesized at different temperatures
are shown in Fig. 7 and 8. Samples doped with 71 and
142 pl have similar size and shape, and hence are not
shown here. From the micrographs, it is observed that HA
nanoparticles were relatively uniform in shape and size.
Particles synthesized at 0°C and 25°C were short rod-like
with low aspect ratio, while those synthesized at higher
temperatures (65°C and 85°C) were elongated with needle-
like structure. Samples before hydrothermal treatment had
particle surfaces that were uneven but these surfaces
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became more regular with smoother edges after hydro-
thermal treatment.

3.4 Dynamic light scattering (DLS)

Figure 9a and b plot the size of the nanoparticles synthe-
sized at different temperatures with respect to EDTMP
amount and after hydrothermal treatment. Two trends were
observed; firstly, regardless of dopant amount, particles
size increased with temperature and secondly, at a fixed
temperature, increasing dopant amount increased particle
size. The results obtained from the DLS were in good
agreement with the measured sizes from the FESEM and
TEM micrographs in Figs. 7 and 8. Also, there was a slight
increase in particle size after hydrothermal treatment, with
respect to the non-hydrothermal samples.

4 Discussion

The FTIR and XRD results showed that the present method
of synthesis is a viable route to obtain HA-EDTMP
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Fig. 7 FESEM micrograph of
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nanoparticles, while maintaining the crystal structure of
HA. This is possible because the apatite structure can
incorporate a wide variety of ions without changing its
crystal structure. In another study by Vallet-Regi’ et al
silicate ions were similarly doped into HA nanoparticles
via co-precipitation method [48]. It was reported that the
substitution of Si04*~ replaces the PO,*~ groups with
formation of vacancies at OH™ site so as to maintain the
charge balance. The HA-EDTMP results therefore suggest

that commercially available '>*Sm-EDTMP complex
would very likely to be encapsulated into the HA nano-
particle, without much difference in particle size as the
133Sm>* jon is at the centre of the EDTMP ligand. The
structures of EDTMP and its complex '3 *Sm-EDTMP are
shown in Fig. 1. ">*Sm>" ion is surrounded by two nitrogen
and four oxygen atoms in such a way that only one oxygen
atom from each phosphonate group is coordinated to the
central ion, similar to what Mondry et al. [27] has reported
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Fig. 8 TEM micrograph of
HA-EDTMP samples doped
with 355 pl, synthesized at at
0°C, 25°C, 65°C and 85°C (a,
before hydrothermal treatment;
b, after hydrothermal at 200°C
for 24 h.)

Sample Before
ke 7 I:"é H

HA-65C -355 HA-25C -355 HA-0C -355

HA-85C -355

Hydrothermal tr

eatment After hydrothermal treatment

on Eu"™-EDTMP complex. Hence, HA-EDTMP nanopar-
ticles synthesised and characterised would act as a feasible
model for studies on HA-'>*Sm-EDTMP.

The morphology of HA-EDTMP nanoparticles changed
from spherical to needle-like with increasing temperature
as seen in FESEM and TEM micrographs in Figs. 7 and 8.
DLS results also show the increment in size with temper-
ature regardless of dopant amount. This is consistent with
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studies by Asaoka et al. and Gomez-Morales et al. [49, 50].
The precipitation and morphology trend can be explained
through a crystal nucleation and growth mechanism.
Kumar et al. studied precipitation of HA from different
chemical reagents, stated that for HA precipitated from the
salts of calcium and phosphate, an increase in temperature
would increase the driving force for growth. Hence, it
increases the aspect ratio from a spherical to needle-like
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Fig. 9 Graph showing different sizes of HA sample and HA doped
with 71, 142, 355 pl EDTMP, synthesized at 0°C, 25°C, 65°C and
85°C. (a, before hydrothermal; b, after hydrothermal treatment)

morphology [51]. Growth of particles occurs along the
c-axis to develop into a needle-like structure, as the longer
dimension of the crystals is oriented along the c-axis [52].
In general, chemical precipitation often undergoes high
reaction-induced super-saturation, leading to high nucle-
ation rates. According to Pang et al., a crystal nucleus
usually has a rough surface due to the rapid production
of insoluble materials [46]. This provides energetically
favourable conditions for crystal growth as molecules
adding on the nucleus have greater probability of attaching
to it. At 65°C and 85°C, HA-EDTMP particles formed at
higher rates, with respect to 0°C and 25°C, accounts for
their rough surface as seen from the TEM micrographs.

Hydrothermal treatment results in particles with regular
contours and uniform morphology and size. During hydro-
thermal treatment, the high temperature of 200°C and
pressure cause recrystallization of the nanoparticles. The
suggested phenomenon that occurs here is Ostwald ripening
which is thermodynamically driven. Larger particles have
lower energy state hence energetically favourable as com-
pared to a smaller particle. In attempt to lower its overall
energy, the particles seek to reduce surface area. Hence on
the rough surface, molecules undergo diffusion to form
regular contour to minimise surface area so as to be ener-
getically stable. In addition, smaller particles tend to diffuse
through solution and add to the surface of larger particle [52].
Consequently, the smaller particles continue to shrink, while
larger particles continue to grow, resulting in particles with
an increase in size and morphology with regular contours.

DLS results show that HA-EDTMP particle size
increased with increasing dopant concentration for a con-
stant synthesis temperature. The significant increase
observed for particles doped with 355 pl of EDTMP cor-
responds to a five times increase with respect to 71 pl. The
increase in aspect ratio is from the elongation along the c-
axis to form needle-like structures [53]. Though the
mechanism of doping is unclear at the moment, it is clear
that EDTMP encapsulated in HA structure does not affect
the crystal structure, as seen from the XRD results.

From the results, it is therefore conclusive that con-
trolled sizes of HA-EDTMP with smoother surface
contours and morphology can be achieved through a co-
precipitation and hydrothermal synthesis technique. The
synthesis temperature and hydrothermal treatment plays a
vital role in the particle size and morphology.

5 Conclusion

HA nanoparticles doped with EDTMP were successfully
synthesized through a co-precipitation technique as shown
from FTIR results. XRD analysis shows that increasing
synthesis temperature increased crystallinity. Subsequently,
HA-EDTMP samples undergo a hydrothermal treatment
to obtain particles with smoother surface morphology
due to recrystallization. The hydrothermal treatment also
increased the degree of crystallinity of the nanoparticles.
DLS analysis also shows that particle size increased with an
increase with synthesis temperature and dopant amount.
Since it is not feasible to handle radioactive materials at
our present facilities, this study of controlled size and
morphology of HA-EDTMP could be use as a model for
HA-"3Sm-EDTMP nanoparticles, since the 1538m3* ion is
sited in the centre of the '>*Sm-EDTMP complex. We
believe the results obtained will be a good representation of
that for HA-'3Sm-EDTMP nanoparticle synthesis.
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