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ABSTRACT: Bioactive nanoparticles with controllable size
and good colloidal stability were synthesized through surface
modification of colloidal silica nanoparticles with Ca(OH), as
the modifier. These modified nanoparticles showed good
bioactivity, showing evidence of hydroxyapatite formation
when incubated in simulated body fluid within 3 days.
Comparison of bioactivity was made among different sized
particles from nanoscale to microscale. It was found the
bioactivity of these calcium modified colloidal silica particles
generally decreased with particle size in the explored size range
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(40 nm particles showed bioactivity within 1 day). These particles were also found to be noncytotoxic but promote preosteoblast
growth, thus making them promising bioactive additives for bone repair materials.
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1. INTRODUCTION

Silica-based bioactive ceramics and glasses have been developed
with remarkable biological features such as the ability to bond
to bone and stimulate the growth of new bone."” Silica-based
bioactive particles are one of the most important forms of silica-
based bioactive ceramics and glasses in practical applications,
because they are convenient to be pressed into the bone
defects® > or be blended with polymers for the improvement in
bioactivity and mechanical strength.® Recently, nanosized
instead of the conventional micrometer-sized bioactive particles
have been used as fillers to polymers, with the expectation for
better improvement in bioactivity and mechanical properties.”®
Larger specific surface area of the bioactive nanoparticles allows
a faster release of ions and provides a larger interface for the
reactant, accelerating the deposition of calcium and phosphate
ions. Additionally, the size of bioactive nanoparticles is close to
that of nanoscale hydroxyapatite (HA) crystallites (i.e., less
than 100 nm in diameter),”” which are the inorganic
constituent of natural bone.

The most common way to produce nanosized bioactive
particles is through the sol—gel process,"®" in which the most
challenging part is to incorporate calcium into the composition
through the sol—gel process. Calcium nitrate is the most
commonly used precursor in the sol—gel preparation of
bioactive glasses and ceramics,">'* which needs to be calcinated
at above 500 °C to remove toxic nitrate ions."> Although the
use of calcium methoxyethoxide as a calcium precursor can
avoid such a high temperature treatment, still the organic
moieties from the hydrolysis needs to be heated up to 200 °C,
which is not ideal to keep the particles well dispersed.'®'”
Besides, the morphology of colloidal particles also becomes less
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controllable when calcium is in present,'®™"® preventing them

from being used for precise structure—property relationship
studies. Bioactive nanoparticles with mean diameters of 20 and
650 nm have been synthesized recently through sol—gel
process; nevertheless, the size distributions were found to be
rather broad for both sized samples.""'> A combination of the
sol—gel and the coprecipitation method has also been tried to
produce the ternary bioactive glass/ceramic nanoparticles.
Unfortunately, although the size distribution of the particles
was improved, the particle shape tended to be quite irregular.'®

As summarized by Hench et al,'® the most significant stages
during the formation of HA for bioactive silicate glasses in body
fluid or simulated body fluid (SBF) are the creation of silanol
(Si—OH) groups and release of calcium ions. Oversaturated
Ca’ released from bioactive glass will induce mineral
precipitation from body fluid or SBF, which nucleates on
silanol sites. Upon suitable physiochemical conditions (like
those in body fluid or SBF), the precipitation is dominated by
HA, thus being bioactive. Monodispersed spherical colloidal
silica nanoparticles with abundant Si—OH groups on the
surface can be readily fabricated through the sol—gel process.
However, these colloidal silica nanoparticles do not show
bioactivity (i.e, they do not promote the formation of HA on
the surface when reacted with SBF or an equivalent), probably
due to the lack of calcium ion release, which is essential for the
formation of HA. Therefore, the incorporation of calcium ions
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into colloidal silica nanoparticles may be a feasible way to
improve their bioactivity.

In the current work, Ca(OH), was used to prepare
monodispersed bioactive nanoparticles through postmodifica-
tion of colloidal silica nanoparticles at room temperature.
Ca(OH), can break down Si—O-Si bondage through
hydroxide groups, thus incorporating calcium into the silicate
network, which can be then released when immersed in body
fluid or SBF. The Si—OH groups on the surface of the colloidal
silica particles (CSPs) provided sites for HA precipitation. The
modification of CSPs by Ca(OH), mainly took place on the
particle surface; therefore, the size and size distribution of
colloidal silica particles were well maintained, serving as good
model systems for structure—property relationship studies.

2. MATERIALS AND METHODS

2.1. Synthesis of CSPs with Various Sizes. Monodispersed
CSPs were synthesized through the well-known method developed by
Stober et al.'” The size of the colloidal silica particles was tuned by
varying the amounts of ammonium hydroxide and TEOS. The
synthesis conditions and composition of the synthesis mixture are
summarized in Table 1. The as-synthesized CSPs were collected by

Table 1. Recipes for the Synthesis of CSPs with Various
Sizes

sample ethanol/mL NH,OH/mL TEOS/g H,0/mL
CSP-40 150.0 5.0 2.0
CSP-100 215.7 3.7 10.4 20.0
CSP-300 223.0 18.7 89 7.1
CSP-1000 91.9 27.5 12.7 9.75

centrifugation and washed with absolute ethanol twice to remove
unreacted precursors, then dispersed in water. All CSPs for the
preparation of bioactive nanoparticles were in the form of aqueous
colloidal dispersion and diluted with pure water before use. The CSPs
with mean diameters of 40 nm, 100 nm, 300 nm and 1 gm were
denoted as CSP-40, CSP-100, CSP-300 and CSP-1000, respectively.
2.2. Synthesis of Bioactive Particles (BPs) with Various Sizes.
Spherical BPs were synthesized by the surface modification on CSPs
with Ca(OH),. Briefly, Ca(OH), was added to the colloidal dispersion
of CSPs prepared previously at a ratio of 1.5 mL Ca(OH), (1 mmol-
L") to 2 mL CSPs (2.5 mg:mL™") and stirred for 12 h. The as-

synthesized BPs were collected by centrifugation and washed with
pure water to remove unreacted Ca(OH),. The bioactive particles
prepared by the CSPs with mean diameters of 40 nm, 100 nm, 300 nm
and 1 pym were denoted as BP-40, BP-100, BP-300 and BP-1000,
respectively.

2.3. Characterizations. Transmission electron microscopy
(TEM) micrographs were taken on a JEM 2011 with a 200 kV
voltage. The dynamic light scattering results of BPs were collected
using Zetasizer Nano. Powder X-ray diffraction (XRD) data were
recorded on an Empyrean X-ray diffractometer using filtered Cu Ka
radiation (1) 1.5406 A at 40 kV and 40 mA. Data were recorded by
step scan with a step size of 0.026°/s. Fourier transform infrared
spectroscopy (FTIR) measurements were performed on a Perkin-
Elmer spectrum spotlight 200FTIR microscope system. For the MTT
assay, the optical density (O.D.) values were measured using a
Spectramax MS microplate reader.

2.4. Bioactivity Test in Vitro. Bioactivity of the obtained particles
was investigated by reacting with SBF at 36.5 °C, as suggested by
previous studies.”® Here 75 mg of nanoparticle powder was immersed
in 50 mL of SBF and placed in a thermostatic water bath. The powder
in SBF was isolated by centrifugation, washed with pure water and
dried at ambient temperature under vacuum, at different intervals, then
characterized by XRD and FTIR for HA formation .

2.5. Cell Toxicity. To evaluate the effect of BPs on the cell growth,
the MTT assay was used.”"** For the assay, preosteoblast MC 3T3-E1
cells were incubated in the Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 0.1 mg-
mL™" penicillin and 0.1 mg-mL™" streptomycin at a density of 5 X 10°
cells per well. Gelatin was also included to mimic the cell growth in
bone tissue, at a concentration of 3 mg-mL_I. BPs (3 mg-mL_l) were
added to the culture media in which the cells had been seeded. To
investigate the effect of SiO, on the cell growth, cells were also
cultured in DMEM with CSPs. The cells incubated in DMEM without
BPs, CSPs and gelatin were used as a control. All four groups were
incubated under standard conditions. At different intervals, the culture
medium was replaced with a serum-free medium containing thiazolyl
blue (MTT) and incubated for 4 h at 37 °C in a humidified
atmosphere of 5% CO,. Dimethyl sulfoxide was added to dissolve the
formazan crystals. The O.D. value of the supernatant solution was read
at 490 nm after complete dissolution.

2.6. Statistics Analysis. The one-way analysis of variance
(ANOVA) was used to evaluate significant differences between
means in the measured data. Each experiment was repeated three
times. All quantitative data were presented as mean =+ standard
deviation.

Figure 1. TEM images for CSPs: (a) 40 nm; (b) 100 nm; (c) 300 nm; (d) 1 um. BPs: (e) 40 nm; (f) 100 nm; (g) 300 nm; (h) 1 ym.
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3. RESULTS AND DISCUSSION

CSPs with abundant Si—OH groups on the surface were
synthesized through the sol—gel process at room temperature.
Figure 1 shows the typical TEM images of as-synthesized CSPs
with different sizes. The spherical CSPs were monodisperse for
all four samples (Figures la—d). As expected, the size of CSPs
varied with the amount of TEOS and ammonium hydroxide
used in the synthetic procedure. From TEM images, the
average diameters of these CSPs were about 40 nm, 100 nm,
300 nm and 1 pm, respectively.

BPs were prepared by surface modification on CSPs by
Ca(OH),. It was found that the size and morphology were well
maintained after modification according to the TEM images
(Figures le—h), in agreement with our hypothesis that the
modification only takes place at particle surface.

Good colloidal stability is essential to ensure these particles
distributing evenly when incorporated in a polymer matrix. It
was found after surface modification that BPs still have good
colloidal stabilities. BP-40 and BP-100 dispersions could be
stored for more than 1 month without sedimentation at
ambient conditions. The particle size and size distribution of
BP-40 and BP-100 before and after storing were evaluated
through dynamic light scattering (DLS) (Figure 2) (The sizes
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Figure 2. Size distribution profiles of BP-40 and BP-100 before and
after storage for 30 days.

of BPs measured by DLS are somehow different from TEM
results as DLS gives hydrodynamic sizes). After storage for 30
days, the particle size and size distribution nearly remained the
same as those before storage, except for some negligible
differences. The zeta potentials of BP-40 and BP-100 are also
listed in Table 2. During the storage, the zeta potentials of BP-
40 and BP-100 kept high values, demonstrating that these
colloids were still potentially stable, in agreement with DLS
results. However, for larger particle sizes, sedimentations may
occur owing to gravity during the storage. In these cases,
homogeneous dispersions were regained by ultrasonic for
several minutes.

It has been well-established that it is the layer of bone-like
apatite formed on the material surface that is responsible for the

bonding between the material and surrounding bone.
Accordingly, an essential requirement for the as-synthesized
particles to be bioactive is the formation of a biologically active
bone-like apatite on their surface when in contact with the
physiological environment. This property can be evaluated in
vitro by incubation in SBF.

CSPs and BPs were incubated in SBF for 1, 2, 3, 7, and 14
days. HA formation was first investigated by XRD. It was found
that the CSPs were amorphous for all sizes, even after
incubation for 14 days in SBF (Figure 3a), i, they are not
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Figure 3. XRD spectra of CSPs incubated in SBF for 14 days (a) and
BPs incubated in SBF for 1 (b), 2 (c), 3 (d), 7 (e) and 14 days ().

bioactive. After reaction with SBF for 3 days, characteristic
diffraction peaks corresponding to HA (25.88, 28.85, 31.70,
32.82, 39.69, 46.61, 49.43 and 53.20°) for BPs could be
observed,'>'® manifesting their good bioactivities (Figure 3d).
Especially, for BP-40, the bioactivity was shown the earliest,
after soaking in SBF for only 1 day (Figure 3b). When
incubated for longer times in SBF, the intensity of the peaks
from HA became stronger, showing further growth of HA
(Figures 3e/f). BP-40 showed the highest bioactivity, as it
formed HA within 1 day in SBF, which is very important for
bone bonding at the early stage. It is a bit surprising that after 3
days, the intensity of HA peaks for BP-100 is higher than BP-
40, which might be due to the size effect on crystallization

Table 2. Zeta Potential of BP-40 and BP-100

sample BP-40

zeta potential (mV) —36.8 + 3.1

“Samples freshly prepared. “Samples after storage for 30 days.

BP-40/30d®
-324+ 16

BP-100/30d°
—29.5 + 2.7

BP-100°
=323 £ 19

dx.doi.org/10.1021/am5014858 | ACS Appl. Mater. Interfaces 2014, 6, 4935—4939



ACS Applied Materials & Interfaces

Research Article

(a)

1457, 1421cm-! 607, 567cm’

400

2000 1600 1200 800

Wavenumber/cm™!

(C) 1457, 1421cm-"

1um

(N
T
"
[Nl
[N
1
1
1
[Nl
]
"
[Nl
[Nl
[N
[N
]

2000 1600 1200 800 400

Wavenumber/cm™?

607, 567cm™! (d) 1457, 1421cm-1

2000 1600 1200 800 400

Wavenumber/cm-!

607, 567cm™’

2000 1600 1200 800 400

Wavenumber/cm-

Figure 4. FTIR spectra of CSPs incubated in SBF for 14 days (a) and BPs incubated in SBF for 3 (b), 7 (c) and 14 days (d).

growth. Nevertheless, it is safe to conclude that the bioactivity
of BPs generally decreased with particle size, i.e., nanosized BPs
are more bioactive than micrometer-sized BPs, probably due to
the decrease in their specific surface area, which again suggested
that the calcium modification was most likely on the particle
surface.

FTIR was also used to study the HA formation. The
presence of double peaks at 607 and 567 cm™" on the FTIR
spectra could be the evidence of phosphate. FTIR showed that
before Ca(OH), modification, no phosphate was precipitated
on these particles whereas, from 3 days on, the stretching
vibration of phosphate groups became evitable (Figures 4a—c),
especially after 14 days (Figure 4d), confirming the formation
of apatite.”> Meanwhile, the absorption bands of carbonate
groups (1421, 1457, 1550 and 875 cm™') were also observed
for BPs after reaction with SBF (Figures 4b—d), suggesting the
formed HA might be carbonate substituted apatite (HCA),
similar to that found in natural bones. Similar size effect as that
found by XRD was also observed in FTIR studies, again
supporting the key role of specific surface area.

The MTT assay was used to evaluate the biocompatibility of
BPs. For the assay, preosteoblast MC 3T3-El cells, a
nontransformed murine preosteoblastic cell line, were used.
Preosteoblast MC 3T3-E1 cells had the capacity to differentiate
into osteoblasts and osteocytes and were demonstrated to form
calcified bone tissue in vitro. Thus, it was of great importance to
test the toxicity effect on MC 3T3-E1 cells of BPs, which would
be used as a bioactive composition to prepare bone repair
materials. Cell viability values were all normalized to the control
sample at the sample cell culture intervals, thus values greater
than 100% mean good biocompatibility. BPs of 40 nm were
chosen as they had the highest bioactivity, showing HA
formation within 1 day in SBF. Figure 5 showed that BPs did
not have any negative effect on the growth of the cells,
indicating they had no toxicity on preosteoblast MC 3T3-El
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Figure 5. MTT assay for proliferation of preosteoblast MC 3T3-E1l
cells.

cells. Indeed, the group with BPs even showed a better
performance on the acceleration of the cell growth than the
other three groups within the incubation time, further
confirming their good bioactivity. It is interesting to see that
the cell viability values were high at the beginning, then
eventually approached 100%. This is not surprising because it
was demonstrated that the dissolution of bioactive glass could
promote osteoblast growth,”* while the dissolution concen-
tration will inevitably decrease as HA covers BP surface.

BP-40 and CSP-40 were also made into composites scaffolds
with gelatin to mimic the porous structure of the bone tissue.
Preosteoblast MC 3T3-E1 cells were seeded on the scaffolds
and cultured for 2 days. Much more cells were found to adhere
to the scaffold composited with BP-40 (Figure Sla, Supporting
Information) than the scaffold with CSPs and the scaffold
without either particle (Figure S1b,c, Supporting Information).
Thus, the addition of BPs into the composite enhanced the
osteogenic differentiation.
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4. CONCLUSION

In summary, we have succeeded in the synthesis of BPs with
well controlled size and size distribution through post-
modification of CSPs by Ca(OH),. The BPs showed good
bioactivity with HCA formed upon reaction with SBF within 3
days. The bioactivity of BPs was found to generally increase
with decreasing particle size, probably due to the increase in
specific surface area. Additionally, the BPs showed no
cytotoxicity on preosteoblasts as suggested by MTT assay
tests, making them promising bioactive additives for bone
repair materials.
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Confocal fluorescent microscopy images of MC3T3-El
preosteoblast cells cultured on the BPs/gelatin scaffolds This
material is available free of charge via the Internet at http://
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