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Abstract Hydroxyapatite (HA) with highly ordered three-
dimensional pores, whose size is about 300 nm, was pre-
pared by colloidal template method. The effect of the
surface modification of silica spheres on the order degree of
porous structure was investigated by field emission scan-
ning electron microscopy (FESEM). Then, superparamag-
netic Fe3;04 nanoparticles were fabricated via redox
reaction, followed by coating with silica via a sol-gel pro-
cess, in which a certain amount of TEOS was used in order
to control the thickness of the silica shell. X-ray diffraction
(XRD), transmission electron microscopy (TEM), and
magnetometry were applied to characterize the properties.
Finally, Fe;O, magnetic nanoparticles coated with silica
were adsorbed in the mesopores of HA with highly ordered
three-dimensional pores by capillarity. The influence of
dispersing agent on the adsorption results has been studied.
Magnetometry was applied to characterize the magnetic
properties of superparamagnetic HA. The quantities of
adsorbed SiO,/Fe;O4 nanoparticles with core—shell have
been compared by variation of saturation magnetization
before and after adsorption.
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Introduction

Recently, there has been great interest in fabricating mate-
rials with highly ordered three-dimensional pores due to
their potential applications in non-linear optics [1], optical
and magnetic information processing and storage [2], sen-
sors [3], catalyst [4], or as removable scaffolds for the
formation of highly ordered, macroporous materials [5].
Hydroxyapatite (HA) is readily biocompatible with hard
bone tissues, which has been broadly used in healing of
bone defect. Therefore, HA with highly ordered three-
dimensional pores, which possesses excellent properties of
both three-dimensional materials and HA, has great appli-
cation foreground in bone repair areas. It can also be used as
drug and functionalized particles delivery, which was effi-
cient in the treatment of osteomyelitis and osteocarcinoma.
Magnetite nanoparticles have remarkable properties
such as superparamagnetism and high saturation field, so
they have received sustainable attention for their potential
application in various fields such as in biomedicine and
bioengineering, which can be used as targeted drug deliv-
ery, cell separation, magnetic resonance imaging, immu-
noassay, and separation of biochemical products [6-8].
However, magnetite nanoparticles could lose the special
magnetic properties associated with single-domain,
because they would tend to aggregate into large clusters
caused by anisotropic dipolar attraction [9]. Usually,
coating magnetite with silica could help shielding the
magnetic dipolar attraction, which prevent the aggregation
in liquid and improve their chemical stability [10]. At the
same time, abundant silanol groups are existed on the silica
surface, which could improve the reaction activity of the
magnetite nanoparticles with core—shell structure [11].
Numerous works [12—14] have been done to give some
ferromagnetic properties to bioceramics so that it can be
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used for the treatment of bone cancer by hyperthermia [15]
and to reinforce the bone formation. However, up to now,
few works have been systematically done to study using
HA with highly ordered three-dimensional pores to deliver
controllable quantities of ferromagnetic particles. In this
paper, we design a novel style of magnetite HA with highly
ordered three-dimensional pores which can be used for
magnetite-targeting and bone repairing at the same time.
Firstly, HA with highly ordered three-dimensional pores is
fabricated by colloidal template method. Subsequently, we
prepare superparamagnetic Fe;O,4 nanoparticles which are
coated with silica via a sol-gel process. Finally, SiO,/
Fe;0,4 nanoparticles will be loaded in HA highly ordered
three-dimensional pores by adsorption process. In our
research, the effect of surface modification by H,O, on the
order degree of HA with highly ordered three-dimensional
pores has been studied. In addition, the influence of dis-
persing agent on the adsorption process and the magnetic
properties of SiO,/Fe;0,4 nanoparticles are also discussed.

Experimental
Materials

Trimethyl phosphate (TMP) and calcium nitrate tetra-
hydrate (Ca(NOs3), - 4H,O) of analytic purity were used as
the HA precursors. Tetraethyl orthosilicate (TEOS) was
analytical grade and was used as the silica precursor. Ferric
chloride (FeCls) and sodium sulfite (Na,SQO3) were used to
fabricate Fe;0,4 nanoparticles. NH,OH (25 mass% aqueous
solution), acetone (C3;H¢O), H,O, (30 mass% aqueous
solution), ethanol and all the above reagents were all pur-
chased from Sinopharm Chemical Reagent Co. Ltd. All
chemicals were used as received.

Preparation of HA with highly ordered three-
dimensional pores

HA with highly ordered three-dimensional pores was fab-
ricated by using the method already described in our recent

paper [16], which was in accordance with the process as
shown in Fig. 1. Firstly, monodisperse silica spheres were
synthesized by the hydrolysis of TEOS at alkaline condi-
tion (Fig. 1a). Before obtaining a close-packed colloidal
template (Fig. 1b), monodisperse silica spheres were sur-
face modified by H,O,. One gram monodisperse silica
spheres were dispersed in 100 mL H,O, and then stirred
for 48 h. HA precursor was prepared by mixing 5 g
Ca(NOj), - 4H,O, 1.9 mL TMP and 7.6 mL ethanol
together, stirring for 24 h in a oil bath at 80 °C. The col-
loidal silica template was infiltrated with HA precursor
(Fig. 1c), followed by calcimine at 600 °C for 2 h
(Fig. 1d). Finally, the colloidal silica template was
removed by immersing in 5 M NaOH solution for 4 days
(Fig. le).

Preparation of SiO,/Fe;0,4 nanoparticles

Magnetite nanoparticles were prepared using the method
already described based on the redox reaction between
SO5*"and Fe’" in which pH value was about 11 adjusted
by a concentrated NH4,OH aqueous solution (25 mass%)
under argon protection [17]. Magnetic nanoparticles mod-
ified by citric acid and coated with silica as described in
our previous work [18]; in our research, 3 mL magnetite
solution was ultrasonically dispersed in a mixture system
of 80 mL ethanol and 18 mL deionized water, then under
continuous stirring, different amounts of TEOS and 2.5 mL
NH4OH (25 mass%) were consecutively added. The reac-
tion was allowed to proceed for 8 h, and the resulting
product was washed three times with ethanol.

Assembly of HA with highly ordered three-dimensional
pores and SiO,/Fe;0O4 nanoparticles

Different amounts of SiO,/Fe;O4 nanoparticles were dis-
persed in 10 mL ethanol and 10 mL deionized water sep-
arately, following by adding 0.02 g HA with highly
ordered three-dimensional pores under continuous stirring,
which was allowed to proceed for 24 h. After this reaction,
the product was collected by filtration and washed with
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Fig. 1 Preparation flow chart of HA with highly ordered three-dimensional pores. a Preparation of SiO, spheres; b Preparation of ordered SiO,
template; ¢ Infiltration of HA precursor; d Calcimine; e Removal of template
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water and ethanol for several times. Finally, it was desic-
cated for 8 h at 50 °C in vacuum drying oven.

Characterization

XRD data were collected using a Rigaku D/MAX2550
diffractometer with CuK,, radiation (1 = 0.15406 nm). The
morphology of the product was characterized by trans-
mission electron microscopy (TEM) (HITACHI, H-800).
The morphology of colloidal template and the periodic
porous HA frames were characterized by field emission
scanning electron microscopy (FESEM, Quanta 200 FEG,
Japan). Electrophoretic mobilities of particles were mea-
sured on a Malvern Zetasizer Nano Z. A vibrating sample
magnetometer (VSM) (Nanjing University Instrument
Plant, LH-3) was used to measure the magnetic moment.

Results and discussion

In the present study, SiO, colloidal template with high
ordered degree is prepared with SiO, spheres by gravita-
tional sedimentation. For gravitational sedimentation
method, the order degree of the colloidal silica template is
determined by the size and surface charge condition of the
silica spheres. The SiO, spheres, whose size is about
350 nm as shown in Fig. 2a, are prepared by sol-gel
method. The SiO, spheres with the same size are chosen by
controlling the speed of sedimentation. It is reported [19]
that the surface charge of silica spheres prepared via sol—
gel process is imbalance; there are certain quantities of
dissociative hydroxyls on the surface of SiO, spheres. In
order to avoid these problems, the silica spheres are
modified by H,O, before sedimentation. Figure 3 shows
the zeta potential of silica spheres before and after H,O,
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Fig. 3 Zeta potential of SiO, (a) and SiO, after H,O, surface
modification (b)

surface modification. It can be seen in the picture that zeta
potential declines and isoelectric point declines from 2.00
to 1.50 after surface modification, which indicates that
H,0, surface modification can repair the dissociative
hydroxyls, and thus the uniformity of the surface charge
distribution is improved, just as shown in Fig. 2b. There-
fore the surface modification by H,O, can improve the
order degree of the colloidal silica template, which is
beneficial to the formation of HA with highly ordered
three-dimensional pores.

Figure 4 shows the FESEM image of HA with highly
ordered three-dimensional pores, whose pore size is approx-
imately 300 nm. As compared with the original diameter of
SiO, spheres, the pores of HA shrank slightly. Furthermore,
it is found that there are a great number of mesopores whose
apertures are about 30-40 nm on the pore walls of HA, which
make it possible for the magnetic nanoparticles to adsorb on
the walls of the pores.
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Fig. 2 FESEM image of SiO, collodial template before H,O, modified (a) and after H,O, modified (b)
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Fig. 4 FESEM image of HA with highly ordered three-dimensional
pores

To obtain monodisperse SiO,/Fe;O4 nanoparticles with
uniform core—shell structure, the nanoparticles were dis-
persed in different dispersing agents. Figure 5a shows the

Fig. 5 TEM images of SiO,/ | ,‘ & wr
Fe;0, nanocomposite particles *ﬁ) - o
dispersed in water (a), in W .
ethanol (b), in which the & 3
amount of TEOS is 0.12 mL; :
Si0,/Fe;0,4 nanocomposite
particles dispersed in ethanol, in
which the amount of TEOS is
0.02 mL (¢)
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TEM images of SiO,/Fe;O, nanoparticles dispersed in
water, in which the used amount of TEOS is 0.12 mL. The
thickness of the particles shell is about 20 nm. It is obvious
that the particles are not uniform, and form three-dimen-
sional chain structure rather than individual core—shell
structure. This is probably because the abundant silanol
groups existed on the silica surface lead to the particle
adhesion. Figure 5b shows the TEM image of SiO,/Fe;0,
nanoparticles dispersed in ethanol, in which the same
amount of TEOS is used. The core—shell structure is
obvious, and the particles are well dispersed. Therefore, the
Si0,/Fe3;0,4 nanoparticles dispersed in ethanol were used
for the following adsorption process.

It was found in our experiments that the particles sizes
of SiO,/Fe;04 had a marked influence on the adsorption
process of the nanoparticles on the pore walls of HA. The
used amount of TEOS, which controlled the thickness of
silica shells, is therefore a crucial factor to determine the
adsorption process [20, 21]. When the used amount of
TEOS is 0.12 mL, the particle size of the SiO,/Fe;0, is
about 35 nm, which is large relative to the average size of
the mesopores on the pore wall of HA. So it is difficult for
the SiO,/Fe;0, nanoparticles to be adsorbed on the pore
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Fig. 6 XRD pattern of Fe30, nanoparticles (a); the HA with highly
ordered three-dimensional pores (b); the HA with highly ordered
three-dimensional pores adsorbing SiO,/Fe;O,4 nanoparticles (c)

walls of HA [22]. Comparatively, when the used amount of
TEOS is 0.02 mL, as shown in Fig. 5c, the SiO, shell is
relatively thin, and the average particle size is only 15 nm,
which is a suitable particle size for the adsorption process.

XRD pattern of the as-synthesized Fe;O,4 nanoparticles
is shown in Fig. 6a. The diffraction peaks corresponding to
(220), (311), (400), (422), and (511) are the characteristic
peaks of the Fe3O, crystal with a cubic spinel structure
(PDF No#89-691). No peaks could be assigned to impu-
rities such as y-Fe,O3; and a-Fe,03. In addition, the mean
diameter of the magnetic particles derived from XRD
peaks based on Scherrer’s equation is 12.4 nm and Fe;Oy4
nanoparticles should possess superparamagnetism, due to
the diameter is less than 15 nm [23]. In Fig. 6b, the XRD
pattern of HA with highly ordered three-dimensional pores
fabricated via a sol-gel process is matched well to the
standard HA PDF No#72-1243. The XRD pattern of HA
with highly ordered three-dimensional pores after adsorb-
ing SiO,/Fe;0,4 nanoparticles is seen in Fig. 6¢. The pat-
tern consists of a series of diffraction peaks of Fe;O4
nanoparticles and HA, but the peak intensity of Fe;O4
nanoparticles is weak due to low adsorption amount.

The hysteresis loops of SiO,/Fe;0,4 nanoparticles with
different thickness of silica shell and magnetic HA with
highly ordered three-dimensional pores were measured at
room temperature using a vibrating sample magnetometer.
As shown in Fig. 7, all of the curves present extremely low
coercive forces, meaning the products exhibit superpara-
magnetic behaviors and silica shell has almost no effect on
the coercive force. The saturation magnetization (Ms) of
Si0,/Fe;04 nanoparticles is 34.14 and 23.16 emu/g, when
the amount of TEOS is 0.02 and 0.12 mL, respectively.
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Fig. 7 The magnetic hysteresis loops of SiO,/Fe;O, nanoparticles.
(a) 0.02 mL TEOS; (b) 0.12 mL TEOS and the HA adsorbing SiO,/
Fe;0,4 nanoparticles ((c) 0.02 ml TEOS)

The Ms of SiO,/Fe;O, nanoparticles decreases corre-
spondingly upon the increase of the thickness of silica shell
and the decrease of mass proportion of magnetite. Fig-
ure 7c shows the hysteresis loop of HA after adsorbing the
Si0,/Fe;04 nanoparticles (0.02 mL TEOS). The Ms of HA
is 3.57 emu/g after ultrasonic washing for several times. It
was found that while the SiO,/Fe;0, nanoparticles pre-
pared by using 0.12 mL of TEOS was adsorbed, the Ms of
HA approached 0 emu/g after the same ultrasonic washing
was performed. Therefore, it indicates that when the SiO,/
Fe;04 nanoparticles prepared by using 0.02 mL of TEOS,
the SiO,/Fe;O4 nanoparticles have been successfully
assembled into the pores of HA, so that the SiO,/Fe;Oq4
nanoparticles will not easily break away from HA during
the ultrasonic washing process.

Conclusions

The formation of magnetic HA with highly ordered three-
dimensional pores via an adsorption approach was sys-
tematic studied in the present work. HA with highly ordered
three-dimensional pores was firstly prepared by using SiO,
spheres as a template. During the process, surface modifi-
cation of the colloidal silica template by H,O, had a marked
effect on the order degree of the template and the structure
uniformity of the resultant HA. Subsequently, magnetic
Si0,/Fe;0,4 nanoparticles with core—shell structure were
prepared by adjusting the used amount of TEOS. When the
amount of TEOS is 0.02 mL, the size of the SiO,/Fe;O4
nanoparticles was about 15 nm, which was suitable for the
following adsorption process. After adsorption process, the
Si0,/Fe;04 nanoparticles were successfully assembled into
the pores of HA with highly ordered three-dimensional
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pores. The resulting magnetic HA showed favorable su-
perparamagnetic behavior. However, further work is nee-
ded to improve the saturation magnetization of the magnetic
HA by increasing the adsorption amount of magnetic
nanoparticles.
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