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INTRODUCTION

Wound healing is essential for the restoration of the skin. During
this process, cells at the wound edges proliferate and migrate, leading
to re-epithelialization of the wound surface (Justus et al. 2013). The
ability of the cells to migrate allows them to change their position
within tissues or between different organs (Yue et al. 2010). However,
one of the major challenges in maxillofacial surgeries is slow cell
regeneration in chronic wounds that caused by pathological or
traumatic conditions (Fu et al. 2011). This chronic wound is typically
difficult to heal naturally (Mastrogiacomo et al. 2005) which can
cause the damage of tissue if too long in inflammatory phase (Perumal
et al. 2014). Although inflammation is a necessary part of the normal
healing process but the presence of macrophage on wound bed can
prevent the subsequent proliferative phase. Hence, tissue engineering
has emerged with a focus to develop alternative biomaterial that can
replace the conventional wound dressings such as bandages, cotton
wool and gauzes which passively provide wound recovery (Bohner
2010, Dutta et al. 2015).

Hydroxyapatite (HA) has been widely developed during the past
few decades due to its biocompatibility and excellent stability in
human body (Hench 1991, Salinas and Vallet-Regi 2013). HA is a
major mineral component in natural bone and because of that, it has
an excellent biocompatibility (Orlovskii et al. 2002). Recently, HA
has been used as a semi-permanent filler in non-surgical options for
treating wrinkles and textural changes in skin rejuvenation.(Buck et
al. 2009, Kuhne and Imhof 2012). The best known brand of cosmetic
fillers based on HA are Radiesse, which consists of small HA
microspheres (particles) suspended in a gel-like solution and
KaliLight, the functionalized hydroxyapatite (Jacovella 2008, Srl
2017). The most common uses of HA-based cosmetic fillers are
moderate-to-deep wrinkles, facial folds, loss of facial fat (lipoatrophy)
and similar problems (Buck et al. 2009, Funt and Pavicic 2013). HA
has a capability of providing an optimum environment around the
wound and delivering active ingredients or directly interacting with
cells in the local wound environment to facilitate wound healing
(Kawai et al. 2011). It can induce the generation of new cells and
support cell growth which leads to the decrease of fine line and deep
wrinkles volume (Jacovella 2008). However, HA shows some
drawbacks when compared with other bioactive materials. Although
HA has high biocompatibility and bioactivity, it is inherently brittle
and its resorbability are poor (Rahaman et al. 2011, Dutta et al. 2015).
HA-based fillers actively degraded and have to be re-injected every
year to maintain results beside, swelling at the injection site is
relatively common (Buck et al. 2009). Thus, limit the clinical
application of this material. Various methods such as refining the

microstructure of HA and incorporating reinforcing phases have been
used to improve the biocompatibility of HA (Vallet-Regi and Arcos
2005, Thian et al. 2007, Bohner 2009).

The positive effect of the silica in the cell growth (Henstock et al.
2015) causing interests by the researchers to work on with silica-
substituted HA as advanced bioactive ceramic (Bohner 2009). The
incorporation of silica into HA has been shown to significantly
increased the rate of bone apposition to HA bioceramic implants
(Porter et al. 2003). Silica was reported to be important in enhancing
the biocompatibility of HA (Rivera-Mufioz et al. 2011). It is due to
the existent of silanol groups and resorption of silica during treatment
and cells are positively influenced by this released phenomenon (Li et
al. 1994, Takadama et al. 2001, Nayak et al. 2010). Since the
formation of apatite layer depends on silanol groups on the silica
surface, heat treated silica glass at 900°C that can reduce silanol
groups on its surfaces distorts its resorbability characteristic (Yl&nen
et al. 2000). Hence, the sintering process involved in the synthesis of
conventional silica glass can cause the reduction of silanol groups,
thus lowering its bioactivity (Owens et al. 2016). Therefore, it is
crucial to develop a new class of pure silica gel which its synthesis
route and its properties are compatible with human body. SA is an
emerging silica-based nanomaterial and due to its amorphous
microstructure which consists of nano-sized pores created from linked
particles (He et al. 2015), SA exhibits many desirable and unique
properties in biomedical applications (Cai et al. 2014). Previous
findings reported that the composite SA consists of crosslinked
dialdehyde nanocellulose fibres and collagen, with a porosity of 93%,
water absorption ratio of 3000% and good biocompatibility with
fibroblast cells, making this material suitable for wound dressing
applications (Lu et al. 2014). The good biocompatibility of SA as well
as high level of cell activity and proliferation of human cells indicate
that the SA has the potential to be used as a carrier vehicle for medical
application (Lu et al. 2014).

In this work, HA was encapsulated into silica aerogel (SA)
network via an aqueous sol-gel ambient-pressure drying (APD)
technique. A newly modified aqueous route for the synthesis of
HAESA using RHA as a cheap silicon precursor for the production of
pure silicate solution was developed. The unique solubility behaviour
of amorphous silica enables it to be extracted in pure form from RHA
by simple dissolution technique under alkaline conditions (Listiorini
et al. 1996). Fabrication of HAESA, the unique combination of
encapsulated HA and SA, will extensively elevate the
biocompatibility and biofunctionality of fibroblast cells. Early study
proved that the high release of calcium and phosphate from HA that
could contribute to the alteration of the cell membrane and cell
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apoptosis was delayed by covering the HA particles with fluorapatite
network (Rodriguez-Lorenzo and Gross 2003). Therefore, the
encapsulation route will offer better cell-material interface integrity of
the HAESA (Wang et al. 2015). Thus, enabling the HAESA to be
used as a carrier and cell delivery vehicle, with enhanced performance
such as for wound care application (Lu et al. 2014).

MATERIALS AND METHOD

Synthesis of hydroxyapatite encapsulated silica aerogel

For the preparation of HAESA, HA powder (Sigma, 99%) at 0.5
wt.% ratio of HA/SiO, was immersed in an extracted sodium silicate
(Na,SiO3) solution prepared from the RHA containing 10.24 wt.% of
silica. The specific range of the HA/SIO, ratio that was used in this
experiment was based on known characteristics of the hybrid sample
obtained from literatures, such as their structural stability, toxicity
level and also their availability (Hing et al. 2006, Thian et al. 2007,
Shie et al. 2011). Then, the HAESA gel was prepared by acidifying
the mixture with sufficient amount of concentrated H,SO, (Merck,
97%) in a Teflon beaker. The aqueous gel was then aged at room
temperature for 2 days to allow the formation of the silica framework.
The wet gel was then washed with double-distilled water to remove
excess impurities and the remaining sodium sulphate salt. Water in the
gel was extracted by a solvent extraction technique, using acetone
(Merck). Finally, the HAESA was dried by the APD technique at
40°C, which is close to the boiling point of acetone until a constant
weight was obtained. The bulk sample density was measured from the
dimensions of the sample. The dried powder of HAESA was then
stored in an airtight Teflon bottle at room temperature. SA was also
synthesized by the same method but without HA as a comparison with
the HAESA. The bulk sample density was calculated as follows
(Zhang and Ma 1999):

Bulk sample density (p)

= Mass of dried sample (g)/ Volume of sample (cm ) @

A leaching test was performed for the samples to confirm that all
immersed HA were immobilized in the SA and the recorded cell
bioactivity was due to the encapsulated HA, rather than other species
in the reaction vessel (Sani et al. 2011). The leaching test was carried
out by determining the presence of phosphate ions (mg/L) in the
filtrate and extracted water obtained from the previously prepared gel
using a phosphate analysis kit (NANOCOLOR; Standard Test 1-77;
Macherey-Nagel, Germany).

Sample characterization

The SA, HAESA and HA were characterized by Fourier
transform-infrared (FTIR) spectroscopy (Thermo Scientific Nicolet
iS5 with OMNIC software) using the KBr method. Approximately,
the sample was ground with KBr in a ratio of 1/100 (SA/KBr), using a
mortar and pestle. The mixture was then pressed at 7 tonnes to form a
KBr disk. The disk was put on the sample holder and the FTIR
spectrum of the sample was recorded in the wavenumber range of 350
to 4000 cm™. The phase of each sample was identified using an X-ray
diffraction (XRD) (Bruker; D8 advance, USA) instrument. XRD
pattern was recorded with CuK, radiation at A = 1.5406 A at 40 kV
and 20 mA in the range of 20 = 5° to 55°, with a scanning speed of
0.05° per second. The morphology, size, shape and arrangement of the
particles in sample of the material was observed using field emission-
scanning electron microscopy (FESEM) (JSM 6701F model, JEOL,
USA) at an emission current of 2.00 kV, with a working distance of
3.0 mm and probe current of 8 kV. The elemental analysis of samples
was determined using Energy Dispersive X-Ray (EDX) spectrometer
(model EX-2300 BU, JEOL). The EDX analysis was carried out with
the emission current of 15.0 kV with a working distance of 8.0 mm
and probe current of 14 kV.

Cell viability assay

Cell viability of SA, HAESA and HA against HSF 1184 were
quantified using an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium-bromide] assay (Invitrogen, Thermo Fisher
Scientific, USA). MTT is cleaved in the mitochondria of all living
cells that metabolically active and causes the colourless compound is
known as tetrazolium, changing into a dark purple formazan crystal
product (Freshney 2005). Proliferating cells which are more
metabolically active than non-proliferating cells were actively cleaved
MTT to a dark purple formazan crystal. Thus, the amount of formazan
generated is directly proportional to the number of living cells in a cell
population (Aminian et al. 2011). In this study, the MTT assay of SA,
HAESA and HA were determined by directly contacted the 0.1 mm
height, 13 mm diameter discs of the samples with HSF 1184 for 24
and 48 hours. Prior to the experiment, the samples were rinsed with
1x phosphate buffer saline (PBS) (Gibco) and then sterilized under
UV lamp for 30 minutes, per each side of disc. Then, all samples were
immersed in the complete DMEM solution for 15 minutes. The cells
were seeded (1.0 x 10° cells per well) in 24-well microtitre plates (1.0
ml per well), then incubated at 37°C in a 5% CO, atmosphere for 24
hours. After 24 hours of incubation, each of the sterilized samples was
then placed directly on a confluent monolayer of cells and incubated
for another period of time. After 24 and 48 additional hours of
incubation, all media were removed from the well and were replaced
with 700 pL of fresh complete DMEM. About 70 pL of 5 mg/mL
MTT solution in PBS was added to each well. The plates were
wrapped with aluminium foil as the MTT solution is light-sensitive.
All plates were then incubated for 4 hours at 37°C. After incubation,
150 pL mixtures of the medium and MTT solution were removed
from each well and 350 pL of DMSO was added into each well to
dissolve the purple formazan crystal product. All samples were then
removed from the cell cultures and the absorbance of formazan which
was produced from the MTT was detected at Assg nm USING @ 96-well
plate reader (ELISA Microplate Reader, Epoch, Biotech). The cell
viability was calculated using the following formula (Rismanchian et
al. 2013):

Cell Viability (%)

_ Mean OD of treated cells — Mean OD of blank 100
" Mean 0D of untreated cells — Mean OD of blank x

@)

Cell migration assay

The effect of the sample on the migration and healing ability of
HSF 1184 was investigated by cell migration assay. This test was
initiated by rinsing 0.1 mm height, 13 mm diameter disc of HAESA
with 1x PBS and then, sterilized under UV lamp for 30 minutes per
each side of a disc. Then, the sterilized sample was immersed in 1 mL
of complete DMEM solution for 2, 5 and 7 days. The treated media
was sterilized filter into 15 mL centrifuge tube and stored at 4°C. The
cells were seeded (1.0 x 10° cells per well) in 6-well microtitre plates
(2.0 ml per well) and then, incubated at 37°C in a 5% CO, atmosphere
and grown to confluence for 24 hours. After 24 hours of incubation,
the confluent monolayer of cells was scratched with a 100 L pipette
tip to create an artificial wound gap. The cells were replenished with
the treated media that contain extracted samples (HAESA-extract-
2dys, HAESA-extract-5dys and HAESA-extract-7dys). The images of
the plates were taken at the same location using an inverted optical
microscope (Nikon Eclipse TS100) after 0, 6, 12 and 24 hours. The
healing and migration behaviour of HSF 1184 were quantitatively
evaluated using ImageJ 1.50i (National Institute of Health, Bethesda,
MD, USA). The closure area was calculated using the following
formula (Yue et al. 2010):
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Closure Area (%) ®)
= 1— (Scratch Area; / Scratch Areay) x 100
Statistical analysis

All values represent the mean of three independent experiments.
In each experiment, the data were collected in triplicate for each
sample and were used to calculate the mean. All results are expressed
as the mean * standard deviation (SD). The statistical analysis was
performed using a two-way ANOVA with a Tukey post-hoc test,
GraphPad Prism v.6.01 (GraphPad Software Inc., USA) at the 95%
confidence level, with a p value < 0.05 considered to be of statistical
significance.

RESULTS AND DISCUSSION
Physicochemical properties of
encapsulated silica aerogel

The physicochemical properties of HAESA were determined
using FTIR spectroscopy, XRD, FESEM and EDX. Fig. 1 show
photographs, FTIR spectra and XRD patterns of SA, HAESA and free

HA whereas Fig. 2 show FESEM micrographs and elemental analysis
of major elements of these materials.
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Fig. 1 () Photographs, (II) FTIR spectra and (llI) XRD patterns of (a)
SA, (b) HAESA and (c) free HA on spider plant.

From the observations on the physical appearance of each sample
(Fig. 1 1), it was found that a semi-translucent and sky-blue solid SA
with an average bulk density of 0.0809 + 0.0012 g/cm® was
transformed into a dense and shiny opaque of irregular shaped
HAESA with a bulk sample density of 0.0989 =+ 0.0014 g/cm®
signified the existence of the smooth surface of white-coloured brittle
encapsulated HA. The leaching test confirmed that almost all HA

particles were successfully immobilized in the SA networks of the
synthesized HAESA. FTIR (Fig. 1 Il) analyses confirm that all
fingerprints of SA and HA peaks are preserved after the encapsulation
process thus validates that HA existed in the HAESA and the structure
of the encapsulated HA is well-maintained inside the SA networks.
XRD (Fig. 1 IlI) analysis reveals HA particles were well-dispersed
into SA as the crystalline structure of HA remained even after the
encapsulation process. The structure of the HAESA was not converted
to other phases and there were no impurities in the product after the
encapsulation process.

100 rm e

Fig. 2 TEM micrographs of (a) SA, (b) HAESA and (c) free HA.

TEM (Fig. 2) revealed that SA and HAESA were successfully
synthesized in nano-sized particles in the range of 20 to 50 nm via the
aqueous sol-gel ambient-pressure drying (APD) technique. The
uniform and interconnected pores with homogeneous nano-spherical
particles SA were changed to denser morphology and particle size are
reduced after the encapsulation process. The morphological analysis
also indicates the achievement of the encapsulation process as the
presence of HA molecules in the spherical particles networks of SA.
To sum up, all characterization analyses prove that HA particles were
successfully encapsulated inside the SA networks in the synthesis of
HAESA via aqueous sol-gel APD technique from RHA.

In vitro cell viability analysis

The cell viability assay is a primary biocompatibility test to
evaluate the biological effect of SA on human body tissues (Mohd
Daud et al. 2014, Naghizadeh et al. 2015). The MTT assay was used
to quantify the viability of human dermal fibroblast cells and the
results are presented as the percentage of untreated groups. The
percentage of cell viability of HSF 1184 after 24 and 48 hours of
exposure to SA, free HA and HAESA is shown in Fig. 3.
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Fig. 3 Percentage of cell viability of HSF 1184 after 24 and 48 hours of
exposure to SA, free HA and HAESA. The cell viability was evaluated
using an MTT assay, and the results are presented as the percentage
of the control groups. Data are presented as the mean + standard
deviation (SD) of three independent experiments. *P<0.1, **P <0.01,
***P<0.001 and ****P <0.0001 in comparison with other samples by
two-way ANOVA.
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The two-way ANOVA followed by Tukey post hoc test confirms
that the viability of the cell growing was greater than that of the
control after exposed to SA and HAESA for 24 and 48 hours (Fig. 3).
These results suggest that the SA and HAESA synthesized from RHA
via the aqueous sol-gel APD method was not toxic to normal human
dermal fibroblasts cells and could stimulate the cells proliferation. The
MTT assay also proves that HAESA could significantly stimulate cell
proliferation with an increment of up to 50%, p <0.0001, after 24
hours of exposure. Statistical analyses reveal that the fibroblastic
growth was significantly (p <0.0001) the highest when the cells were
directly contacted to HAESA for both 24 and 48 hours compared to
SA and HA.

In vitro cell migration analysis

The effect of HAESA (1 g/mL) on the migration of HSF 1184
cells was investigated by cells migration assay where it was conducted
by exposing the cells to various extraction days (2, 5 and 7 days) of
HAESA for 24 hours. The migration behaviour of the HSF 1184 cells
were monitored microscopically at 0, 6, 12 and 24 hours after
scratching (Fig. 4 1) and were then quantitatively determined their
closure rate using ImagelJ (Fig. 4 11-111).

_
g = “ o o .1—. I4
i 3 ..‘ ‘\

I 120 - 11
untreated cell
100 1 -0-HAESA-extract-2dys
;@ -0-HAESA-extract-5dys i
E‘; 80 4 -©o-HAESA-extract-7dys g
<
o 60 4 <
5 40 E
20 A
0 T T |
0 6 12 24 untreated cell

HAESA-extract-2dys
E& HAESA-extract-5dys
EH HAESA-extract-7dys

Fig. 4 (I) Images of the migration of HSF 1184 cells after (i) O, (ii) 6, (iii)
12 and (iv) 24 hours scratching. The scratched HSF1184 cells were (a)
untreated and exposed to HAESA extract, at various extraction days
((b) 2, (c) 5 and (d) 7 days). A mark that visualized at the bottom of
these pictures was done to locate the same area of the scratch place.
The images were obtained using an inverted optical microscope,
magnification 4%/0.13 and scale bar of 500 ym. (Il) Percentage of
closure area of HSF 1184 cells after 0, 6, 12 and 24 hours scratching.
(Ill) Percentage of closure area of HSF 1184 cells after 24 hours
scratching. Data are presented as the mean * standard deviation (SD)
of three independent experiments. **P<0.01, ***P<0.001 and
****P <0.0001 in comparison with other samples by one-way ANOVA.

Hours after Scratching

The cell migration was significantly (p < 0.001- p < 0.0001)
stimulated by HAESA after 24 hours of scratching. As depicted in
Fig. 4 1, the closure area was influenced by the different extraction
time, which increases with the increasing days of extraction. At 6

hours after scratching, almost 17% of the scratched area was closed
after treated with HAESA-extract-2dys (sample extracted for 2 days).
Further increase in the extraction time from 5 to 7 days resulted in the
increase of closure area up to 24%, and the closure area was the
highest when HAESA-extract-7dys was consumed by the scratched
cells (Fig. 4 I1). At 24 hours of scratching, all extract HAESAs
significantly (p < 0.001- p < 0.0001) enhance the cell migration (Fig.
4 111) compared to untreated cells. Both HAESA-extract-5dys and
HAESA-extract-7dys, which were extracted for 5 and 7 days,
respectively, led to a significantly (p < 0.0001) higher migration rate
with 100% closure than that of the untreated control. Thus, this result
indicates that silicic acid (silica) that release from HAESA,
significantly play an important role in inducing and promoting human
dermal fibroblast cells healing and migration.

The silicic acid concentrations (mg/L) released into the media in
the presence of HSF 1184 cells and the percentage loss of silicic acid
in media after 24 hours of incubation were determined in order to
study the effect of physicochemical and resorbable properties of
HAESA on the HSF 1184 (Fig. 5). Fig. 5 shows a graph of the
percentage loss of silicic acid in media and concentration (mg/L) of
silicic acid released into media after 24 hours exposed to HAESA
extracts, at various extraction days (2, 5 and 7 days).

100 -
90 -
80 -
70 4
60 -
50 -
40
30 A
20 ~
10 A
0,

HAESA-extract-
2dys

HAESA-extract-
5dys

HAESA-extract-
7dys

%Silicic acid Loss
m [Silicic Acid] (mg/L) Released in Media

Fig. 5 Percentage loss of silicic acid in media and concentration (mg/L)
of silicic acid released into media after 24 hours exposed to HAESA
extracts, at various extraction days (2, 5 and 7 days).

Fig. 5 proves that silicic acid was released from the HAESAs and
its concentration is increased with increase days of extraction. On 24"
hours of incubation, Fig. 5 also shows that the percentage loss of
silicic acid increased with the increasing extraction days of HAESA.
Almost 95% of silicic acid lost in media after treated with HAESA-
extract-7dys compared to HAESA-extract-2dys and HAESA-extract-
5dys. This could be attributable to the uptake of silica by cells
(Quignard et al. 2012, Kalia et al. 2016). Interestingly, cell migration
results (Fig. 4) show the fibroblast cells that were treated with
HAESAs were significantly proliferated and migrated than that of
untreated. Thus, Fig. 5 proves the percentage of cells was found to
depend largely on the concentration of silicic acid. The increase in
fibroblast cell proliferation and migration suggest that the ionic
dissolution products containing silicic acid actively stimulating a
biological response in fibroblast cells and benefit fibroblast cell
growth (Shie et al. 2011).

In this work, results have shown that the hydroxyapatite
encapsulated silica aerogel (HAESA) from RHA, which was prepared
via the aqueous sol-gel APD method, has no toxic potential and
compatible to human dermal fibroblast cells, HSF 1184. It stimulates
cells growth, spreading and enhance the cell healing and migration.
Results validate that the HAESA simultaneously resorbed and the
appropriate amount of released silica stimulate the fibroblastic growth
and enhance migration activity of normal human fibroblasts cells.
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CONCLUSION

Hydroxyapatite encapsulated silica aerogel (HAESA) was
successfully synthesized from rice husk ash (RHA) via a sol-gel
ambient-pressure drying (APD) method. HAESA has the ability in
becoming a biocompatible and bio-inductive material to a normal
human dermal fibroblast cells (HSF1184). The cell migration
significantly stimulated by HAESA after 24 hours of scratching and
the closure area was influenced by the different extraction time, which
increases with the increasing extraction time. At 24 hours of
scratching, all extract HAESA significantly enhance cell migration
with 100% closure compared to the untreated control. The amount of
silicic acid (silica) released from HAESA significantly play an
important role in inducing and promoting human dermal fibroblast
cells healing and migration. It was simultaneously resorbed in media
and alteration the HA surfaces by encapsulating it inside the SA
networks, consequently stimulating cell proliferation of the human
dermal fibroblast cells. Thus, enabling the HAESA synthesized from
RHA via the sol-gel APD technique to be used as a carrier and cell
delivery vehicle, with enhanced performance such as for implant and
wound care applications.
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