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Abstract: The ability of silica aerogel nanoparticles (SA-Np) to improve the stability of hydroxyapatite
(HA) was investigated. Using the sol-gel method, the HA was incorporated into SA-Np at a weight ratio
of 0.5 of HA to SiO, (HA-SA-Np). The efficacy of HA-SA-Np, SA-Np, and HA on the in vitro
migration of normal human dermal fibroblast cells (HSF1184) was compared. The cell migration was
measured at 0, 6, and 24 hours after scratching using ImageJ and an inverted optical microscope. To
ascertain the resorbability of HA-SA-Np, the phosphate and silicic acid concentrations in media treated
for 2, 5, and 7 days were examined. The high dissolution of HA could be reduced by incorporating the
HA into the silica nanosphere. The HA-SA-Np significantly stimulated cell migration and increased
closure with increasing treatment time. It was caused by the release of silicic acid, which aided in
healing cells. It also demonstrates the ability of HA-SA-Np to be resorbed and eventually increase the
adhesion and migration of normal human fibroblast cells. As a result, the potential application of HA-
SA-Np as an alternative biomaterial was confirmed.
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1. Introduction

Following an injury, several biological processes are involved in restoring the normal
integrity of the skin. Wound healing is critical for restoring the skin’s barrier function. During
this procedure, cells at the wound’s edges multiply and move around, re-epithelializing the
wound surface [1]. The capacity of cells to move allows them to alter their position within
tissues or between organs [2]. Parts of the skin must be replaced after severe burns. However,
the number of skin donors available may be insufficient for routine wound healing. Bioactive
therapeutic delivery, cell therapy, and biomaterial application for skin tissue engineering are
just a few of the many strategies and approaches for improving wound healing [2-4]. On that
note, appropriate biomaterials can be used to regenerate skin cells [4].

According to Ocando et al. [5], the green chemistry approach to biomaterials can be
performed using hydroxyapatite (HA), which has a similar composition to bone. HA is mainly
employed as a bone implant and in periodontal therapy because of its superior bioactivity and
osteoconductivity [6]. However, when compared to other bioactive materials, HA has some
disadvantages. Despite its high biocompatibility and bioactivity, HA is naturally brittle and
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resorbable [3,7]. To maintain results, HA-based fillers must be reinjected annually. However,
this typically results in edema at the injection site [8], limiting the material’s clinical
applicability.

The positive effect of silica on cell growth [9] intrigued researchers’ interest in working
on silica-substituted HA as an advanced bioactive ceramic [10]. Silica has been linked to
improved HA biocompatibility [11]. This released phenomenon positively influences cells due
to silanol groups and silica resorption during treatment [3,9]. The rate of cell apposition into
the bioceramic has greatly increased due to silica’s incorporation into HA [12,13]. Silica-based
biomaterials promote angiogenesis by releasing silicate ions, which increase the expression of
proangiogenic factors [14]. The 3-dimensional silica nonwoven fabrics have promoted cultured
cell growth and tissue formation [15,16]. As a result, a strategy for improving wound healing
in humans can be implemented by using a hydroxyapatite-silica composite, as both materials
have specific functions as biomaterials.

Previous research has shown that the HA-incorporated silica aerogels nanoparticles
(HA-SA-Np) can be synthesized using a sol-gel technique from rice hull ash as the silica
precursor via ambient pressure drying [3,17,18]. During the sol-gel method, HA was added to
the silica gel at appropriate synthesis parameters [3,17,18]. Silica aerogel nanoparticles (SA-
Np) are not cytotoxic to human cells and can increase normal human fibroblast in vitro when
compared to untreated cells (raw cells) in vitro [17]. According to previous findings, the HA
and SA-Np ratios in the HA-SA-Np influenced cell viability (normal human fibroblast and
osteoblast cells). The silica-deficient composite (HA/SIO ratio >1.0) did not affect cell
viability, whereas the silica-rich composite (HA/SIO> ratio 0.05-0.5) did [3,17]. The HA-SA-
Np with the highest cell viability had a HA/SiO ratio of 0.5, which has the best properties of
both HA and silica.

Human dermal fibroblasts are the most common type of skin cell in the dermal layer.
Furthermore, dermal fibroblasts are essential in cell regeneration and wound healing. A
promising biomaterial, HA-SA-Np, was developed to have better mechanical,
biocompatibility, and bio-functionality characteristics [3,17]. As a carrier and cell delivery
vehicle for implants and wound care applications, it was expected that HA-SA-Np production
at the ideal ratio of incorporated HA and SA-Np would be used [11,19]. The effectiveness and
capabilities of HA-SA-Np against typical human dermal fibroblast cells (HSF 1184) were
investigated to confirm these hypotheses. It is critical to investigate further HA-SA-Np’s ability
to promote cell proliferation and migration and its function as a biomaterial for wound healing.
The current study used cell migration assays to examine the effect of treated samples on the
migration and healing ability of normal human fibroblast cells on different days. The cell
migration assay was used because the migration phase is a control event during wound healing.

2. Materials and Methods

2.1. In vitro cell migration study.

According to earlier descriptions [3,17,18], silica aerogel nanoparticles (SA-Np) and
hydroxyapatite (HA) incorporated silica aerogel nanoparticles with a HA/SiO; ratio of 0.5
(HA-SA-Np) were synthesized. The SA-Np and HA-SA-Np were synthesized from rice husk
ash (a silica source) using an aqueous sol-gel ambient pressure drying process. The previous
articles [3,17,18] also contain information on each instrumentation technique. The prepared
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samples (SA-Np, HA-SA-Np, and HA) were tested for cell migration in vitro against normal
human fibroblast cells.

The impact of the sample on the migration and healing capacity of HSF 1184 was
examined using a cell migration test. This test began with rinsing the HA-SA-Np disc (0.1 mm
height, 13 mm diameter) with 1 phosphate buffer solution (PBS) before sterilizing it under a
UV lamp for 30 minutes on each side. After being sterilized, the disc was placed in 1 mL of
complete Dulbecco’s modified Eagle’s medium (DMEM) and incubated for 2, 5, and 7 days.
Following the procedure, the media were filtered and kept at 4°C. In 6-well microtiter plates
with 2.0 mL each well and 1.0 x 10° fibroblast cells per well, the cells were planted and cultured
at 37°C in a 5% CO- environment. After 24 hours of incubation, a tiny point was used to make
an artificial wound gap by scratching the confluent monolayer of cells. The previously treated
medium was added to the cells along with the samples. To obtain the same area during image
acquisition, the outer bottom of each well was marked with an ultrafine tip marker. The marked
site was used as a reference point close to the scratch area. The movement of scratched cells
near the edge towards the gap’s closure determined the ability of samples to stimulate healing.
Within 24 hours, the image was captured at regular intervals [20]. Photos of the plates were
obtained using an inverted optical microscope (Nikon Eclipse TS100) at the precise spot after
0, 6, 12, 18, and 24 hours. Three images were analyzed for each scratched area, and five points
were taken for each sample. Both SA-Np and HA were used in the experiment, and the results
were compared.

ImageJ 1.50i was used to quantify the healing and migration behavior of HSF 1184
cells (National Institute of Health, Bethesda, MD, USA). The total distance from the edge of
the artificial wound toward the centre of the scratch until new cell-cell contacts were used to
calculate the closure area. An untreated cell was used as a control. The following formula [20]
was used to calculate the closure area:

Closure Area (%)

@)

Scratch Areay — Scratch Area;

100; i = 6,12,24 h
Scratch Area, x ! ours

2.2. Phosphate and silicic acid analyses.

The amounts of phosphate and silicic acid in the media after 2, 5, and 7 days of
treatment were used to assess HA-SA-Np’s resorbability. After incubation, the residual media
were analyzed for phosphate and silicic acid. Because these ions are essential components of
the HA and SA-Np frameworks, their presence in the media could suggest that the framework
is dissolving. The concentrations (mg/L) of phosphate ion and silicic acid in the media after
several days of culturing (the liquid component) were determined using Macherey-Nagel
NANOCOLOR® UV-Vis spectrophotometer and Method 1-77 for phosphate, and Method 1-
48 for silicic acid (silica) assay kits. The silicic acid content of the solution was determined
using a reagent kit set with reference number 91848 (silica). A precise 20 mL sample was
pipetted into a volumetric flask with a capacity of 25 mL. After that, 1 mL of R1 (acid
sulphuric, H2SO4, 5-15%) was added, stirred, and set aside for 3 minutes. Then, reagent R2
(10-25 % sodium disulfide, Na>,OsS,) was added and adequately mixed. 1 mL of reagent R3
was added after 1 minute. The blank was made by substituting deionized water for the sample,
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and the reagents were added similarly. The blank and test samples’ volumetric flasks were then
filled to the 25 mL mark with deionized water. After 15 minutes in a 10 mm cuvette at the 690
nm wavelength, measurements were taken with a NANOCOLOR® Vis spectrophotometer.

The process for determining phosphate followed Method 1-77, nanocolor. A reagent kit
set with the reference number 91877 was used for this procedure. A 25 mL volumetric flask
was filled with a pipette of 20 mL of the test sample, and the blank was distilled water.
Following that, 1 mL of R1 reagent (acid sulphuric, H2SO4, 30%) from the kit was added and
thoroughly mixed with the sample and blank. 1 mL R2 reagent (sodium disulfide, Na;OsSo,
25%) was added one at a time, with thorough mixing. The volumetric flasks of the blank and
test samples were then filled to the 25 mL mark with deionized water. To ensure a perfect
mixing, the flask was lightly swirled. After 10 minutes, the mixture was poured into a 10 mm
cuvette and analyzed at a wavelength of 690 nm with a NANOCOLOR® Vis spectrophotometer
(Macherey-Nagel, Germany). The following formula [9] was used to determine the percentage
loss of each element using UV-Vis spectrophotometric data:

% Element s

Mean [E],,q,-1 untreated solution — Mean [E],, ;-1 treated solution 100 ©)
= x

Mean [E]pg;-1 untreated solution

3. Results and Discussion

3.1. Cell migration of SA, HA-SA-Np, and HA.

The migrating behavior of the cells will provide insight into the bio-functionality of
SA-Np and HA-SA-Np as skin-replacement materials, as well as an indicator for cell
adherence, with higher adhesion leading to better proliferation. Figure 1 depicts the migration
and adhesion of scratched HSF1184 cells that were exposed to medium with (a) untreated and
(b) SA, (c) HA-SA-Np, and (d) HA that were treated at 7 days.

Figure 1. Pictures of the HSF 1184 cells migrating after being scratched for 24 hours. The scratched HSF1184
cells were subjected to the medium: (a) untreated, (b) SA, (c) HA-SA-Np, and (d) HA that was treated at 7
days. The exact location of the scratch spot was marked using the mark at the bottom of these images. The

photos were captured using an inverted optical microscope, a scale bar of 500 m, and a magnification of 4/0.13.

After being treated with HA-SA-Np, SA, and free HA samples, the cells moved and
formed cell-to-cell contact, as shown in Figure 1. After 24 hours of scratching, fibroblastic
migration of SA, HA-SA-Np, and HA-treated samples was comparable to the control. The
micrograph revealed that all of the substances were capable of considerably promoting cell
motility. After 24 days of scratching, the migration gap treated with SA and HA was
approximately the same size, but the cell thickness and density differed. HA-treated cells
spread less and only partially covered the regions than SA-treated cells. The cells may require
a longer cultivating time to fill the gap and attain a confluent monolayer stage. Figure 1(c)
showed that the cells treated with HA-SA-Np were evenly distributed and that the scratched
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gap was successfully closed after 24 hours of scratching. After 24 hours of scratching, the
micrograph revealed that the cells were healthy, unharmed, continued to proliferate, became
confluent, and eventually formed a monolayer coverage.

These findings show that the HA-SA-Np can boost normal human dermal fibroblast
cell proliferation and tissue creation. The current results further suggest that successfully
incorporating HA into the SA networks aided cell proliferation and migration. To test the
sample’s resorbable qualities on HSF 1184 cells, the study analyzed the phosphate ion and
silicic acid concentrations (mg/L) in the media. Figure 2 shows the phosphate and silicic acid
concentrations in the medium after 7 days of SA, HA-SA-Np, and HA treatment.
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Figure 2. Concentration (mg/L) of (a) silicic acid and (b) phosphate ion released into media after 7 days treated
with SA, HA-SA-Np, and HA.

The phosphate concentrations in the medium after 7 days of treatment are shown in
Figure 2(a). The highest phosphate content was found in HA, indicating a fast release of
phosphate ions into the medium. In an environment with increased phosphate concentrations,
there is mutual competition amongst cells to interact with phosphate ions. Nonetheless, the
cells’ availability is limited in the early stages of incubation. As a result, the cells consumed a
large number of phosphate ions, affecting cell development and slightly inhibiting the
proliferation of cells treated with HA, as demonstrated by the cell migration test (Figure 1(d))
[21]. Figure 2 also revealed that cells treated with HA-SA-Np consumed an optimal quantity
of phosphate ions in the media, migrated quicker, and closed the gap faster than cells treated
with SA and HA, as indicated in Figure 1(c). This graph also shows that covering HA particles
with the SA network delayed the high phosphate release from free HA [17].

Figure 2(b) depicts the release of silicic acid into the media during 7 days of incubation.
Silicic acid was released from the SA and HA-SA-Np samples; however, it was not found in
the HA sample. Cell migration on the HA-SA-Np and SA was more significant than HA during
early cell growth (Figure 1), indicating that silica plays a vital role in promoting cell growth at
the molecular level [9]. Figure 2(b) further reveals that the concentration of silicic acid released
from SA was somewhat higher than HA-SA-Np after 7 days of treatment. After 24 hours of
scratching, the cell migration was reduced after being treated with SA compared to HA-SA-
Np, as shown in Figure 1. As a result of the extended incubation period (7 days), SA released
a more significant concentration of silicic acid into the media than HA-SA-Np, which
considerably slowed cell development.
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The current findings back up previous research, which found that silica concentration
in the media altered proliferative response [3,9-11]. These findings concluded that an adequate
amount of silica plays a critical function in promoting cell growth at the molecular level during
the early stages of proliferation. Despite the necessity for long culturing days, maintaining vital
cellular processes required an optimal amount of phosphate ion [22]. It also shows that covering
HA with SA networks delayed the high release of phosphate from HA and the high release of
silicic acid from SA, which improved the biocompatibility and bio-functionality of this HA-
SA-Np. These particular needs can be primarily met by producing HA-SA-Np, as demonstrated
in this study.

3.2. Cell migration of HA-SA-Np.

The impact of HA-SA-Np (1 g/mL) on the migration of HSF 1184 cells was further
investigated using a cells migration assay by exposing the cells to HA-SA-Np on various days
(2, 5, and 7 days). HSF 1184 cells migrated microscopically at 0, 6, and 12 hours (Figure 3),
and ImageJ was used to determine their closure rate (Figure 4).

0 Hours 6 Hours 12 Hours 18 Hours 24 Hours

Untreated

treated-2d

treated-5d

treated-7d

S00°ifn- 500 pm ¢

Figure 3. Photos of the HSF 1184 cells migrating at 0, 6, 12, 18, and 24 hours after scratching. The scratched
HSF1184 cells were left untreated and subjected to the medium that had been HA-SA-Np-treated at different
times (2, 5, and 7 days). The identical area of the scratch site was marked using the mark at the bottom of these
images. The photos were captured using an inverted optical microscope with a scale bar of 500 m and a
magnification of 4/0.13.

The fibroblast cells treated with HA-SA-Np had considerably increased cell
proliferation and migration compared to the untreated sample. HA-SA-Np significantly (p
0.001-p 0.0001) increased cell migration after 24 hours of scratching (Figure 4). The closure
area was influenced by the various treatment times, and a direct link with treated time was
observed, as shown in Figure 3.
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Figure 4. (a) The percentage of HSF 1184 cells with closed areas after 0, 6, 12, and 24 hours of scratching. (b)
The percentage of HSF 1184 cells with closed areas following 24 hours of scratching. Data are shown as the
mean and standard deviation (SD) of three separate studies. Using one-way ANOVA, the following
comparisons with other samples have **P 0.01, ***P 0.001, and ****P 0.0001.

The treatment with treated-2ys (media treated with HA-SA-Np for 2 days) resulted in
the closure of an estimated 17 percent of the scratched region 6 hours after scratching. The
closure area grew to 24 percent when the treatment duration was increased from 5 to 7 days,
and it was the highest when the scratched cells consumed the media treated-7dys (Figure 4).
HA-SA-Np significantly (p 0.001-p 0.0001) increased cell migration after 24 hours of
scratching (Figure 4). The treated-5dys and treated-7dys media, treated with HA-SA-Np for 5
and 7 days, respectively, had a considerably (p 0.0001) greater migration rate with 100 percent
closure than the untreated media. As a result, this finding revealed that releasing silicic acid
(silica) from HA-SA-Np was critical in stimulating the healing and migration of human dermal

fibroblast cells.
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Figure 5. The percentage of silicic acid lost in the media and the amount (mg/L) of silicic acid released into the
culturing media following 24 hours of treatment with media-treated HA-SA-Np, at different treating days (2, 5,
and 7 days).
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Figure 5 depicts how HA-SA-Np’s physicochemical properties and resorbability
impact the HSF 1184. It was done by determining the amounts of silicic acid (mg/L) released
into the media while HSF 1184 cells were present, as well as the percentage of silicic acid lost
after 24 hours of incubation. Figure 5 shows the amount of silicic acid released into the medium
(mg/L) and its percentage loss following 24 hours of exposure to HA-SA-Np on various
treatment days (2, 5, and 7 days).

Figure 5 depicts the release of silicic acid from the HA-SA-Np, with the concentration
increasing as the number of days of extraction rose. After a 24-hour incubation period, the
percentage of silicic acid lost increased with increasing HA-SA-Np treatment days. Compared
to treated-2dys and treated-5dys, almost 95 percent of silicic acid was lost in the media after
treatment with treated-7dys. It could be attributable to the silica uptake by the cells [23,24].

On various days, cell proliferation and migration were significantly higher in HA-SA-
Nps-treated fibroblast cells than in untreated cells (Figures 3 and 4). These findings confirmed
the effect of silicic acid on the observed percentage of cell closure. Furthermore, the results
demonstrate that the silicic acid (silica) produced by HA-SA-Np plays an essential role in
initiating and enhancing human dermal fibroblast cell repair and migration (Figure 5). The
increased proliferation and migration of fibroblast cells suggest that silicic acid’s ionic
dissolution products boost fibroblast cells’ biological response and growth [25].

4. Conclusions

The hydroxyapatite-incorporated silica aerogel nanoparticles (HA-SA-Np) stimulate
cell growth, facilitate cell adhesion and dissemination, and improve cell healing and migration
in this study. A weight ratio of 0.5 HA/SiO> appears to be advantageous for cell growth, and
the findings further highlight the need to utilize an adequate HA/SiO weight ratio to enhance
fibroblastic development. The results show that the HA-SA-Np stimulates fibroblastic growth
and enhances the adhesion, proliferation, and migration of normal human fibroblast cells by
concurrently resorbing and releasing an acceptable quantity of silica. As a result, HA-SA-Np
can be used by a normal human dermal fibroblast cell as a biocompatible and bio-inductive
substance (HSF1184). Additionally, the sol-gel ambient pressure dried HA-SA-Np, generated
from rice husk ash, can be used as a carrier and cell delivery vehicle to enhance implant and
wound care applications.
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