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Abstract—Silane coupling agents are widely used as molecular bridges between inorganic minerals and organic mate-
rials to modify surface properties for diverse biomedical applications. In this study, we developed hydroxyapatite
(HAp)-based scaffolds by fabricating the surface of HAp pellets with silane coupling agents containing methacrylate,
amine, and carboxylic acid functional groups to improve their mechanical properties for use as biodegradable fillers in
dental and bone regeneration applications. Surface coating with carboxylic acid-functionalized silane exhibited a sub-
stantially enhanced mechanical strength of up to 30 MPa, which possibly resulted from the stable configuration of
interfacial bonding via electrostatic attractive interaction in the a-planes of the HAp pellets. Furthermore, the function-
alized silane-coated HAp scaffolds displayed excellent biocompatibility, which suggests that they could be utilized as

bone filler composites for bone tissue engineering.
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INTRODUCTION

Calcium phosphate-based bioceramics are commonly used in
dental and orthopedic reconstruction because of their excellent bio-
compatibility; bioactivity, and osteoconductivity [1-3]. Among sev-
eral bioceramics, hydroxyapatite (HAp) is mainly found in bone
and teeth minerals and therefore has been considered an excellent
candidate for bone graft and regeneration [4-6]. Furthermore, HAp
has been used as a biodegradable filler in dental resin composites
because it possesses physicochemical properties similar to those of
human dental tissues. It is also viscoelastic and highly resistant to
moisture [7,8]. Several attempts have been made to develop HAp
composite materials with synthetic or natural polymers, including
polycaprolactone (PCL), polymethylmethacrylate (PMMA), poly(lac-
tic-co-glycolic acid) (PLGA), and collagen, to improve the mechani-
cal strength and bioactivity of HAp fillers in bone and dental ap-
plications [9-13]. In particular, interfacial bonding between the poly-
meric matrix and inorganic HAp filler is a pivotal factor that deter-
mines the mechanical and physicochemical properties of HAp
composites. Therefore, several studies have proposed to modify the
surface properties of HAp using coupling agents to enhance the
interfacial compatibility of HAp composite scaffold [14-17].

Silanes are coupling agents containing functional groups capa-
ble of bonding with both organic and inorganic materials. They are
widely used as molecular bridges between organic polymers and
inorganic minerals to improve mechanical strength and modify sur-
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face properties [18,19]. Recent studies have reported that silane coat-
ings on the surfaces of biomaterial scaffolds can enhance interfacial
adhesion, bioactivity, cell adhesion, and protein immobilization
[20-24]. Thus, silane has been widely utilized in biomaterial engi-
neering applications, including bone grafts, dental implants, and
biosensors.

In this study, we developed HAp scaffolds coated with silane cou-
pling reagents containing methacrylate, amine, and carboxylic acid
functional groups to improve the mechanical properties of HAp
through increasing the interfacial interactions between HAp pel-
lets. The results demonstrated that the functionalized silane-coated
HAp pellets exhibited substantially enhanced mechanical strength
of the scaffold with no obvious signs of cellular toxicity; thereby,
they could be potential bone filler composites for bone regenera-
tion and tissue engineering.

MATERIALS AND METHODS

1. Materials

3-Methacryloxypropyltrimethoxysilane (3MPS) and 3-aminopro-
pyltrimethoxysilane (APTMS) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Carboxyethylsilanetriol sodium salt (CES)
was obtained from Biosynth Carbosynth Ltd. (Staad, Switzerland).
HAp pellets were purchased from Sigma-Aldrich and used with-
out further purification.

To prepare sintered HAp (sHAp) pellets, HAp pellets were poured
into a 20-mm diameter cylindrical mold and pressed at 10 MPa for
5s. The resultant HAp disks were then sintered at atmospheric
pressure at 1,200 °C for 1h in an electric tube furnace (Ajeon Heat-
ing Industrial Co. Ltd., Seoul, Korea). Next, sHAp pellets were pre-
pared through pulverizing the sHAp disks with a motor and then
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collecting them using a 200 pm standard test sieve. Our previous
study showed a uniform size distribution of sHAp pellets with no
agglomerates larger than 4 pm [6].
2. Fabrication of the Functionalized Silane-coated HAp and
sHAp Scaffolds

The silane coupling agents, 3MPS, APTMS, and CES, were pre-
activated in 1 mM of HCl for 30 min and then mixed with HAp
or sHAp pellets in distilled water for 1 min. The mixture was poured
into a cylindrical mold (7 mm diameterx25 mm height) and then
compressed using a manual hydraulic press (J-1, Asone, Osaka,
Japan) at 60 MPa for 30s to form silane-coated HAp or sHAp scaf-
folds. The HAp and sHAP scaffolds were then removed from the
mold and dried at 60 °C for 1 d before further analysis.
3. Compressive Strength of the Functionalized Silane-coated
HAp and sHAp Scaffolds

The compressive strengths of the non- and silane-coated HAp
and sHAp scaffolds were directly measured using the Instron univer-
sal testing machine (Instron, Norwood, MA, USA) with a 5,000 N
load cell. The sample scaffolds were horizontally placed in the com-
pression test fixture, and a load was applied at a constant rate of 10
mm/min. Each measurement was repeated at least five times and
the average for a given sample was determined.
4. Fourier-transform Infrared (FTIR) Spectroscopy Analysis

FTIR spectra of non- and silane-coated HAp and sHAp scaf-
folds were obtained using the Spectrum 100 FTIR spectrometer
(PerkinFlmer, Waltham, MA, USA) over a scan range of 600-4,000
cm™ ' at an operating spectral resolution of 1.0 cm ™.
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5. Scanning Electron Microscope (SEM) and Energy Disper-
sive X-ray Spectrometry (EDX) Analysis

For the surface morphological analysis of non- and silane-coated
HAp and sHAp scaffolds, the sample scaffolds were mounted on
the conductive carbon sheet of an SEM specimen holder, sputter-
coated using the E-1030 coater (Hitachi, Tokyo, Japan) equipped with
a platinum target and then viewed using the S-4200 SEM (Hitachi).

EDX analysis was performed using the EMAX spectrometer
(Horiba, Kyoto, Japan) to analyze the elemental composition of the
functionalized silane-coated scaffolds.
6. In vitro Cell Viability Assay

The in vitro cell viability of non- and silane-coated HAp and
sHAp scaffold was quantitatively determined using the Cell Count-
ing Kit-8 (CCK-8, Dojindo, Japan) with NIH-3T3 cells main-
tained in a 5% CO, environment in Dulbeccos modified Eagle’s
medium (DMEM; Hyclone, Logan, UT, USA) supplemented with
10% (v/v) fetal bovine serum (Hyclone) and 1% (v/v) streptomy-
cin (Hyclone). Following the ISO 10993-5 in vitro cell viability evalua-
tion, the sample scaffold extracts were prepared through incubating
the scaffold in a cell culture medium at 37 °C for 24 h. Cells were
seeded overnight in a 96-well culture plate, and the medium was
replaced with a culture medium containing 5 mg/mL of sample
scaffold extracts. Cell viability was determined after 72 h of culture
via the CCK-8 assay, and the results were normalized against those
of cells maintained in a blank culture medium. Each measurement
was repeated at least three times and the average for a given sam-
ple was determined. Live-dead cells were imaged using a live/dead

surface

Fig. 1. Schematic illustration of the fabrication of functionalized silane-coated HAp scaffolds.
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viability/cytotoxicity kit (Invitrogen, Waltham, MA, USA) and a
fluorescence microscope (BX60; Olympus, Tokyo, Japan).

RESULTS AND DISCUSSION

1. Fabrication of the Functionalized Silane-coated HAp and
sHAp Scaffolds

To prepare the functionalized silane-coated HAp pellets, silane
coupling reagents containing methacrylate (3MPS), amine (APTMS),
and carboxylic acid (CES) functional groups were activated in 1 mM
HCI for 30 min. The HAp pellets were then incubated with the
activated silane coupling agents for 1 min. The resultant HAp pel-
lets were placed into a cylindrical mold and compressed to fabri-
cate functionalized silane-coated HAp scaffolds designated as HAp-
3MPS, HAp-APTMS, and HAp-CES (Fig. 1). The sHAp pellets were
prepared through the conventional sintering process, which is widely
employed to improve the mechanical strength of HAp by increas-
ing its densification. To prepare functionalized silane-coated sHAp
scaffolds, sHAp pellets were incubated with silane coupling reagents,
3MPS, APTMS, and CES, and the resultant sHAp pellets were then
placed into the mold and compressed to fabricate sHAp scaffolds
designated as sHAp-3MPS, sHAp-APTMS, and sHAp-CES, respec-
tively.
2. Mechanical Properties of the Functionalized Silane-coated
HAp and sHAp Scaffolds

HAp has a hexagonal rod-like shape elongated along the c-axis,

and the corresponding a- and c-planes differ in their orientation
and ion compositions [25-27]. The a-planes are rich in calcium ions
(Ca™), which leads to a positively charged surface, whereas the c-
planes are negatively charged, as they are rich in phosphorus (PO;")
and hydroxide (OH") ions [28-30]. Furthermore, the agglomera-
tion of HAp pellets is mainly initiated by the electrostatic attractive
interactions between the oppositely charged Hap surfaces. There-
fore, the configuration of the interfacial interaction between HAp
pellets during agglomeration significantly affects the mechanical prop-
erties of HAp scaffolds.

To examine the mechanical properties of the functionalized silane-
coated scaffolds, the stress-strain curve was obtained for the scaf-
folds using an Instron universal testing machine (Fig. 2(a)), and
Youngs modulus and compressive strength of the scaffolds were
determined (Fig. 2(b) to 2(d)). The result indicated that the com-
pressive strength of the noncoated HAp scaffold was approximately
19.3 MPa, whereas the HAp-3MPS scaffold exhibited slightly lower
mechanical strength, which implies that the surface coating of HAp
pellets with methacrylate-functionalized silanes possibly caused the
reduced charge attraction between HAp pellets (Fig. 2(c)). Simi-
larly, no notable changes were observed in the compressive strength
of the HAp-APTMS scaffold, which suggests that the surface coat-
ing of HAp pellets with amine groups did not significantly improve
the electrostatic attractive interaction between HAp pellets. How-
ever, the HAp-CES scaffold exhibited a gradual increase in com-
pressive strength of up to 30.8 MPa as the concentration of the silane
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Fig. 2. Mechanical properties of the functionalized silane-coated scaffolds. (a) Stress-strain curve of the silane-coated HAp and sHAp scaf-
folds. Evaluation of Young’s modulus (b) and compressive strength of functionalized silane-coated HAp (c) and sHAp (d) (n>5). Error
bars represent the standard error of the mean; *p<0.05; **p<0.01.
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coupling reagent with CES increased. The substantially enhanced
mechanical strength of the HAp-CES scaffold can be attributed to
the increased interfacial bonding between the negatively charged
surface in the a-planes of the CES-coated HAp pellet and the posi-
tively charged surface in the a-planes of the Ca**-rich HAp pellet,
which is a relatively stable configuration for the agglomeration of
HAp pellets.

The noncoated sHAp scaftold exhibited significantly reduced com-
pressive strength, which was possibly due to the hydrophobic fea-
tures of the sHAp obtained after the sintering process, resulting in
weak interfacial bonding strength between the sHAp pellets in hydro-
philic environments (Fig. 2(d)). The surface coating of sHAp with
3MPS did not affect its mechanical properties, whereas improved
compressive properties were observed in the sHAp-APTMS scaf-
fold as the concentration of silane coupling reagents increased. Fur-
thermore, the sHAp scaffold coated with CES exhibited remarkably
enhanced mechanical strength of up to 30 MPa. These results sug-
gest that surface coating of HAp and sHAp pellets with CES sig-
nificantly improves the compressive strength of the scaffolds owing
to the increased interfacial bonding between the pellets.

3. Characterization of the Functionalized Silane-coated sHAp
Scaffolds

The functionalized silane-coated scaffolds were further charac-
terized via FTIR spectroscopy. FTIR spectra of noncoated HAp
and sHAp and silane-coated sHAp scaffolds were obtained over a
scan range of 600-4,000 cm™" at an operating spectral resolution of
1.0cm™' (Fig. 3). FTIR analysis of the HAp scaffold showed char-
acteristic peaks of PO; at 562 cm™, 601 cm ™, and 1,000-1,100 cm™*
and the O-H vibration modes at 634 cm™" and 3,430 cm ™', whereas
the weak adsorbed water bands were observed at 1,628 cm™' and
634cm™" and disappeared in the sHAp scaffold. The functional-
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Fig. 3. Fourier-transform infrared spectroscopy (FTIR) analysis of
noncoated HAp and sHAp and functionalized silane-coated
sHAp scaffolds.

ized silane coating resulted in the characteristic peaks of the car-
bonyl, N-H, and carboxylate group stretching vibrations at 1,720
cm™ for the sHAp-3MPS, 1,637 cm™ for sHAp-APTMS, and 1,568
cm™' for sSHAp-CES scaffolds, respectively. These results confirmed
that surface modification with functionalized silane could prop-
erly introduce functional groups to the sHAp pellets and scaffolds.

To further assess the surface modification of the scaffolds with
functionalized silane, the elemental composition of the scaffolds was
analyzed via EDX spectrometry. The EDX spectra of the sHAp-
APTMS scaffold showed the characteristic peaks of Si and C,
whereas those of the sHAp-CES scaffold showed the characteris-
tic peaks of Si, Na, and C, which imply the presence of a function-
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Fig. 4. Energy dispersive X-ray spectrometry (EDX) of sHAp-APTMS and sHAp-CES scaffolds.
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alized silane coating on the scaffold surface (Fig. 4).

In addition, the surface morphology and densification of the
scaffolds were examined using SEM. Morphological analysis of
noncoated HAp and sHAp scaffolds showed that the relative sur-
face densification decreased in the sHAp scaffold, owing to the
reduced particle agglomeration of hydrophobic sHAp pellets (Fig.
5, top). Silane coating of sHAp with 3MPS had a minimal effect

S.8kV X3.00K 10.0rm

on the surface morphology, whereas coating with APTMS and CES
substantially increased the interfacial bonding between the sHAp
pellets, which resulted in dense structures at the surface of the scaf-
folds (Fig. 5, bottom). Overall, these results indicate that silane coat-
ing with CES could remarkably improve the mechanical properties
of sHAp scaffolds through enhancing intermolecular interactions
between sHAp pellets.

Fig. 5. Scanning electron microscopy images of the surface of noncoated HAp and sHAp and functionalized silane-coated sHAp scaffolds.
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Fig. 6. Effects of functionalized silane-coated sHAp scaffolds on cell viability. The cell viability of noncoated HAp and sHAp and functional-
ized silane-coated sHAp scaffolds based on the CCK-8 assay results after 72 h incubation of NIH-3T3 cells with the corresponding
scaffold extracts (a) (n>3) and live-dead fluorescent images (b) (scale bar, 200 pm).
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4. Effects of Functionalized Silane-coated sHAp Scaffolds on
Cell Viability

To further evaluate the cell viability of the noncoated HAp and
sHAp and silane-coated sHAp scaffolds, cell viability was quantita-
tively assessed via the CCK-8 assay in mouse fibroblast NIH-3T3
cells. To prepare scaffold extracts, the scaffolds were incubated in a
cell culture medium at 37 °C for 24 h. Next, NIH-3T3 cells seeded
in the culture plate overnight were cultured for 72 h in the culture
medium containing 5 mg/mL of the scaffold extract. The cell via-
bility was then measured using the CCK-8 assay kit and compared
with positive and negative controls. The results show that more than
95% of the cells were viable compared with cells cultured in a blank
culture medium, which indicates the absence of notable cytotoxic
effect on the silane-coated sHAp scaffolds (Fig. 6(a)). The results
were further confirmed by visualizing viable cells in calcein-ace-
toxymethyl-based live-dead assay (Fig. 6(b)), thereby demonstrat-
ing the excellent biocompatibility of the functionalized silane-coated
sHAp scaffolds.

CONCLUSION

We fabricated HAp-based scaffolds coated with a silane contain-
ing methacrylate (3MPS), amine (APTMS), and carboxylic acid
(CES) functional groups and compared their mechanical proper-
ties and cytocompatibilities. Surface coating of HAp and sHAp with
CES-functionalized silane exhibited substantially improved mechan-
ical strength, which could be attributed to increased interfacial
bonding via electrostatic attractive interaction in the a-planes of the
pellets. These results suggest that the stable configuration for particle
agglomeration provides mechanical support to the scaffold. Fur-
thermore, the functionalized silane-coated sHAp scaffolds showed
excellent biocompatibility, thereby showing great potential as bone
filler composites for bone regeneration applications.
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