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Abstract
Silica nanostructures were fabricated from Pennisetum glaucum (pearl millet) seed husk by acid-pretreatment and
calcination. The fabricated silica nanostructure (SN) functional groups, crystalline nature, surface morphology, and particle
size were analyzed by Fourier transform infrared spectroscopy, X-ray diffraction, scanning electron microscopy, and
transmission electron microscopy, respectively. Additionally, the cytocompatibility of SNs was analyzed on human
mesenchymal stem cells (hMSCs) in an MTT assay, propidium iodine (PI) staining, and acridine orange/ethidium bromide
(AO/EB) staining. We observed peaks at 1090 and 800 cm−1, which were assigned to symmetric, asymmetric, and bending
vibrations of O–Si–O. The SNs showed an amorphous nature with a spherical shape and were 20–60 nm in diameter. The
MTT assay results indicated that SNs exhibited cytocompatibility in hMSCs. The PI staining and AO/EB staining results
suggested that SNs do not affect nuclear morphology at up to 400 μg/mL. Furthermore, SNs effect on osteogenic
differentiation in hMSCs was studied. These results indicate that SNs induced osteogenic differentiation in hMSCs by
upregulation of ALP, BSP, ON and RUNX2 genes. Our process could valorize the Pennisetum glaucum agricultural residues
to high value products for bone tissue engineering applications.

Graphical Abstract

1 Introduction

Nanoscience and technology progress has resulted in
revolutionary advancements in different sectors using
nanostructured materials with extraordinary optical, elec-
trical, catalytic, magnetic, anti-microbial, anti-oxidant, and
anti-cancer properties [1–3]. Nanostructured materials
(NMs) are the building blocks of nano-systems, and NM
synthesis is a major research field in nanoscience and
technology. Various types of NMs have been fabricated
using different approaches [4–6]. Among NMs, silica
nanostructures have been applied for various purposes.
Silica (SiO2) is the second most abundant material in the
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biosphere, which has been widely examined in the research
and development fields of different industries because of
their high availability and cost-effectiveness. Silica has
widely used in various applications such as electronics,
gene delivery, drug delivery, ceramics, thin film substrates,
scaffolds, sensors, bio-imaging, catalyst, food packaging,
and solar cells [7–11]. Several methods have been used to
prepare silica nanoparticles (SNPs), including reverse
microemulsion, surfactant template method, sonochemical,
sol-gel process, vapor-phase reaction, flame synthesis, and
thermal decomposition [10, 12, 13]. On the large-scale, SNs
are synthesized using sodium silicate as a precursor. The
sodium silicate is prepared by smelting quartz sand in the
presence of sodium carbonate at 1300 °C, which requires a
large amount of energy [14]. However, these synthetic
methods are costly and time-consuming and use hazardous
chemicals, limiting their applicability.

The synthesis of NMs from agricultural residues can be
applied as a sustainable methodology that can reduce
environmental contamination and increase the value of
agricultural residues. Silica accumulates in many plant
systems (stem, leaves, and root) in a solid form and pro-
vides mechanical strength as well as resistant against fungal
diseases [15]. Silica phytoliths in the plant epidermal cell
wall have different morphologies such as bowls, saddles,
dumbbells, boats, and shark sword [15]. The silica content
of plant biomass varies, with a high content found in
monocots (Cyperaceae family, Commelinaceae family, and
Poaceae family) and fern (Equisetaceae family) [16]. Thus,
silicified plant biomass may act as a biogenic silica pre-
cursor. Interestingly, silica nanostructures derived from
plant biomasses have received great attention because their
precursors are readily available and because of their sus-
tainability, renewability, and cost-effectiveness [1–3, 15,
17, 18]. Additionally, several plant biomass-based agri-
cultural residues have been utilized as precursors for silica
nanostructure fabrication; these plant biomasses include rice
husk, rice straw, corn cob, wheat straw, wheat husk, bam-
boo leaves, sugarcane bagasse, and sorghum bagasse [1–3,
17–23]. Pennisetum glaucum (pearl millet) belongs to the
Poaceae family, which grows widely on the Africa and Asia
continents. Because of the production of pearl millet, very
large amounts of pearl millet agricultural residues are gen-
erated. However, pearl millet seed husk usage is very low
because of its adverse properties including high ash content,
degradation resistance and low nutritive value. The large
quantity of the residues are not utilizing properly, which are
burning in open air that result emission of greenhouse gases
that leads environmental pollution. In this study, we ana-
lyzed the applications of agricultural byproducts and
reduction of environmental pollution caused by their dis-
posal. We used pearl millet agricultural residues as a

sustainable resource for silica nanostructure (SN) fabrica-
tion for various biomedical applications.

2 Materials and methods

2.1 Materials

Pennisetum glaucum seed husk was collected from a local
market in Riyadh, Kingdom of Saudi Arabia. Hydrochloric
acid was purchased from Merck (Kenilworth, NJ, USA).
Dulbecco’s modified eagle medium, MTT (3-(4,5-dime-
thylthiazol-2-yl)−2,5-diphenyltetrazolium bromide), propi-
dium iodide, acridine orange, and ethidium bromide were
obtained from Thermo Fisher Scientific (Waltham, MA,
USA).

2.2 Synthesis of silica nanostructures

Approximately 10 g of P. glaucum seed husk was mixed
with 200 mL of 0.1 M hydrochloric acid and incubated at
120 °C for 2 h under 15 lbs pressure using an autoclave.
After acid pretreatment, the P. glaucum seed husk residues
were washed with distilled water until HCl was completely
removed. The obtained residues were calcinated at different
temperatures (500 °C, 600 °C, and 700 °C) for 1 h using
muffle furnace. The acid pretreated seed husk containing
organic substances were removed by thermal decomposi-
tion. After calcination of the residues, we obtained clear
white silica nanostructures powder, which was subjected to
characterization.

2.3 Characterization

The functional group of the P. glaucum seed husk and
derived SNs were analyzed by Fourier transformation
infrared (FTIR) spectroscopy (Nicolette Nexus 470, USA).
An X-ray diffractometer (Cu Kα radiation= 1.5406 Å) was
used to investigate the crystalline properties of the prepared
SNs. The shape and size of the prepared SNs were inves-
tigated by scanning electron microscopy (SEM) and trans-
mission electron microscopy (2010F, Jeol, Tokyo, Japan).
For transmission electron microscopy (TEM) analysis, the
sample was dispersed in ethanol and coated on carbon-
coated copper grids.

2.4 Cell viability assay

Human bone marrow derived human mesenchymal stem
cells were obtained as a gift from Stem cell unit (College of
medicine, King Saud University, Riyadh, Kingdom of
Saudi Arabia). The human mesenchymal stem cells were
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used as an in vitro model for cytocompatibility analysis.
The cells were grown in T-25 flasks using Dulbecco’s
modified eagle medium supplemented with 10% fetal
bovine serum and 1% antibiotics at 37 °C under 5% CO2.
The effect of prepared SNs on cell viability of hMSCs was
assessed in MTT assay [24]. Approximately 10,000 cells
per well were plated in 96-well pates and incubated in a
CO2 incubator. The SNs were dispersed in cell culture
media and used for all in vitro assays. After overnight
incubation, the cells were exposed to SNs with different
concentrations (0, 25, 50, 100, 200, and 400 μg/mL) for 24
and 48 h. After incubation, 20 μL of 5 mg/mL MTT
was added to each well. The plate was kept in dark for 6 h at
37 °C. The plate was read using a Bio-Rad microplate
reader (Hercules, CA, USA) at 570 nm (measurement filter)
and 630 nm (reference filter). The obtained data was used to
calculate the percentage of cell viability with the following
formula:

Cell viability ð%Þ ¼
Mean OD of untreated cells ðcontrolÞ � Mean OD of treated cells

Mean OD of untreated cells ðcontrolÞ � 100

2.5 PI staining

The hMSCs was seeded at a density of 50,000 cells per well
in a 24-well plate. After overnight incubation, the cells were
treated with different doses of SNs for 24 and 48 h. After
incubation, the cells were fixed with ice cold 70% ethanol
and stained with PI for 15 min. The cells were washed with
phosphate-buffered saline and examined under a fluores-
cence microscope.

2.6 AO/EB staining

The hMSCs was seeded at a density of 50,000 cells per well
in a 24-well plate. After overnight incubation, the cells were
treated with different doses of SNs for 24 and 48 h. After
incubation, the cells were stained with AO/EB (Acridine
orange/Ethidium bromide) dual stain for 5 min. After
staining, the cells were examined under a fluorescence
microscope.

2.7 Osteogenic induction

The osteoblast differentiation of hMSCs in the presence of
SNs was analyzed using alizarin red S staining. The 1 × 104

cells per well was seeded in 24 well plates. After 24 h incu-
bation, the cells were growing in osteogenic differentiation
media with different concentration of SNs (0, 12.5, 25, 50,
100, 200 µg/mL). Every 3 days osteoblast differentiation
media was replaced and the cells were treated with SNs. After

14 days incubation, the mineralized nodules were observed
using alizarin red S staining. The cell culture medium was
removed and washed with cold-PBS. Then, the cells were
fixed with 70% cold-ethanol at room temperature and cells
were washed with distilled water. After the cell fixation, cells
were stained with alizarin red S (40mM) for 15 min at room
temperature. After incubation, cells were washed with dis-
tilled water for thrice. Consequently, mineralized nodules
were observed by naked eye and bright-field microscope.

2.8 Quantitative real-time PCR analysis of gene
expression

The SNs effect on gene expression of hMSCs was studied
using reverse transcription PCR (RT-PCR; Applied Bio-
systems 7500 Fast, Foster City, CA) using a real-time
SYBR Green/ROX gene expression assay kit from QIA-
GEN (Hilden, Germany). cDNA was directly prepared from
cultured cells using a Fastlane® Cell cDNA kit from QIA-
GEN (Hilden, Germany), and the mRNA levels of osteo-
blast specific marker genes alkaline phosphatase (ALP),
bone sialoprotein (BSP), RUNX2 and osteonectin (ON) and
the reference gene, glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), were assayed using gene-specific
SYBR Green-based QuantiTect® Primer assays from QIA-
GEN (Hilden, Germany). Quantitative real-time RT-PCR
was performed in a reaction volume of 25 μL in accordance
with the manufacturer’s instructions. Briefly, 12.5 μL of the
master mix, 2.0 μL of assay primers (10 × ) and 10 μL of
template cDNA (100 ng) were added to each well. After a
being centrifuged briefly, the plate was subjected to PCR
under the following conditions: (i) activation at 95 °C for 5
min, followed by 40 cycles of (ii) denaturation at 95 °C for
5 s and (iii) annealing/extension at 60 °C for 30 s. All
samples and controls were run in triplicate on an AB7500
Fast Real-Time PCR system. The quantitative RT-PCR data
were analyzed using a comparative threshold (Ct) method,
and the fold inductions of the samples were compared with
those of the untreated samples. The GAPDH was used as an
internal reference gene to normalize the expression of the
osteoblast specific marker genes. The Ct cycle was used to
determine the expression level in the control and in hMSCs
treated with SNs. The gene expression level was then cal-
culated as previously described by Alshatwi et al. [2]. The
results are expressed as the ratio of the reference gene to the
target gene as calculated by the following formula: ΔCt=
Ct (target genes)-Ct (GAPDH). To determine the relative
expression level, the following formula was used: ΔΔCt=
ΔCt (Treated)−ΔCt (untreated control). Thus, the
expression levels are expressed as n-fold differences relative
to the reference gene. This value was used to plot the
expression of antioxidant enzyme genes using the mathe-
matical expression 2-ΔΔCt.
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2.9 Statistical analysis

The presented results were obtained from three independent
experiments. The Microsoft Excel software (Microsoft
Corp., KY, USA) was used to calculate the respective mean,
standard deviation and t-test. For all comparisons, differ-
ences were considered statistically significant at p < 0.05.

3 Results

3.1 Synthesis of silica nanostructures

The P. glaucum (pearl millet) seed husk was utilized as a
precursor for silica nanostructure fabrication. The residues
were pretreated with hydrochloric acid to eliminate metal
ions and initiate lignocellulosic biomass degradation. The
calcination process completely removed organic substances
from the residues, resulting in the production of white color
silica nanostructures. Fig. 1 shows the FTIR spectra of the
fabricated SNs. The raw and acid-pretreated pearl millet
seed husk showed numerous absorption peaks assigned to
organic (cellulose, lignin, and hemicellulose) and inorganic
(SiO2) substances. In contrast, peaks related to organic
substances disappeared in the synthesized SNs, suggesting
that the calcination process completely removed the organic
substances. Interestingly, we observed peaks at 1100 and
800 cm−1, which were assigned to symmetric, asymmetric,
and bending vibrations of O–Si–O. The absorption peaks of
synthesized SNs using different calcination temperatures
were identical. The FTIR spectra clearly indicated that SNs
were pure and no organic substances were present on the
prepared samples. Fig. 2 shows the X-ray diffraction pattern
(XRD) of SNs obtained from pearl millet seed husk at
different calcination temperatures. The XRD pattern
showed the broad peak near a 2θ value of 22°, confirming

that the SNs were amorphous in nature at the nanoscale
level. The XRD results for all samples were identical, and
no impure peaks were observed. The surface morphology of
the prepared SNs was analyzed by SEM. Fig. 3 shows the
SEM images of SNs, which clearly reveal the prepared SNs
have aggregation and clusters of spherical particles. At low
magnification of SEM images, crumbled structures were
observed in all SNs samples. Interestingly, we observed the
agglomeration of spherical and irregular particles in SEM
images at high magnification. The TEM images clearly
indicated that silica nanostructures were spherical in shape
with agglomeration and a diameter of 20–60 nm (Fig. 4).
When the calcination temperature was changed, SN mor-
phology also differed, suggesting that the calcination tem-
perature affects nanostructure morphology.

3.2 Cytocompatibility assessment

The cytotoxic properties of SNs were evaluated using
human mesenchymal stem cells as an in vitro model. The
hMSCs were treated with different concentration of SNs for
24 and 48 h (Fig. 5). The high concentration of the SNs
slightly reduced the cell viability of hMSCs, but low con-
centration of SNs caused no changes in cell viability.
Additionally, cell viability was reduced by 5–7% in hMSCs,
even at 400 µg/mL of SN treatment. Our results suggest that
SNs are non-toxic and biocompatible. The cellular and
nuclear morphology of hMSCs is shown in Fig. 6. We
observed elongated, needle-shaped, and healthy cells in the
control group. Additionally, the same morphological fea-
tures were observed in treated cells, clearly suggesting that
SNs do not disturb the cellular morphology of hMSCs even
at high concentrations in the SN-treated group. Whether
SNs induce cell death through apoptosis or other pathways
was studied by AO/EB dual staining (Fig. 6). In AO/EB
stained cells, we observed no features related to apoptosis,
necrosis, necroptosis, or autophagy. In contrast, we
observed healthy cells with intact nuclei in both control and

Fig. 1 FT-IR spectra of a pearl millet seed husk, b acid-treated pearl
millet seed husk, and silica nanostructures obtained at different cal-
cination temperatures of c 500 °C, d 600 °C, and e 700 °C

Fig. 2 X-ray diffractograms of a pearl millet seed husk, b acid-treated
pearl millet seed husk, and silica nanostructures obtained at different
calcination temperatures of c 500 °C, d 600 °C, and e 700 °C
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SN-treated hMSCs. Thus, the SNs are highly suitable for
biological applications. Furthermore, we analyzed the
nuclear morphological changes in SN-treated cells by PI
staining (Fig. 7). The results revealed cells with intact nuclei
in the control group and SN-treated group, which clearly
indicated SN compatibility, benignness, and beneficiary
behavior on hMSCs.

3.3 Osteogenic differentiation

Silica plays an important beneficial role in bone health and
bone development. In this study, we have investigated the
role of plant derived SNs on osteogenic differentiation at
molecular level. The hMSCs treated with different con-
centration of the SNs for 14 days to study the effect of SNs

on osteogenic differentiation of human mesenchymal stem
cells. After 14 days SNs exposure, we assessed the calcium
mineralization using Alizarin red staining that is used to
prove the calcium deposition and nodules formation. The
alizarin red S can selectively associate with calcium ions
and produce orange red precipitate. Fig. 8 depicts Alizarin
red staining images of human mesenchymal stem cells after
culturing in osteogenic differentiation media at 14 days. We
observed the mineralized calcium deposition and bone
nodules in SNs treated and untreated hMSCs, which indi-
cates hMSCs are differentiate into osteoblast lineage. To
compare with control, large amount of bone like nodules
are found in SNs treated cells. Moreover, the amount of
calcium deposition and nodules formation increased
by dose-dependent manner. Interestingly, 200 µg/mL SNs

Fig. 3 Scanning electron
microscopic images of silica
nanostructures obtained from
pearl millet seed husk using
different calcination
temperatures a, b 500 °C, c, d
600 °C and e, f 700 °C
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significantly promotes the nodules formation. These results
clearly suggested that SNs can induce the calcium deposi-
tion and nodules formation osteogenic differentiation in
hMSCs.

3.4 Osteogenic markers expression

The SNs influence of osteogenic differentiation was studied at
molecular level by gene expression analysis using RT-PCR.
The marker gene of osteogenic differentiation including ALP,
RUNX2, ON and BSP expression is analyzed. The ALP is an
early marker of osteogenic differentiation, during matrix
maturation process ALP expression gradually improved to
optimum, and its expression level is decreased at matrix
mineralization. The gene expression of ALP, RUNX2, ON
and BSP are plotted in Fig. 9. At 14 days, the ALP gene
expression significantly increased in SNs treated cells than
control. Interestingly, the expression level of ALP is gradually
increased in SNs treated cells by dose-dependent manner. Our
results demonstrated that SNs significantly induce osteogenic
differentiation in hMSCs. Bone sialoprotein (BSP) gene
expression level is higher in SNs treated cells than control. In
high concentration of SNs exposed cells has 6 folds was

Fig. 4 Transmission electron
microscopic images of silica
nanostructures obtained from
pearl millet seed husk using
different calcination
temperatures a, b 500 °C, c, d
600 °C and e, f 700 °C

Fig. 5 Influence of silica nanostructures on human mesenchymal stem
cell viability
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observed in BSP expression. RUNX2 (Runt-related tran-
scription factor 2) is referred as core-binding factor subunit
alpha-1 (CBF-alpha-1) protein. Earlier studies suggested that
RUNX2 gene expression has upregulated in preosteoblasts,
and plays a key role in bone formation. Although, RUNX2
expression is down regulated in matured osteoblasts. In this
study, RUNX2 expression is significantly upregulated in SNs
exposed human mesenchymal stem cells at 14 days and its
expression level is increased by dose-dependently. Osteonectin
(ON) is a glycoprotein that secretes during bone mineraliza-
tion. Moreover, osteonectin plays a crucial role in collagen
affinity, bone mineralization and cell-matrix communication.
The ON gene expression level has no significance observed in
low concentration SNs treated cells, but remarkable fold
changes found in 200 µg/mL SNs treated cells than control.
Over all gene expression results strongly indicates that SNs
triggers osteogenic differentiation in human mesenchymal
stem cells.

4 Discussion

Because of the silicification process, silica phytoliths
accumulates in plant bodies. These plant-based agricultural
residues contain a huge quantity of silica. In this regard,
several studies have attempted to fabricate silica nanos-
tructures using different types of agricultural residues such
as sorghum bagasse, sugarcane bagasse, wheat straw, corn
cob, bamboo leaves, rice straw, wheat husk, and rice husk
[1–3, 17–23]. However, P. glaucum (pearl millet) seed
husk has not been used for SN preparation. Thus, we used
pearl millet seed husk as a precursor for SN fabrication.
The usage of cheap, sustainable and renewable Pennisetum
glaucum (pearl millet) seed husk can be considered as a
bioprecursor for biogenic silica nanostructures. Pearl millet
seed husks contain 9.1% silica; compared to other agri-
cultural residues, pearl millet husk contains a high amount
of biogenic silica [1, 21, 25–31]. The FTIR spectra of the
prepared SNs displayed a peak corresponding to sym-
metric, asymmetric, and bending vibration of O–Si–O at
1100 and 800 cm−1. Similarly, previous studies reported
that silica nanoparticles exhibited a characteristic absorp-
tion band at approximately 1103 and 804 cm−1 [21, 29,
32]. Previous studies demonstrated that the calcination
temperature influences the SN crystallization process [21,
33]. Interestingly, crystallization that occurs in amorphous
silica is based on the calcination temperature and time. A
calcination temperature greater than 700 °C enhances
crystallization [21, 33, 34]. Thus, in this study we used a
calcination temperature of 500–700 °C. XRD revealed a

Fig. 6 Silica nanostructure effect
on cellular and nuclear
morphology of human
mesenchymal stem cells

Fig. 7 Influence of silica nanostructures on human mesenchymal stem
cell nuclear morphology determined by PI staining
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broad peak at a 2θ value of 22°, indicating that the SNs had
an amorphous nature [1, 29]. Morphological analysis
revealed SN clusters of 20–60 nm and aggregated,

spherical particles. The morphology of SNs showed slight
differences based on the calcination temperature. The par-
ticle size of SNs has increases with calcination temperature.

Fig. 8 Effect of synthesized SNs
on bone mineralization. The
calcium deposition was stained
using Alizarin Red S on day 14.
a At day 14, hMSCs able to
produce mineralized matrix in
osteoconductive media
(Control). b 12.5 µg/mL, c 25
µg/mL, d 50 µg/mL, e 100 µg/
mL and f 200 µg/mL SNs
triggered calcium nodules
formation by dose-dependently

Fig. 9 RT-PCR gene expression
analysis results of osteogenesis
associated markers after hMSCs
were exposed to different
concentration of SNs for
14 days. The markers including
alkaline phosphatase (ALP),
Bone sialoprotein (BSP), Runt-
related transcription factor 2
(RUNX2) and Osteonectin
(ON). Glyceraldehyde 3-
phosphate dehydrogenase
(GAPDH) was used as the
endogenous control. (*P > 0.005
and **P > 0.05)

23 Page 8 of 10 Journal of Materials Science: Materials in Medicine (2019) 30:23



At high calcination temperature, we found the agglomera-
tion in the formed SNs due to high surface activity at
nanoscale regime. Earlier studies demonstrated that high
temperature initiate recrystallization and growth of parti-
cles [35].

Affandi et al. reported that spherical silica nano-
particles were synthesized from rice husk [27]. Addi-
tionally, Sankar et al. synthesized clusters of spherical
silica nanoparticles that were 10–50 nm in diameter [25].
For biomedicine and food sector applications, materials
must be non-toxic and compatible with cell and tissue
properties. We analyzed the cytotoxic properties of syn-
thesized SNs using an in vitro approach. Our previous
study demonstrated that biogenic silica nanoparticles
obtained from rice husk exhibited biocompatibility
against human lung fibroblast cells [2]. Additionally,
sugarcane bagasse-derived silica nanoparticles do not
exhibit toxic effects on human lung fibroblast cells [3].
Similarly, in the present study, pearl millet-derived SNs
exhibited biocompatibility with human mesenchymal
stem cells. Earlier studies demonstrated that high silica
intake increase the bone mineral density and silica defi-
ciency triggers reduction of bone mineral density,
decrease the mineral content and enhances the collagen
breakdown [36]. Jugdaohsingh et al. study suggested that
dietary silica intake increase the bone mineral density in
hip site of men and premenopausal women [37]. Several
studies suggested that biocompatible silica nanoparticles
induced osteogenic differentiation and increased bone
strength [38, 39]. A number of previous studies have
investigated silica based materials role on osteogenic
differentiation. Gaharwar et al demonstrated that bio-
compatible synthetic silicate strongly enhanced pro-
gressive pattern of osteogenic differentiation through
upregulation of ALP and RUNX2 gene expression [40].
Orthosilicic acid (H4SiO4) increase the alkaline phos-
phatase activity and promotes collagen type I synthesis in
osteoblasts [39]. Wang et al. demonstrates that porous β-
calcium silicate/Poly-D,L-Lactide-Glycolide scaffold
promotes bone regeneration in rabbit and osteogenic
differentiation in mesenchymal stem cells through
AMPK/Erk1/2 signaling pathway [41]. Jiao et al reported
that silica and appetite mineralized collagen scaffold
enhanced osteogenic differentiation by increase the
alkaline phosphatase activity, triggers mineralization
process and osteoblast selective markers expression [42].
Our study results clearly demonstrated that SNs induced
osteogenic differentiation. Thus, the SNs may be
applicable for bone tissue engineering and as food sup-
plements. However, in vivo studies also necessary to
implement the SNs in clinical and food industry appli-
cations. Our results clearly suggest that inexpensive pearl
millet agricultural residues can be used to produce high-

value products for biomedical and food industry
applications.

5 Conclusion

We synthesized silica nanostructures using P. glaucum
(pearl millet) seed husk as a sustainable precursor in a
combined process (acid-pretreatment and calcination).
Silica nanostructures (SNs) showed an absorption peak at
approximately 808 cm−1, which was assigned to stretching
of O-Si-O groups. SNs showed an amorphous nature with a
nanoscale structure 20–60 nm in diameter. The cell viability
assay results suggested that SNs have excellent bio-
compatibility with hMSCs. Nuclear morphology images
indicated that SNs do not induce nuclear morphological
changes in hMSCs. Our results clearly suggested that SNs
are non-toxic and biocompatible. Thus, the SNs can be
applied in biomedical applications such as bone tissue
engineering, drug delivery, and bio-imaging.
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