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ABSTRACT

Silica particles and their detivatives with meso-structure auracted much attention, but they were
synthesized through complicated multi-step procedure. Considering biomedical application, no
surfactants, used in almost all cases above, should be employable due to fear of their toxicity, The
present study explored one-step sol-gel preparation of silica particles with biomedical functionalities,
starting from Stéber-type systems, and characterized by Transmission Electron Micrograph or i
MAS NMR spectroscopy. The Ca-containing particles, derived from the precurser system
tetraethoxysilane (TEQS)-H,0-C;H;0H {ElOH)-CaCl;-NH40H, consisted of primary particles of ~ 1¢
nm, and were spherical in shape with the diameter of ~ 1000 nm, where Ca bridged 5i-O- on the
opposite particle surface. In contrast, the Ca-free particles were smaller with 400 ~ 500 nrm in size due
to the absence of such bridging effects. In addition, the Ca-containing ones deposited petal-like apatite
within one week in Kokubo's simulated body fluid (SBF), which. was interpreted in terms of the Ca
release from the particles. Amino-modified silica particles were derived from the sol-gel precursor
systemn aminopropyltriethoxysilane (APTES)-TEOS-11;0-EtOH where APTES behaved not only as the
catalyst but also a reactant; i.e., this was a selfcatalyzed sol-gei system. Hydrogen bonding among the
amino group of APTES on one particle surface and with 5i-O- on the other was suggested to work in
agglomeration of the primary particles. Bovine serum albumin was covalently fixed on the
APTES-silica surface, sugpesting their applicability of proteins or other growth factor delivery.

INTRODUCTION

Sol-gel derived 5i0;1s similar to melt-quenched silica glass in random siloxane bridging network
{=8i-0-8i<) but different in involving much free silanol groups (3i-OH) in the amorphous lattice.
Moreover, their preparation routes mostly involved some templates or surfactants which might be toxic
and inadequate for biomedical applications." A few groups then prepared sol-gel silica particles from
simple system like tetraalkexysilane-sthanol (EtOH)-H,0, where tetraalkoxysilane included
tetramethoxysilane or tetracthoxysilane {TEOS). For example, Kortesuo prepared silica xerogels
(dry-gels without cakination) from the system TEOQS-polyethylencglycol-H:0-CH3COOH and
explored their ability of delivering toremifene citrate.” Kneuer et al.” proposed organo-modified
hybrid silica particles, or amino-funciionalized silica particles, as DNA  carriers, where
N-(2-aminoethyl} or N-(6-aminchexyl)-3-aminopropylirimethoxysilane was empioyed for introducing
aming-functionali ¥ Such applicaticn of sol-gel silica 1s recognized because of good biocompatibility
of 8i-OH groups.*” No significant adverse effects are observed when those silica materials are applied
in the human body. Rather, silicate components eluted in the surrounding medium were found to
stimulate several genes,” or those remaining in the gel body favored cell proliferation.” As particle
size effects are taken into account, the silica gel particles, small enough (~1¢ pm), are more convenient
and attractive, becausc they can be directly introduced by injection into human tissues as Shirosaki et
al. demonstrated with ceramic particles dispersed in hydrogels ¥ Especially, particles less than 500 am
in size are highly likely endocytosed by the living cells, and the therapeutic drugs held by them are
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directly released into the cells. Moreover, such injection route deserves the lowest level of tissue
invagion that contributes to the patients’ comfort,

By virme of the above advantages, various silica particles with solid, porous, and hollow
structures have been prepared and applied in, e.g., drug delivery system™ and immunosassy.'” Their
size, momphology, and homogeneity could be well controlled by means of the conventional sol-gel
route, However, lower chemical reactivity of the $i-OH groups with functional groups like -NH; or
—COOH groups hardly led to direct covalent bonds with biologically active proteins, enzymes or
anti-body, if the silica particles were simply mixed or in contact with their solutions. Consequently, the
loading efficiency of those biological factors was very low if only the physical absorption was
predominant. Therefore, actually, most applications are related to the functionalized silica particles, not
the naked or original silica particles.

Among possible agents for surface modification of silica, aminosilanes seem most attractive and
important, because their -NH; groups could be reacted with the -COOH groups of enzymes or other
peptides 1o form amide bonds, or form RGD peptides (R: arginin, G: glycine, and D; aspartic acid
peptides) via cross-linking with, for example, carbodiimide {EDC),In What is more, no additional
catalvtic additives should be needed when aminosilanes like aminopropyliriethoxysilane {APTES) are
involved in the precursor systems. That is, with such silanes pH of the systems becomes alkaline
enough to initiate hydrolysis and condensation reactions of the relevant components, which may lead
to silica nanoparticles similar to those in the Stbher-type systems. In the conventional route,
amino-modified silica particles will be prepared in two-steps: the preparation of silica particles, and the
aminosilane modification of the resultant silica particles. After Li et al.,'" successful incorporation of
APTES depended on high amount of 8i-OH groups. The silica nanoparticles were commonly treated
with “Piranha solution™ (HS04H;(h) or HNO; to introduce high amount of 5i-OH groups and then
refluxed in the APTES/toluene solutien for a few hours. Such route is complex and dangerous since
“Piranha solution” is very corrosive and toluene is also toxic. The exploration of novel and concise
route for such modification is necessary.

An advantage of the Si-OH groups or hydrated silica layers to serve nucleation sites for
biologically active apatite has been commonly described in the literature. For example, Li et al.'”
pointed out that pure silica gels via a sophisticated sol-gel route developed by Nakanishi et al.'?
deposited apatite layer in the Kokubo's simulated body fluid (SBF)”} that had the same inorganic ion
components as the human blood in simitar concentration. Such apatite layers exhibit poed affinity with
bone tissue, and hence accelerate recovery of bone defects. Thus, the 5i-OH containing silica particles
might deposit the bioactive apatite when soaked in SBF and can be used as bioactive fillers,
Unfortunately, the rate of apatite deposition was very low if only $i-OH groups existed.'® Tsuru et
al'"” found that Ca(IT) released from the silicate materials could significantly increase the
super-saturation degree of SBF and promoted bioactive apatite deposition, pushing the equilibrinm (eq.
(1)) toward apatite formation.

5Ca’™ + 3PS + OH - Cas{POy);0H (1)

Thus, apatite could reasonably be deposited on Ca{ll)-involved silica particles. Moreover, as in silicate
glass or crystals, calcium ions are expected to bridge adjacent “O-Si< units, »$i-OwCa’ w-8i<,
which may control the particle size of the resultant silica.

On the above bases, the one-step sol-gel method was applied ip the medified Stober sol-gel
precursor system to yield two functionalized silica particles: Ca-free and Ca-containing silica particles
and amino-functionalized silica particles. The Ca-containing ones were derived from the precursor
solution in the system TEQS-H;0-EtOH-CaCl:-NH,OH, while the amino-functionalized ones were
derived from the system TEOS-APTES-EtOH-H.O. Apatite formation on the particles i SBF was
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examined with X-ray diffraction or with scanning and transmission electron micrographs. Bovine
serum albumin {BSA} was also fixed on the amino-functionalized silica particles. Mechanisms of
secondary particle formaticn and particle size change as weil as effects of amino groups werc
discussed.

EXPERIMENTAL

Preparation of the Ca-containing and amino-functionalized silica particles

The Ca-containing silica particles were prepared from the modifie¢ Stiber precursor system'™
TEOS-EtOH-H;O-NH,0OH-CaCl;. CaCl; and TEOS solutions were prepared beforehand: CaCl;
aqueous solution and TEOS/ethanol solution. Appropnate amounts of CaCl; (0 ~ 0.15 mmeol} were
dissolved in 389 mmol of water 10 obtain CaCl; agueous solutions with various concentrations. The
TEOS/ethanol solution was ebtained by adding 12 mmol of TEQOS into 120 nunol ethanol. Those two
selutions were mixed in varied ratios to prepare precursor solutions, beld in tightly capped one-necked
flasks (S0mL), which were then transferred in an ultrasonic bath. As soon as 3 mL of 28mass%
ammenium hydroxide solution was added to initiate the hydrolysis and condensation of TEOS, the
reaction mixture was irradiated with an ultrasound for 30 min at reom temperature to produce opague
suspension. The resultant particles were separated by centrifugation at 3,500 rpm for 5 min, and then
washed with water for 3 times before dned at 105 °C overnight. Table [ shows typical two
compositions of starting materials and pH in the precursor solutions.

Table 1. The starting systems similar to Stiber et al.'™ and pH in the precursor solutions.
Samples CaCly (mmol)  TEOS (mmo!l) H,O (mmo!) EtOH (mmol) pH
Silica. 0 12 389 120 2.5
Ca-Silica G.05 12 389 120 12.5

The amino-functionalized silica nanoparticles were prepared from the precursor system
TEOQS-EtOH-H,0-APTES using a novel one-step sol-gel route, as originally proposed by Chen et al.'
Unlike ammonia in the above Stdber precursor system, here, APTES not only provided the functional
amino groups but also served as the base selt-catalyst. Both APTES (0, 0,45, and 4.5 mmol) and TEOS
(4.5 mmol) were mixed in the ethanol (440 mmolywater (280 mmol) solution, held in 50-mlL
one-necked flasks at room temperature. The mixture was kept stirring for | h. Like in the above Stéber
sol-gel system,'® the hydrolysis and condensation of the silanes gave opaque suspension. The resultant
particles were collected by centrifugation at 2,500 rpm for 5 min, washed with water 3 times, and then
dried at 105 °C overnight. Table [1 shows the compositions of the starting materials and pH in the
starting solution. Both systems above involved water in great excess over the stoichiometric amount to
fully hydrolyze all ethoxy groups into silanol ones: »5i-OEt — >8i-Ol.

Table ll. The starting systems for the aminc-modified silica, and pH in their precursor solutions.
Samples  APTES (mmol} TEOS (mmol) H»O (mmol} EtOH {mmol) pH

AMSI0 0 4.5 280 440 6.9

AMSI045 .45 4.5 280 440} 109

_AMSI4S 4.5 4.5 280 440 1.2
Characterization

Size and morphology of the sampies were observed under a field-emission type scanning electron
microscope (FE-SEM, ISM-7500, JEOL, Japan). Infrared spectra were taken o a Fourier transform
infrared spectrometer (FT-IR, Model 300, JASCO, Japan) using the KBr pellet method. **Si magic
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angle spinming (MAS) nuclear magnetic resonance (NMR)} spectra and cross-polarization (CP)-MAS
NMR spectra were recorded with a Fourier transform {FT)-NMR spectrometer (UNITYINOVA3D0,
Varian, Palo Alte, CA, USA} equipped with a CP-MAS probe.

The Ca-release and St-release characteristics were measured for the Ca-containing silica particles
where 10 mg particles were soaked in 10 mL of saline, whose pH was adjusted to 7.4 at 36.5 °C with
tris-(hydrox ymethyDaminomethane (Tris, 50 mM) and | mol/L. HCL Every other day, the particles
were collected by centrifugation at 3,500 mpm for 5 min. The Ca{ll) and Si{(IV) concentration of the
supernatant was measured by inductively coupled plasma emission spectroscopy (ICP, SPS-7700,
Seiko, Japan). Both Ca-free and Ca-containing silica particles were soaked in 30 mL SBF at 36.5 °C up
to 7 d, and then collected every other day by centrifugation at 3,500 rpm for 5 min. Afier rinsing with
water, the particles were dried at 105 °C and their structures were further examined by thin film X-ray
diffractometry (TF-XRD, model RAD 1[A, Rigaku, Tokyo; Cu ko, 30kV-20mA) as well as scanning
electron micrograph (FE-SEM; 5-4700, Hitachi, Tokvo} and transmission ¢lectron micrograph {TEM;
JEM-2G10, JEOL, Tokyo).

Bovine serum albumin (BSA) was fixed on AMSi045 and AMSi45. Prepared was aquecus
solution {20 mL) involving |-ethyl-3-3-dimethylamincpropylearbodiimide hydrochioride {EDC, 50
mg} and N-hydroxysuccinimide (NHS, 50 mg), to which BSA and the particles, 20 mg each, were
added. After the mixtures were stirred for 24 h at room temperature, the silica particles were separated
from the solution by centrifugation at 2,500 rpm for 5 min, washed with water 3 times, and finally
dried at 60 °C ovemight.

Fig. 1. FE-SEM images of {a) silica particles and (b} Ca-silica particles; (c) a TEM image of a
Ca-silica particle (Table 13. The arrows int (b) show surface irregularities {necking and defects).

6 -+ Advances in Bioceramics and Porous Ceramics (!



One-Step Preparation of Organcsiloxane-Derived Silica Particles

RESULTS
Ca-containing silica particles: microstructure and apatite deposition
The resultant silica particles were

spherical in shape. The FE-SEM images FTIR

in Fig. 1 show that the Ca-free silica V{Si-Ohyor @
patticles {Fig. la) were 400 ~ 300 nm in ¥ - SiOH ]

diameter, while the Ca-containing ones o. (Si-0) N ﬂ

(Fig. Ib) were 800 ~ 1000 nm. Fig. lc O-é(Si-D}st !
shows & typical TEM image of the ’ >

Ca-silica sample in Table L as the
Ca-silica image indicates, the particles
found in the SEM images consisted of
much smaller primary particles (~10 nm).
Similar TEM images were taken for other
samples from the systems with larger
CaCl; contents in the present study. Size
distribution profiles for the secondary
particles, not shown here, taken with a a
Particle size analyzer (Heneywell,
UPA-150, Microtrac Inc., USA)} were
centered at 500 mm with ~200 nm width
(at half height maximum) for the Ca-free

silica, and centered at 90¢ nm with 300 4000 3000 2000 1000

nm width for the Ca-silica particles. Wavenumbers (Cm'1)
Those data well apgreed with the SEM . - . .-
images in Fig. 1. It is thus indicated that Fig. 2. The Ca-free silica particles {a) and Ca-silica

the addition of Cafll} in the starting particles (b) gave basically same FT-1R profiles.

solution favors the growth of the

secondary particles, The image i Fig. 1b indicates that some particles were slightly fused together,
showing a little crater-like surface defect (arrows).

Fig. 2 shows the FT-IR spectra of {a) silica particles and (b) Ca-containing silica particles, No
significant differences were found between specira (a) and (b), and this confirmed that both particies
consisted of similar molecular groups. The broader peak around 3430 em™ was assigned to the
stretching vibration of O-H in the >Si-OH groups and the adsorbed water molecules, which aiso give a
small but sharp one at 1640 cm™’. The strongest one at 1111 em” and a smaller one at 806 cm™' was
WSi-Olecym and v(Si-Oleyin due to the S5i-0-8i bonds, while the bands at Y60 em” were assigned to
Si-OH groups. The strongest peak at ill1 em™ in both specwa indicated the present panicles,
regardless of the presence of Ca(ll), had similar silicate networks and most Si-OH groups have
condensed into Si-O-Si groups. Indeed, both yielded very similar **Si MAS NMR specira (not
presented here), that is, they had similar distribution in Q" groups, Q*/Q%Q* = 70/28/2 in mol % for the
Ca-free silica, and 69/30/1 for the Ca-silica: here n stands for the mumber of bridging oxygen atoms in
a 510y tetrahedron.

Fig. 3(a) plots the release profile of Ca(ll} for the Ca-silica particles and {b) represents that of Si
{IV) for both Ca-free silica and Ca-silica when the corresponding silica samples were soaked in saline
solution. In {a), least square fitting curves were indicated, assuming that the Ca{ll) release proceeded in
diffusion-controlled and reaction controlled mechanisms:  Diffusion model: [Cal= 0.013 d ' (3* =
4.5x10°*); Reaction meodel; [Cal= 0.0055 d { ¥ = 1.5x10°). Empirically, the concentration of Ca(1l)
increased with the soaking time to confirm the involvement of Ca(Il} o the Ca-silica particles. Yet

H-OH, =5i-011

O Adsorbed
CO-

HO g

Absorbance

T T T
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Fig. 3. {a): Ca(lI} release profile for the Ca-silica particles. The reiease profiles due to reaction- and
diffusion-controlled mechanism are also plotted. (b): Si(['V) profile for silica and Ca-silica.

either model could not well reproduce the empirical data plot. Fig. 3(b) shows a slight difference in
Si(1V) release between the Ca-free silica and Ca-silica samples, responsible to the Ca(ll) involvement.
The observation is relevant to the secondary particle microstructure and degradation of the secendary
particles, which are to be discussed later.

Although increase in Ca(l[) stimulates apatite precipitation’” {eq. (1)), the present Ca-silica is
inferior in apatite-forming activity as relatively small amounts of Cafll) got into saline (Fig. 3(a)).
Fig. 4(left) shows the XRD patterns of the Ca-free silica particles (3) and the Ca-containing silica
particles (b) after both were soaked in SBF for one week. The Ca-free silica particles showed no sign
of apatite deposition, but only exhibited an amorphous XRD profile, except a faint peak at 31° (arrow).
In contrast, the Ca-containing silica particles gave two weak but distinct peaks at 26° and 32%in profile

Ca-gilica ' Apalite
3 e
£
8
£ °
w
5
E
b
Ca-free
silica

20 25 30 35 40
20/Degree

Fig. 4. (Left) XRD pattern of the Ca-free silica particles (a) and Ca-silica particles (b} after soaked
in SBF for 7 d. See text for the arrow.

Fig. 5. (Right): a FE-SEM image of the Ca-silica particles after soaked in SBF for 7 d, with
petal-like apatite crystallites. Bar: 1 pm.
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{(b). The 26° peak was assigned to the (002) diffraction and the 32° one was due to the envelope of the
(211), (112} and (300) diffractions of apatite.'"*'*'™ Although the peak intensity was lower than that
for common materials with the apatite depositing 3bility,”'”'l 7 the SEM photograph of the Ca-silica
particles soaked in SBF for 7 (Fig. 5) shows petal-like crystalline deposits, with the same morphology
as those apatite particles on those materials above. Those crystallites looked embracing the silica
particies. From those results, the Ca-comaining silica particles are surely active to be fixed with living
bone when embedded in the bone tissues.

Amino-functionalized silica particles: microstructure and protein immebilization

The FE-SEM images of the particles AMSi045 and AMSi45 in Figs. 6 {a) and (b), respectively,
illustrates some ditferences among them in size and morphology. The particles of both samples were
spherical but they were largely fused together, which gives an impression that those are much more
agglomerated than the previous Ca-free and Ca-silica. Yet, the component particles of AMSi045
remain more particle-like than those of AMSid5 which show highly fused peanut-shell morphology.
That is, incréase m APTES brought greater degree of agglomeration. The individual particles for
AMSi045 seemed larger in diameter (300 ~ 400 mn) than those for AMSi45 (200 ~ 300 nm}, though
high irregularity in shape prevents definite measurement of the size. Moreover, the surface of AMSi43
particles appeared rougher than that for AMSi045. The TEM observation indicated that both samples
consisted of ~ 10 nm primary particles. It was noted in the course of preparation that, at the lower
APTES amounts (e.g., 0.45 mmol), the reaction in the precursor solution was quite mild and the
opaque suspension was obtained after 30 min. [n contrast, at the higher APTES amounts (> 0.45 mmol),
the reaction in the precursor selutions became very vigorous and white sediments precipitated on the
wall and at the bottom of the flask within few min. Such reaction conditions lead to the difference in
agglomeration detected above.

Though they showed a little difference in morphology, **Si MAS NMR specira indicated that both
samples had very similar structural constitution in terms of the fraction of T" and Q" units. Fig. 7
shows the ZSi MAS NMR spectrum of AMS1045, and a similar one was obtainéd for the other sample.
The NMR spectrum was extended in two regions, -80 ~ -120 ppm for Q" units and -40 ~ -80 ppm for
T" ones. The Gaussian fitting after Carroll et al.>” was employed to deconvolute the profile into five
clear peaks, i.e., T* units NHy(CH;)Si{-0-8i){OH) at -58 ppm, T units NH4(CH,)18i(-0-Si); at -66
ppim, Q2 units Si(-0-5i):(OH} at -20 ppm, Q3 units Si{-0-81)3(0H} at -100 ppm, and " units
Si(-0-51)4 at -10% ppm. The presence of both T and Q units contirmed that the hydrolysis and

Hrm 44 x ge H1om WD 33

Fig. 6 FE-SEM images of the particles AMSi045 (a} and AMBSi45 (b). (Bar: | um)
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condensation of APTES and TEOS took place in
the precursor sohitions, The strongest intensity of
both 03 and Q" units and the medium one of T3
mdicated that most Si-OH in the particles have
condensed into the siloxane network bonds
(Si-0-8i).

BSA fixation is confirmed by detecting
vibrational bands characteristic of proteins and the
cross-linking agent EDC. Fig. & shows the FT-IR
spectra for AMSi045 and its denvatives. Spectrum
(a) lor AMSI045 had the bands for the silica
network at 1070 and K00 cm’, assigned to
V(831-ONyeym and v(8i-0)qm. A shoulder peak at 960
e’ was due to the Si-OH groups, which was
detected in Fig. 2 as an independent peak for
Ca-free and Ca-silica. The broader band extending
from 2800 to 3500cm’™ was due to —OH of >8i-OH
and adsorbed H»O, which gave a sharper structure
in Fig. 2. The distinct -NH: peak at 1543 cm’!
shows the presence of APTES in AMSIO4S, It
follows the result from the above 2°Si NMR
spectrum. 1n addition, both peaks at 2941 and 2873
em” were attributed to ~CH, groups

78i MAS NMR
AMSi045

Q° a*

Intensity (arb. unit.)

.40 80 -120
Chemical Shift (ppm)

Fig. 7. A ®Si MAS NMR spectram for
AMSi045. Each component peak was derived
from Gaussian deconvolution.™

or methylene skeleton introduced by

APTES, Spectra (b) and (c) for the FTIR V(Si-O)sym
samples after contact with the BSA ¥ . SiOH n

solulion indicate a few TR bands O : v(Si-O)iym |

related to BSA whose IR spectrum O B(8i-0) J ,lﬁ
was represented as {d). Of the spectra

for two AMSi045 samples, spectrum 0-11, N-H,

{b) showed no additional bands other
than those found for the silica
structure, On the other hand, spectrum
{c) for the sample treated with EDC
together with APTES gave a doublet
hand  with  medium  intensity
characteristic of amide bonds, which
was commonly denoted as amide [
{(~1680 cm™) and amide 1T (~15%0
em™), and both were basically duc to
a C=0 stretching vibration, v(C=0).
A trace peak at 3305 cm’ was

Absorbance

CH:

Amide |-®
Amide [

assigned to ~N-H bonds of BSA that
was absent in spectrum {a) or {b) in
Fig. 8. Those results indicate that
BSA was immobilized or the particle

4000

3000 2000 1000
Wavenumbers (cm")

Fig. 8. FT-IR spectra of AMSi045 (a), AMSi045 after soaked in the BSA solution without EDC (b) and

with EDC (c) as well as BSA (d).
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surface as EDC was employed as an effective cross-linker. It agrees with the results from Szurdoki"

and Mao™ who used EDC as the cross-linker for proteins and natural polymers,

DISCUSSION
Ca-containing silica particles: formation mechanism and apatite deposition

Bogush and Zukoski, 3.1 sonsidered that the Stdber silica particles consisted of ~ 10 nm primary
particles, and Green et al.**! proposed the microstructure as they measured small-angle X-ray scattering,
From Table |, the reaction solution was basic with pH 12.5. The silancl groups have an iseelectric
point of about 2 ~ 3,** and hence, in such alkaline solution, they should be in the forms of hydrated
=8i0" (aq). As they were un-polymerized, almost all of those units remained on the primary particle
surface, yielding a negatively charged hydrated = -
layer. The layer then causes repulsive interactions Si CP-MAS NMR
among the adjacent primary particles, but the >8i0°
{aq} forms strong hydrogen bonds with the water
molecules, This overwhelms the repulsion to
agglomerate the primary particles to SEM
observable larger secondary particles.

The presence of CaCly in the starting solutions
stimulated the secondary particle growth; ~500 nm
for the Ca-free particles and ~ 1000 nm for the
Ca-silica ones. Zerrouk et al’™ studied the
interfucial behavior of mono-disperse (~15 nm}
silica sols in terms of their surface charge as a
function of pH and salt concentration. They b) Ca-Silica
proposed the concept of Ca’" coagulation critical et
concentration in the range pH 7.5~9, assuming that : . ! J
Ca{il) promoted the agglomeration. In the present -60 -80 -100  -120 -140
study, pH of the starting sclution well exceeded Chemical Shift (ppm)
their range I:!ut_was 1?.5. Since the higher was pH, Fig. 9. Si CP-MAS NMR spectra for a)
the more >SiQ(aq) yielded, one would expect even  ype ¢y free silica and b) Ca-silica particles.
sm;llcst amount of Ca(lly should form >Si-0° *»  pe  caicium  involvement drastically
Ca™ +» “O-5i< links. Thus, it is reasonable 10 gocrenseq the CP-MAS NMR intensity (Chen
suggest that the Ca™ ions also contributed to the al.2®
agglomeration of the ~ 10 om primary particles. 1f
like this, the Ca{ll) must be involved in the silica particles. indeed, the release curve of Ca(ll} in Fig.
3{a) confirmed it. Fig. ¢ compares the **Si CP-MAS NMR spectra for the Ca-free silica and Ca-silica
samples.”” Under the cross-polarization (CP) mode, the nuclear magnetic moment energy of H is
transferred to another nuclei in the neighborhood. Thus, the drastic decrease in NMR intensity due to
the Ca(1l) meorporation means that almost all Si atoms in the Ca-silica were relatively far apart from H
than in the Ca-free silica. This means very little amount of >8i-OH or H;O molecules was present
among the primary particles or in the primary particles themselves. In ether words, above results
conclude that the calcium ions expelled H from the >Si-OH units {or Si-O-(aq) involved in the
hydrogen bonds) 1o form >Si-() +» Ca®* »+ "0-8i< links.

The Caf{ll) release then takes place in two mechanisms: one is to be associated with the
degradation of the secondary particles due to the hydrolysis of the >8i-07 ++ Ca®™ + "0-8i< links, and
the other is due primarily to Ca(ll) diffusion, associated with the hydrolysis, without degradation of the
silica secondary particles. The Ca(ll) release profile in Fig. 3(a} has moderately been approximated
with either model in Fig. 3, yet the diffusion-controlled model seems better than the reaction-controlled

Intensity (arb. unit)
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model in terms of kai-square (y’). Diffusion model: [Caj 0.013 d ' (3* = 4.5x10°°); Reaction
model: [Calz 0.0055 d ( };3 = 1.5x107). Moreover, the Si{IV) release was definitely reaction
controlled because of the profiles indicated linear dependence on time, though a small deviation was
detected for the Ca-silica sample in prolonged contact with saline. After the Pourbaix diagram,m
dissolution of silica as HSiO; practically takes place at pH~10 or higher: with log (HSIiO37) =-15.21 +
pH, and log (HSiGy/H,8i05) = -10.00 + pH, 0.1mM HSiO;" will be attained pH > ~10. In the saline
with 7.4 in pH, detectable dissolution unlikely occurs, i, if the presence of Si(IV) is evidenced in Fig.
2, degradation of the secondary particles to liberate primary particles, and this is responsible for the
Si{1V) species. In association with the degradation, therefore, the surface layer that involves Ca(ll) as
bridging the primary particles is to be bydrolyzed, and the calcium ions are liberated from the
>§i-0¢+Ca bonds and diffuse to the top surface. This makes the diffusion-controlled model dominant
in the releasc profile analysis, with keeping some validity of the reaction-controlled model. Yet,
detailed study is needed before elucidating a definite conclusion on the mechanism.
Amino-functionalized silica particles: mechanism of formation

The amino group of APTES is susceptible to hydrolysis or protonation, and hence the system
becomes basic due to the liberated hydroxyl group as eq. {3):

{EtO):Si(CHz:-NH; + Hy0 - (E40);58{CHs)s-NHy™ + OH (&)

Indeed, Table 2 showed pH was 10.89
for the precursor system
APTES-TEQS-EtOH-H,0. Under such
basic conditions, the OH lons dircctly
attacked 5i atoms having the highest
positive charge,’™ i.e., the Si atom in the "
(EtO):$i- group of both TEOS and particles
APTES molecules was subjected to
coordination expansion, taking 3-hold
coordination in the reaction intermedrate,
Then, the Si atom of APTES has three
active sites, like that in alkali disilicate. Fig, 10, Two amino-modified silica primary particles are
Since the latter Si(IV} forms an goalomerated via the hydrogen bonding between >$i-0°

amorphous  silicate network or alkali N o
disilicate glass, APTES should form 20 HiN-R-Si<on the facing surfaces.

silicate gel particles. TEOS with

four-functional Si{TV) {s known to yield silica gel bodies. Contrary to the expectation, the present study
confirmed that APTES would not form gels. After van Blaaderen and Vrij,”' the hydrolyzed APTES
tended to form six- or five-membered intra-molecular rings. Such ring formation should, due to their
bulkiness, sterically suppress condensation of APTES iwelf from yielding three-dimensionally grown
gels. It is then considered that the formation of amino-medified silica particles requires >5i-OH groups
derived from TEOS. In the present alkaline precursor solution, two hydrated species were present:
positively charged —NH;(aq) and ncgatively charged >8i-O(aq). After Chen et al.,'” the particle
surface was rich in amino groups. The presence of those hydrated ions with opposite charges favors
agglomeration of the primary particles due to hydrogen bending. Fig. 10 schematically represents such
interaction leading to the agglomeration. The difference m morphology between AMSI045 and
AMSi45 might be attributed to more basic level for the latter system, which would lead to ighly
vigorous reaction and higher degree of chances in which the >8i-0” and +H3-R~—Si< should be present
toward each other on the facing surfaces. Yet, detailed understanding of the agglomeration mechanism

Si-0" ** "Hy-R-Si<
Primary B Primary

. oL particles
Si-R-NHj =« O-Si
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should need further study.

CONCLUSION

From one-step sol-gel procedure, two series of silica particles were prepared, i.e., Ca-contzining
silica and amino-modified silica particles, as well as pure silica particles, from the starting solution
systems TEQOS-H»Q-EtOH-CaCl,-NH4OH  for the former silica particles, and from
TEQS-H0-EtOH-APTES for the latter.  The Ca-silica particles were spherical in shape and consisted
of ~ 10 nm primary particles, Their size increased with the amount of CaCly in the precursor
solutions from 400 ~ 500 om for the Ca-free silica particles to 800 ~ 1000 nm for the Ca-silica ones.
The *8i MAS NMR analysis indicated that the NMR intensity of the Si atoms was considerably
reduced due to the cross polarization, and hence calcium ions formed =8i-0 »» Ca®* » "0-$i<, That
bond was considered to bridge the primary particles together, and responsible for the paricle growth.
Analysis of Si{IV) release into saline indicated that the secondary particles were degraded to liberate
the primary particles. The Ca({l[} was released dominantly due to the diffusion controlled mechanism
since a parabolic approximation fitted better the empirical data. The Ca(lt) released from the Ca-silica
particles into SBF promoted the deposition of petal-like apatite crystallites  within one week. Thus,
the Ca-silica particles are applicable to the bioactive fillers for bone regeneration,

In the course of evolving the amino-modified silica panicles, APTES worked not only as a
reactant but also the catalyst which resulted in pH ~ 11. The FE-SEM image revealed that the particles
were spherical in shape less than 500 nm in diameter, consisting of ~ 10 om primary particles. From
the analyses of 2*Si MAS NMR spectrum and FT-IR spectra, >$i-0" (ag) groups and "H;-R~$i< (aq)
groups were presented on the particle surface, and strong hydrogen bonds formed between them was to
promote the agglomeration of the ~ 10 nm primary particles into the secondary particles. Moreover, in
the presence of carbodiimide, bovine serum albumin was covalently fixed on the particle surface. Thus,
the amino-functionalized silica particles have the high potential applications as carriers for enzymes or
DNA.
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