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Abstract In the present paper, we describe the preparation
of hybrid particles consisting of polymeric core with
deposited hydroxyapatite (HAp) nanocrystals. Polystyrene
submicron particles modified by [-diketone groups have
been used as templates for the growth of HAp. Hybrid
particles with HAp nanocrystal content between 7 and
50 wt% have been prepared. Microscopy studies indicate
that hybrid particles exhibit “raspberry” morphology, and
HAp nanoparticles are not homogeneously distributed on
the polymer particle surface. The increase in the HAp
content on the polymer particle surface reduces the
colloidal stability of the hybrid particles because of the
vanishing of the surface charge.

Keywords Hydroxyapatite - Hybrid particles

Introduction

The considerable development in the field of material
science is inspired by the biological composite materials
such as bones, teeth, and shells because of their unusual
structural, morphological, and mechanical properties [1, 2].
Such hybrid materials unlike synthetic composites are
characterized by the high degree of organization of the
inorganic phase. The biological hybrid materials can be
formed in vivo as ordered arrays by complicated physico-
chemical processes, which are not completely understood
until now. Therefore, the biomimetic preparation of
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composite materials in synthetic systems received recently
a strong interest and stimulated intensive research in this
field. The hydroxyapatite (HAp, Ca;o(PO4)s(OH),) belongs
to the most important biominerals, which can be found in
natural hard tissues [2]. However, hydroxyapatite as well as
other calcium phosphates shows poor mechanical properties
(low elasticity and high brittleness). The combination of
HAp with polymeric matrix leads to the hybrid materials
exhibiting high flexibility, mechanical strength, biocompat-
ibility, and good processing/shaping [3]. The interaction of
the HAp with polymeric matrix is realized by covalent
bonds, hydrogen bonds [4], dipole—dipole interactions, or
complexation of Ca*'-ions by functional groups such as
amine, acetylamine, or hydroxyl [5]. In this way, the
polymeric matrix plays an important role in the nucleation
and growth of HAp crystals and determines their size,
morphology, and orientation in the composite material. The
most important application fields for hybrid materials
containing HAp are tissue engineering [6], implants [3],
drug delivery systems [7, 8], catalysis [9, 10], adsorbents
[11], and protein chromatography [12, 13].

A large variety of polymeric materials have been used as
templates for the synthesis of HAp such as protein collagen
[14], poly(L-lactic acid) [15], poly(aspargic acid) [16],
alginates [17], gelatine [18], chitosan [4, 5, 19], chitin
[20], dendrimers [21, 22], hydrogels [23-25], etc. The use
of polymeric particles as templates for the growth of HAp
nanocrystals has not been intensively studied. Polymeric
particles as templates provide several advantages such as
uniform size, extremely large surface area, and enormous
possibilities for the surface functionalization. In this way,
well-defined hybrid particles can be prepared for use in
chromatography columns or as catalyst in different techni-
cal systems. An applicability of polymeric particles coated
by Pd° for the growth of HAp nanocrystals has been
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Fig. 1 SEM image of PS-AAEM particles (hydrodynamic radius R;,=
321 nm)

demonstrated by Tamai et al. [26] The homogeneous
growth of the hydroxyapatite layer on the particle surface
led to the formation of polystyrene core-HAp shell hybrids.
Recently, Sukhorukov et al. [27] demonstrated the utiliza-
tion of the pH-sensitive polyelectrolyte capsules for the
growth of hydroxyapatite nanocrystals and fabrication of
hybrid hollow spheres. In the present paper, we investigate the
growth of the hydroxyapatite nanocrystals on the surface of
monodisperse polymeric particles bearing S-diketone groups.
Those particles have been prepared by copolymerizaton of
styrene (ST) and acetoacetoxyethyl methacrylate (AAEM) in
surfactant-free heterophase polymerization process. In our
previous studies, PS-AAEM particles have been successfully
used for the controlled growth of the Fe,O3 [28], ZnO [29],
and ZnS [30] nanocrystals on their surface. The aim of the
present study was to prepare hybrid colloids coated with
hydroxyapatite nanoparticles and to investigate their mor-
phology and colloidal properties. The reason for using PS-
AAEM nparticles as a template originates from the versatile
properties of surface-grafted S-diketone groups able to
chelate metals and participate in a wide range of post-
modification reactions with amines, aldehydes [31, 32], as
well as immobilization of proteins [33]. This gives a

Table 1 Ingredients used for the preparation of hybrid particles

possibility to design interesting hybrid materials containing
hydroxyapatite suitable for the use in protein separation or
catalysis.

Experimental
Materials

ST (Fluka) and acetoacetoxyethyl methacrylate (97%;
AAEM; Aldrich) were purified by conventional methods
and then vacuum distilled under nitrogen. Radical initiator
sodium peroxodisulfate (97%; SPDS; Aldrich) was used as
commercially available. Distilled water was employed as
polymerization medium. Calcium nitrate tetrahydrate [Ca
(NO;),4H,0; Griissing, 99%], diammonium hydrogen-
phosphate [(NH4),HPO,4; Riedel-de Haén, 99%), and
ammonia solution (Fisher Chemicals, 25%) have been used
as received.

Core synthesis

Preparation of PS-AAEM particles has been performed in
the following way. Double-wall glass reactor equipped with
stirrer and reflux condenser was purged with nitrogen.
Water (170 g) and appropriate amounts of ST (19.5 g) and
AAEM (0.5 g; 2.5% of the ST amount) were added into
reactor and stirred at room temperature. After 10 min,
temperature was increased to 70°C, and an aqueous
solution of initiator (0.3 g in 10 g of water) was added to
start the polymerization process. Latex was prepared at ca.
10% solid content. The hydrodynamic radius of obtained
PS-AAEM particles determined by dynamic light scattering
(DLS) was 321 nm.

The emulsifier-free heterophase polymerization leads to
the formation of the monodisperse polystyrene particles
with grafted hydrophilic AAEM-rich surface layer (see
Fig. 1). As it has been demonstrated in our previous studies
[26], the variation of the AAEM content in the system gives
a possibility to control the particle size in the range 250—
800 nm.

Sample PS-AAEM (g) Ca(NOs),-4 H,0 (g) (NH4),HPOy4 (g) l-lApT (Wt%) l-lApNI (Wt%) rH

1 1.86 0.4621 0.1547 9.56 7.44 10.2
2 0.93 0.4621 0.1547 17.45 16.11 10.3
3 0.93 0.6932 0.2321 24.08 23.08 10.2
4 0.93 1.1553 0.3868 34.58 32.84 10.2
5 1.39 2.757 0.923 45.76 42.92 10.1
6 1.39 3.453 1.156 51.38 48.43 10.2

T theoretical; M measured by TGA
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Fig. 2 SEM images of hybrid
particles: a PS-AAEM core; b
7.44% HAp; ¢ 16.11% HAp; d
23.08% HAp; e 32.84% HAp; f
42.92% HAp; g 48.43% HAp;
h HAp

Deposition of hydroxyapatite

Appropriate amount of Ca(NOs),4H,O was dissolved in
PS-AAEM latex, and the pH value was adjusted to 10 by
addition of 25% NH4OH. In a separate flask, appropriate
(NH4),HPO,4 amount was dissolved in water, and pH value
was adjusted to 10 by addition of 25% NH4OH. The
(NH4),HPO, solution was added under continuous stirring
to the polymeric dispersion containing Ca(NO3),, and the
mixture was stirred for 24 h at 27°C. Table 1 shows the
ingredient amounts used in separate runs.

The pH value of the reaction mixture was permanently
controlled and kept at 10. Obtained hybrid particles have
been cleaned in dialysis bags (Spectra/Por® 3—MWCO
3500).

Analytical techniques

For determination of latex particle size, a commercial laser
light scattering (LLS) spectrometer (ALV/DLS/SLS-5000)
equipped with an ALV-5000/EPP multiple digital time
correlator and laser goniometer system ALV/CGS-8F S/N
025 was used with a helium-neon laser (Uniphase 1145P,
output power of 22 mW, and wavelength of 632.8 nm) as
the light source.

Zeta-potential measurements have been performed with
the Zetasizer3000 (Malvern Instruments). The pH adjust-
ment has been realized by the addition of HCI and NaOH.

107 M KCI solution was used for the preparation of diluted
particle solutions.

Stability measurements of latex dispersions were per-
formed with the separation analyzer LUMiFuge 114 (L.U.M.
GmbH, Germany). Measurements were made in glass tubes
at acceleration velocities from 500 to 3,000 rpm. The slope
of sedimentation curves was used to calculate the sedimen-
tation velocity and to get information about the stability of
the samples.

Scanning electron microscope (SEM) images were taken
with the Gemini microscope (Zeiss, Germany). Samples
were prepared in the following manner. Dispersions were
diluted with deionized water, dropped onto cleaned support,
and dried at room temperature or 45°C. Samples were
coated with thin Pd/Au layer to increase the contrast and
quality of the images. Pictures were taken at a voltage of
4 kV.

The X-ray diffraction (XRD) measurements have been
performed with the Siemens P5005 Powder X-ray diffrac-
tometer (source—CuKo; A=1,54 A).

Infrared (IR) spectra were recorded with the Mattson
Instruments Research Series 1 FTIR spectrometer. Dried
polymer samples were mixed with KBr and pressed to form
a tablet.

To determine the hydroxyapatite content in composite
particles, the thermogravimetrical measurements have been
performed with the TGA 7 Perkin Elmer instrument (Pyris-
Software Version 3.51). Before the measurement samples
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Fig. 3 TGA curves of investigated samples: /, PS-AAEM; 2, 7.44%

HAp; 3, 16.11% HAp; 4, 23.08% HAp; 5, 32.84% HAp; 6, 42.92%

HAp; 7, 48.43% HAp; and 8, HAp

were vacuum dried for approximately 48 h, samples were
analyzed in temperature range of 25-800°C (heating rate of
10 K/min in nitrogen atmosphere, measurement error+0.5%).

Results and discussion

The hydroxyapatite formation in the presence of PS-AAEM
particles led to the formation of the hybrid particles.
Figure 2 shows SEM images of different samples prepared
by using different Ca(NOs),4H,0 and (NH4),HPO, con-
centrations (see Table 1). This led to the gradual increase in
HAp amount in the investigated system.

Figure 2 indicates that as HAp content increases, more
inorganic crystals can be observed, which correlates with
the TGA data summarized in Table 1. At low HAp
contents, the inorganic crystals are localized mostly on the
particle surface. However, starting from the sample contain-
ing 33% HAp, inorganic crystals can be also found beside
polymeric templates. Microscopy images indicate that HAp
nanocrystals are not homogeneously distributed on the
polymeric particle surface.

These two effects can be caused by the simultaneous
crystal formation on the latex particle surface and in the

Table 2 Elementary analysis data of hybrid particles (EDX data)

solution. Because of the ability of the [-diketone groups
complex metal ions, we suggest that some fraction of the
Ca®" ions will be localized at the PS-AAEM particle
surface, leading to the nucleation of HAp nanocrystals. At
the same time, free Ca”* ions can lead to the nanocrystals
formation in the aqueous phase, which can aggregate and
form large agglomerates (see example Fig. 2g) or precip-
itate on the particle surface. The aggregate formation from
single HAp nanocrystals is strongly pronounced at high
concentrations of the starting ingredients because of the
higher amount of free Ca®" ions and acceleration of the
reaction rate. Therefore, the formation of the compact HAp
shell on the latex particle surface was not achieved, and
hybrids with rather “raspberry” morphology have been
obtained.

The thermogravimetrical analysis (TGA) of the compos-
ite particles has been performed to determine the HAp
content and check the thermal stability of the samples. The
experimental TGA curves are summarized in Fig. 3.

The TGA curve of the HAp sample presented in Fig. 3
shows a little weight loss around 100°C probably because
of the removal of the residual water. The TGA curve of the
PS-AAEM sample exhibits a sharp weight loss step
between 400 and 450°C, which corresponds to the thermal
degradation of the polystyrene. The TGA curves for
composite samples indicate the presence of both HAp and
PS-AAEM in the composite material. The rising HAp
amount in composite samples can be tracked by the
systematic slight increase in the weight loss around 100°C
and increase in the residual sample weight at 800°C. The
interesting phenomenon can be observed in the temperature
range of polymer decomposition. The decomposition step
breath becomes broader with an increase in the HAp
content in the composite samples, which indicates that
inorganic nanocrystals improve to some extent the thermal
stability of the polymeric core.

The chemical composition of the HAp has been
examined by energy dispersive X-ray spectroscopy. The
elemental analysis gives a possibility to determine Ca/P
ratio, which is quite an important characteristic of HAp.
The EDX results summarized in Table 2 suggest that in all
samples, the Ca/P ratio oscillates between 1.6 and 2
(theoretical value for HAp is 1.67). The Ca/P ratio higher

Sample c(HAp) (wt%) C (at.%) O (at.%) Ca (at.%) P (at.%) Ca/P
1 7.44 81.17 16.20 1.61 1.02 1.58
2 16.11 75.10 19.74 3.41 1.75 1.94
3 23.08 91.74 4.72 2.23 1.30 1.71
4 32.84 82.78 13.46 2.49 1.28 1.94
5 42.92 74.89 20.57 2.80 1.73 1.62
6 48.43 74.63 20.38 3.37 1.62 2.08
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Fig. 4 XRD patterns of hybrid particles (a); IR spectra of hybrid
particles: 1, PS-AAEM; 2, 7.44%; 3, 16.11%,; 4, 23.08; 5, 32.84%; 6,
42.92%; 7, 48.43%; and 8, HAp (b)

than the theoretical value indicates that some substitutions
of other ions are probably present in the crystal structure
instead of phosphate (we assume this to be carbonate
initially present in aqueous phase).

The XRD data for selected samples presented in Fig. 4a
suggest that hybrid materials exhibit characteristic signals,
which correlate with the reference spectra for HAp. The
signal intensity is strongly dependent on the HAp amount

in the sample. The intensity of broad reflexes at low angles
attributable to the polymeric template increases at low HAp
contents.

The characteristic signals for the polystyrene units in the
IR spectra appear at 1,450, 1,500, and in the region from
2,800 to 3,100 cm ™' (Fig. 4b). A weak signal at 1,750 cm ™’
is related to the carbonyl group of the acrylate units. Those
signals can also be found in the hybrid samples. The most
important absorption bands of the phosphate group in the
HAp structure appear at 565, 603, 1,034, and 1,094 em L.
Figure 4b shows that the increase in the HAp content in the
hybrid particles induces the stepwise increase in the band
intensity for the inorganic component. The intensity of the
broad band in the region from 3,100 to 3,600 cm ™' related
to the crystal water increases with HAp content.

The colloidal properties of obtained hybrid particles
have been investigated by measuring the electrophoretic
mobility (later transformed into zeta-potential) and sedi-
mentation velocity. Zeta-potential measurements for select-
ed samples are summarized in Fig. 5a. Strong negative
values determined for PS-AAEM particles in the whole pH
range can be explained by the hydrolysis of AAEM units
and formation of the carboxy groups. The HAp shows weak
negative potential in the basic region and approaches zero
at pH="7. Hybrid samples show tendency to lower surface
charge if the HAp content increases because of the
coverage of the particle surface with inorganic nanocrystals.
The reduction in the surface charge with the increase in
HAp content leads to partial destabilization of colloidal
system, and hybrid particles tend to aggregate especially
those containing much hydroxyapatite.

The determination of the particle sedimentation velocity
confirms this conclusion. Figure 5b indicates that, general-
ly, the sedimentation velocity increases with HAp content.
This result is due to the decrease in the surface potential as
demonstrated in Fig. 5a that reduces considerably repulsive
forces in the system. However, the sedimentation velocity
increases dramatically if the HAp content approaches 30%.
The reason for such behavior is that HAp crystals or their
aggregates appear beside hybrid particles (see Fig. 2e) and
cause flock formation. To improve the colloidal stability of

Fig. 5 Zeta-potential as a func- 15
tion of pH (a) and sedimentation
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the hybrid particles in the present system, it might be
advantageous to graft some hydrophilic macromonomers
[for example, low molecular weight poly(ethylene oxides)]
during the polymer particle synthesis step. This can
probably improve the particle stabilization by sterical
mechanism after HAp deposition, and additionally, more
homogeneous distribution of the HAp nanocrystals on the
particles surface can be achieved.

Conclusions

In the present work, hybrid particles have been prepared by
the growth of hydroxyapatite nanocrystals on the surface of
polymeric particles. The microscopy results suggest the
formation of the “raspberry” morphology, and formation of
the compact HAp shell has not been achieved. The HAp
content in the hybrid particles can be scaled up to 43 wt%
by controlling the reactant concentrations. At higher HAp
contents, formation of the secondary HAp crystals have
been detected, which tend to form large aggregates. The
incorporation of the HAp decreases the surface charge of
particles, and therefore, colloidal stability vanishes.
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