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ABSTRACT

Sensory nerves promote osteogenesis through the release of neuropeptides. However, the potential application
and mechanism in which sensory nerves promote healing of bone defects in the presence of biomaterials remain
elusive. The present study identified that new bone formation was more abundantly produced after implantation
of silicified collagen scaffolds into defects created in the distal femur of rats. The wound sites were accompanied
by extensive nerve innervation and angiogenesis. Sensory nerve dysfunction by capsaicin injection resulted in
significant inhibition of silicon-induced osteogenesis in the aforementioned rodent model. Application of
extracellular silicon in vitro induced axon outgrowth and increased expression of semaphorin 3 A (Sema3A) and
semaphorin 4D (Sema4D) in the dorsal root ganglion (DRG), as detected by the upregulation of signaling mol-
ecules. Culture medium derived from silicon-stimulated DRG cells promoted proliferation and differentiation of
bone marrow mesenchymal stem cells and endothelial progenitor cells. These effects were inhibited by the use of
Sema3A neutralizing antibodies but not by Sema4D neutralizing antibodies. Knockdown of Sema3A in DRG
blocked silicon-induced osteogenesis and angiogenesis almost completely in a femoral defect rat model, whereas
overexpression of Sema3A promoted the silicon-induced phenomena. Activation of “mechanistic target of
rapamycin” (mTOR) pathway and increase of Sema3A production were identified in the DRG of rats that were
implanted with silicified collagen scaffolds. These findings support the role of silicon in inducing Sema3A pro-
duction by sensory nerves, which, in turn, stimulates osteogenesis and angiogenesis. Taken together, silicon has
therapeutic potential in orthopedic rehabilitation.

1. Introduction

and denervation of those neurons reduces new bone formation, with
subsequent loss of trabecular connectivity and thickness [6,7]. In the

Bone tissue is densely innervated by primary afferent sensory nerve
fibers and sympathetic nerve fibers throughout the periosteum, bone
marrow and mineralized bone [1]. Anatomical mapping of nerve
innervation shows that sensory nerve fibers are the first to be detected in
areas with elevated osteogenic activity during skeletal development [2].
Sensory nerves are required for normal vascularization and ossification
of endochondral bone [3]. They are also involved in mechanical stimuli
adaptation [4] and fracture repair of bone [5]. Moreover,
capsaicin-sensitive sensory neurons contribute to skeletal homeostasis
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field of bone embryology and traumatology, sensory nerve fibers are
predominantly located at metabolically-active regions and are directly
involved in osteogenesis through the secretion of neuropeptides. Calci-
tonin gene-related peptide (CGRP) [8] and substance P (SP) [9] are the
most representative neuropeptides involved in osteogenesis. The sem-
aphorins are a highly-conserved family of canonical axon guidance
molecules. These molecules were originally identified as axonal growth
cone guidance molecules. There is increasing evidence that semaphorins
play critical roles in bone homeostasis [10]. While such studies provide
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circumstantial support for the participation of sensory nerve in bone
development and homeostasis, the extent in which sensory
nerve-derived signals influence bone regeneration has not been fully
elucidated.

Bone defects are caused by a plethora of congenital or acquired
conditions. This renders bone the second most transplanted tissue after
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blood. Natural bone grafts and implants have limitations such as donor
scarcity, high resorption rates, disease transfer and immune rejection
[11]. In comparison, synthetic biomaterials have distinct advantages in
clinical practice because they can be easily sterilized and mass produced
[12]. Despite the successful development of bone mimetic materials
with physicochemical properties that are similar to those of natural
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Fig. 1. Flow chart depicting the sequence of experiments conducted in the present study.
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bone, most of the bone biomaterials available to date do not induce
sufficient formation of blood vessels and nerves. Sensory nerves have
been implanted into bone grafts to repair large bone defects. They grow
into the pores of the scaffold earlier than the blood vessels and result in
better osteogenesis by neurotization [13]. However, surgical implanta-
tion of sensory nerves is clinically deterrent because unless approxi-
mation of adjacent nerve tracts is achieved, abnormal sensation is
inevitable. For this reason, neuropeptides and axonal guidance mole-
cules that possess osteogenic effects have been incorporated into bone
scaffolds to promote tissue regeneration. For example, CGRP was used as
printing ink in the fabrication of scaffolds and displayed osteoinductive
abilities in vivo [14]. However, incorporation of proteins into scaffolds
creates problems such as short half-lives, high cost, rapid degradation,
difficulty in disinfection and immunogenicity.  Although
magnesium-containing implants promoted repair of femur fracture in
osteoporotic rats via increase in CGRP level at the dorsal root ganglion
(DRG) [15], the rapid degradation of pure magnesium limited its
application in bone tissue engineering. Thus, it is logical to exploit the
neurogenic potential of biomaterials in enhancing bone regeneration.

Silicon is an essential trace element for the human body. Adequate
silicon (Si) intake is required for bone homeostasis [16]. The success of
silicate-based glasses as bioactive materials is attributed to the positive
effects of Si on osteoblasts, osteoclasts and endothelial cells [17]. It has
been reported that dietary Si supplements help maintain the number of
nitrergic neurons and their expression of nitrergic enzymes at physio-
logical levels [18]. Inhalation of Si, a common contaminant in coal mine
dust, causes increased substance P synthesis in trigeminal sensory neu-
rons [19]. These results suggest that Si has potentially unresolved effects
on the physiology of sensory nerves.

The authors previously reported that silicified collagen scaffolds
(SCSs) promote the repair of skull defects in mice [20]. In the present
work, SCS synthesis is simplified using choline chloride as pretreating
agent and stabilizer for intrafibrillar silicification of collagen matrices.
Following their characterization, the effects of choline-induced SCSs on
bone regeneration were evaluated using a rat femoral defect model, with
specific emphasis on the role of sensory nerves in osteogenesis and
angiogenesis. The effect of Si on the phenotype of DRG cells was further
examined by screening the expression of several neuropeptides and
axonal guidance molecules. A flow chart depicting the sequence of ex-
periments conducted in the present study is included in Fig. 1. The
mechanism in which sensory innervation promotes bone formation was
delve into for stimulating further research in this largely uncharted
terrain.

2. Materials and methods
2.1. Preparation and characterization of SCS

2.1.1. Preparation

A 3 % silicic acid stock solution was prepared by mixing Silbond 40
(partially-hydrolyzed product of tetraethyl silicate with a minimum
silica content of 40 wt%; Silbond Corp., Weston, MI, USA), absolute
ethanol, water and 37 % HCI in the molar ratios of 1.875: 396.79: 12.03:
0.0218 [21]. Choline-stabilized silicifying medium was prepared from a
mixture of the stock solution and 0.07 M choline chloride (Milli-
poreSigma, St. Louis, MO, USA) in a 2:1 vol ratio. Reconstituted type I
collagen tapes (Ace Surgical Supply, Brockton, MA, USA) were cut into
3-mm diameter cylinders and conditioned in 0.07 M choline chloride
solution for 2 h. Each expanded collagen cylinder was placed in 5 mL of
silicifying medium at 37 °C for 7 days, with daily changing of the me-
dium. The silicified scaffolds were sterilized using cobalt-60 irradiation
prior to further investigation.

2.2. Scanning electron microscopy

The specimens were rinsed in distilled water and dehydrated in an
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ascending ethanol series (50-100 %). Specimens were critical point
dried, sputter-coated with gold/palladium and examined using a scan-
ning electron microscope (SEM; Hitachi S-4800, Tokyo, Japan).
Elemental analysis of Si was performed using an energy dispersive X-ray
analysis (EDXA) detector (AMETEK, Mahwah, NJ, USA). Two-
dimensional (2D) porosity and average pore area were calculated
using the particle analyzer function of the ImageJ software (National
Institute of Health, Bethesda, MD, USA) (n = 6).

2.3. Transmission electron microscopy

Silicified collagen scaffolds were dehydrated in an ascending ethanol
series, immersed in propylene oxide and embedded in epoxy resin.
Ninety nanometer-thick sections were prepared and examined using a
transmission electron microscope (TEM; Tecnai G2, FEI Company,
Hillsboro, OR, USA).

2.4. Infrared spectroscopy

Silicified and pristine collagen scaffolds were desiccated with
anhydrous calcium sulfate for 24 h prior to spectrum acquisition.
Attenuated total reflection-Fourier transform infrared spectroscopy
(ATR-FTIR) was performed using a Shimadzu 8400 S spectrometer
(Shimadzu Corp., Kyoto, Japan) at ambient temperature from 4000 to
400 cm™!, with 32 scans averaged at a resolution of 4 cm™'. Spectra
analysis was performed using IR solution software (Shimadzu).

2.5. Porosity evaluation

Absolute ethanol was used as the displacement liquid for measuring
the porosity of SCSs (n = 6). Pre-weighed (Wdry) specimens with known
volume (V) were immersed in ethanol for 1 h in vacuum to saturate the
pores, after which the specimens were re-weighed (Wsat). Porosity was
determined using the formula: (Wsat — Wdry)/(pV) x 100, where p is the
density of alcohol.

2.6. Tensile testing

Twelve collagen tapes with dimensions 40 x 8 x 2 mm? (length x
breadth x height) were cut and a random sample of 6 were silicified. The
average thickness of the specimens was calculated from six measure-
ments taken at representative random points with a digital micrometer
(Mitutoyo, Kanagawa, Japan). Each specimen was rehydrated in
phosphate-buffered saline (MilliporeSigma) and then fixed between the
two opposing grips of a tensile tester (Shimadzu). The specimen was
stressed to failure using a crosshead speed of 1 mm/min (n = 6). The
tensile modulus was determined as the slope of the linear region of the
stress-strain curve.

2.7. Silicic acid release

Desiccated SCSs (100 mg each) were soaked in 10 mL ion-free Tris-
HCI (pH = 7.4) at 37 °C. At designated time periods (0.125, 0.25, 0.5, 1,
2, 4 and 8 day), 400 pL immersion solutions were retrieved for evalua-
tion of silicic acid release (n = 6). The concentrations of silicic acid were
measured by using the silicomolybdic acid spectrophotometric method,
based on the ability of silicic acid to form silico-12-molybdic acid in the
presence of acidified ammonium heptamolybdate [21].

3. Animal experiments
3.1. Animals
Animal experiments were approved and conducted in accordance

with guidelines established by the Institutional Animal Care and Use
Committee of the Fourth Military Medical University. Seventy-two Male
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Sprague-Dawley rats (200-250 g) were kept under specific-pathogen-
free conditions and used for all in vivo experiments in the present
study. Anesthesia was performed by intraperitoneal injection of sodium
pentobarbital (40 mg/kg).

3.2. Dorsal root ganglion exposure

To examine the effect of direct application on dorsal root ganglion
(DRG) neurons, the L4/L5 DRG in each rat was exposed by aseptic
surgery. A 2 cm-long midline dorsal incision was made over the lumbar
spine to expose the ligamentous insertions of the erector spinae group of
muscles. Such a procedure enabled the lumbar vertebrae to be identi-
fied. Ligamentous attachments to the articular surfaces of the vertebrae
were severed to expose the L3-L5 lateral processes, which were removed
to reveal the underlying DRG. Capsaicin solution or recombinants virus
were then injected directly into the DRG tissue.

3.3. Capsaicin-induced sensory denervation model

Capsaicin-induced selective lesion of sensory fibers in skeletally
mature rats has been well described [6,7]. Capsaicin (MilliporeSigma)
and vehicle solution (composed of Tween-80, ethanol and saline; vol-
ume ratio 1:1:8) were freshly prepared and mixed homogeneously prior
to treatment. Twenty-four rats were injected at L3-L5 DRG with the
capsaicin-vehicle mix on 3 consecutive days (30 mg/kg on day 1, 50
mg/kg on day 2 and 70 mg/kg on day 3). The other twenty-four rats
were injected with vehicle solution only. After capsaicin injection at day
4, the rats were randomly chosen for SCS implantation into the distal
femur.

3.4. Viral vector preparation and administration

Recombinant adeno-associated virus 9 (rAAV9) was chosen based on
its ability to achieve efficient gene transfer [22]. Four plasmids were
designed and constructed using standard methods by Shanghai Gen-
eChem Co. Ltd. (Pudong, Shanghai, China). For in vivo RNA interference
(RNAi) experiments, small interfering RNA (siRNA) was cloned into a
vector containing a U6-promoter multiple cloning sites and enhanced
green fluorescent protein (EGFP), and then packaged into the
AAV9-RNAi vector (AAV9-Sema3a-RNAi). The AAV9 that expressed
siRNA targeting a non-specific sequence (CGCTGAGTACTTC-
GAAATGTC) was used as control (CON 305). The AAV9-Sema3a was
constructed using a vector that contains a cytomegalovirus-promoter
driving Sema3a expression and EGFP. Full length complementary
DNAs (cDNAs) of Sema3a was transcribed from the Sprague-Dawley rat
cDNA library. The AAV9 that expressed promoter and EGFP was used as
control (CON 299). Detailed backbone and target sequences are
included in the Supplementary Material (SI-1).

Injection of rAAV9 into L3-L5 DRG tissue was performed to over-
express or knockdown Sema3A in the sensory nerves. Twenty-four rats
were randomly divided into four groups and then a solution containing
10' genome copies of CON299, CON305, AAV9-Sema3a or AAV9-
Sema3a-RNAi was slowly injected using a Hamilton syringe. The glass
needle was left in place for 1-2 min prior to its removal to prevent reflux.
The muscle layers were then approximated and the skin incision was
stapled to facilitate repair. The animals were observed closely post-
operatively during recovery. After vector administration at day 14, all
rats were prepared for SCS implantation into the distal femur.

3.5. Distal femur defect model

Femur defects in rats were established according to the previously
described procedures [23]. A ~1.5 cm lateral linear incision was made
in the right distal femoral epiphysis of 48 rats mentioned in the estab-
lishment of sensory denervation model and 24 rats in the gene transfer
model. This was followed by blunt dissection of the muscle to expose the
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femoral condyle. A 3 mm diameter, 4 mm deep bone tunnel was created
perpendicular to the distal femur using a trephine under constant irri-
gation with normal saline. A cylindrical shape defect was then prepared
after removing the bone fragments. 12 rats injected with capsaicin and
12 rats injected with capsaicin vehicle were implanted with SCS and the
incisions were closed layer by layer using resorbable sutures. For the
blank group, the defect area was not filled with graft material.

In the present study, two sets of experiments were performed to
examine the effect of SCS on bone regeneration. In the first set of ex-
periments, the rats were divided into 4 groups: blank (drill control +
vehicle injection), SCS (SCS implantation + vehicle injection), capsaicin
+ blank (drill control + capsaicin injection) and capsaicin + SCS (SCS
implantation + capsaicin injection). In the second set of experiments,
the rats were divided into 4 groups: CON299 (SCS implantation +
CON299 injection), CON305 (SCS implantation + CON305 injection),
AAV9-Sema3a (SCS implantation + AAV9-Sema3a injection) and AAV9-
Sema3a-RNAi (SCS implantation + AAV9-Sema3a-RNAi injection).
After SCS implantation, the first experimental set of animals were
sacrificed on week 6, while the second set of animals were sacrificed on
week 12.

3.6. Pain-related behavioral analyses

Pain-related behavioral analyses of rats in the first experimental set
were evaluated 24 h after SCS implantation. The rats were placed
individually in an opaque acrylic chamber that has a metal mesh floor to
enable communication (n = 12). The rats were allowed to accustom to
the test environment for 20 min prior to testing [24]. Mechanical
withdrawal response was determined using von Frey filaments. The
filaments were applied with approximate forces (in g) in ascending
order. Three withdrawal tests were performed, each separated by a 10
min test-free period. The lowest force from the 3 tests that produced a
response was used to calculate the pain withdrawal threshold. For
thermal sensitivity, each rat was placed on a transparent glass plate and
acclimatized for 15 min prior to the experiment. The hind paws were
stimulated with a radiant heat source (50 W halogen bulb). The time
elapsed from initiation of the stimulus until a positive withdrawal
response was measured [24]. Each hind paw was tested 3 times at an
interval of 10 min. The pain withdrawal latency value was calculated as
the mean of the three measurements.

3.7. Plasma cytokine determination

At 7 and 14 days after implantation, the concentrations of plasma
inflammatory factors interferon (IFN)-y, interleukin (IL)-2 and IL-4 in
the peripheral circulating blood of the rats (n = 6) were examined with
IFN-y Quantikine ELISA Kit, IL-2 Quantikine ELISA kit, IL-4 Quantikine
ELISA kit and, respectively (R&D systems, Minneapolis, MN, USA).

3.8. Micro-computed tomography

The bone specimens were scanned using micro-computed tomogra-
phy (Micro-CT; Inveon, Siemens Preclinical, Knoxville, TN, USA) at a
resolution of 18 pm. A three-dimensional image was reconstructed based
on the scanned information using the Inveon Research Workplace soft-
ware (Siemens Medical Solutions USA, Inc., Hoffman Estates, IL, USA). A
cylindrical region of interest was positioned over the defect site and the
volume of the newly-formed bone was measured by assigning a
threshold. Bone volume to total volume ratio (BV/TV), bone mineral
density (BMD) and trabecular thickness (Tb. Th) in the defects were
measured using the Inveon Research Acquisition software.

3.9. Histology and histomorphometry

Calcein green (5 mg/kg, MilliporeSigma) was administered intra-
peritoneally to rats in the first experimental set 7 days prior to
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euthanasia to label the newly-formed bone (n = 6). On the day of sac-
rifice, femoral condyles were retrieved from each group and fixed with
4 % neutral formaldehyde. After dehydration through an ethanol series,
the chemically-dehydrated specimens were infiltrated with purified
methyl methacrylate, which was then polymerized. The embedded,
undecalcified specimens were sectioned longitudinally at a thickness of
~50 pm (Leica SP1600, Mannheim, Germany). The undecalcified sec-
tions were stained with von Kossa stain (Servicebio, Wuhan, Hubei,
China) to analyze morphological changes in the defect sites. Images of
sections labeled with calcein green were taken on the margin of defect to
observe the rate of new bone tissue formation. Measurements and cal-
culations for static and dynamic histomorphometry were accomplished
using the ImageJ software (National Institute of Health, Bethesda, MD,
USA).

3.10. Western blot

Western blot assay was used to identify the expression or phos-
phorylation of DRG tissues derived from the SCS and the blank groups
that were sacrificed on week 6 (n = 6). Previous studies have shown that
Si activates Wnt/p-catenin [25], MAPK/p38 [26] and PI3K/Akt/mTOR
signaling pathways [27]. Freshly separated tissues were homogenized
and lysed in radio-immunoprecipitation assay lysis containing 1x
phosphatase inhibitor cocktail (Roche, Mannheim, Germany). The
lysate was centrifuged and the supernatant was collected for total pro-
tein concentration determination using Pierce BCA protein assay kit
(Solarbio, Beijing, China). Protein samples were separated with a 10 %
SDS-polyacrylamide gel and transferred onto a polyvinylidene difluor-
ide membrane (EMD Millipore Corp., Billerica, MA, USA). The mem-
brane was blocked with 5 % nonfat milk and incubated for 3 h. Signals
were revealed after incubation with horseradish peroxidase-conjugated
secondary antibody (Santa Cruz) and enhanced chemiluminescence
detection (GeneTex, Irvine, CA, USA). The stained bands were scanned
and quantified using a densitometer (Tanon, Shanghai, China) and
ImageJ software. Protein expression levels were normalized against
B-actin.

The following primary antibodies were used: active-p-catenin (8814,
Cell Signaling Technologies), p-catenin (9562, Cell Signaling Technol-
ogies), p38 MAPK (9212, Cell Signaling Technologies), phospho-p38
MAPK (9211, Cell Signaling Technologies), PI3 Kinase p85 (4257, Cell
Signaling Technologies), Phospho-PI3 Kinase p85 (17366, Cell Signaling
Technologies), phospho-Akt (4060; Cell Signaling Technologies), AKT
antibody (GTX121937, GeneTex), mTOR antibody (GTX101557, Gene-
Tex), phospho-mTOR (Ser2481) (2974, Cell Signaling Technologies),
semaphorin 3 A antibody (sc-74555, Santa Cruz Biotechnology) and
actin (GTX11003, GeneTex).

4. Dorsal root ganglion cell isolation and co-culture

The cell bodies of afferent nerves are generally positioned in the
dorsal root ganglia (DRG). Neonatal Sprague-Dawley rats (1-5 day old)
were decapitated and their DRGs were aseptically dissected from all
spinal levels. The isolated tissue was digested with 0.1 % collagenase
(MilliporeSigma) and 0.25 % trypsin (Invitrogen, Thermo Fisher Sci-
entific). The isolated cells were re-suspended in Neurobasal-A medium
(Invitrogen) containing 0.5 mM i-glutamine (LG), penicillin-
streptomycin (PS; 1:100, MilliporeSigma) and 2 % B-27 (Invitrogen) at
a density of 10,000 cells/mL. The harvested DRG cells were planted on
round-glass slices or the upper chamber of 24-well Transwell (0.4 pm
pore size, Corning Life Sciences, Lowell, MA, USA) coated with poly-d-
lysine hydrobromide (50 ng/mL, Thermo Fisher Scientific). After 4 h,
the culture medium was replaced with Neurobasal-A/LG/PS/B-27 me-
dium and 20 ng/mL nerve growth factor (NGF; MilliporeSigma). The
cells were allowed to differentiate for 3-5 days at 37 °C with 5 % CO,
and 95 % air in a humidified incubator. The medium was changed every
other day. The DRG neurons were further investigated by culturing them
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for up to 3 days with silicon supplemented medium. Silicon supple-
mented medium was prepared fresh by diluting the appropriate amounts
of sodium orthosilicate (MilliporeSigma) in complete growth medium to
obtain final Si concentrations between 5 pM and 40 pM Si.

The use of Transwell cell inserts enabled the DRG cells to share the
same growth medium with other cells but had no direct contact. Cells
cultured in the lower chamber were mesenchymal stem cells (MSCs;
Cyagen Biosciences, Guangzhou, Guangdong, China) or endothelial
progenitor cells (EPCs; Jennio Biotech, Guangzhou, Guangdong, China)
derived from Sprague-Dawley rats. The MSCs or EPCs were first cultured
in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10 %
fetal bovine serum (FBS), 1 % r-glutamine and 2 % 100 U/mL penicillin
and 100 mg/mL streptomycin. For subsequent experiments, Transwell
inserts with DRG cells and/or 10 pM silicon-supplemented DMEM were
added.

The MSCs or EPCs co-culture system were divided into 6 groups: NC
(negative control), Si (silicon supplemented medium), DRG (co-cultured
with DRG cells), Si + DRG (co-cultured with DRG cells in silicon sup-
plemented medium), anti-Sema3A (co-cultured with DRG cells in silicon
supplemented medium in the presence of Sema3A antibody) and anti-
Sema4D (co-cultured with DRG cells in silicon supplemented medium
in the presence of Sema4D antibody). The blocking antibodies used
were: semaphorin 3 A antibody (sc-74555, Santa Cruz Biotechnology) or
semaphorin 4D antibody (sc-136250, Santa Cruz Biotechnology).

4.1. Quantitative real-time polymerase chain reaction

To investigate the temporal relation between SCS stimulation and
DRG secretion, gene and protein expressions of CGRP, SP and sem-
aphorins of the DRG cultured in silicon-conditioned medium were
evaluated with real-time polymerase chain reaction (n = 6). Briefly,
total RNA was isolated using Trizol reagent (Invitrogen). The concen-
tration and purity of the extracted RNA were determined by measuring
the absorbance at 260 and 280 nm (BioTek, Winooski, VT, USA).
Complementary DNA (cDNA) was synthesized using the PrimeScript RT
reagent kit (Takara Bio Inc., Shiga, Japan). The RT-PCR experiment was
performed using a 7500 Real Time PCR System (Applied Biosystems,
Carlsbard, CA, USA). Sense and antisense primers were designed based
on published cDNA sequences using Primer Express 5.0 (Supplementary
Material). Glyceraldehyde 3-phosphate dehydrogenase (GADPH) was
used as the housekeeping gene. Results obtained after calibration with
the GADPH expression level were calculated using the 2722 method
and presented as fold increases relative to the non-stimulated control.

4.2. CCK-8 assay

Cell viability of MSCs or EPCs were estimated using the CCK-8 assay
(KeyGen Biotech, Nanjing, Jiangsu, China). Working solution with 10 %
CCK-8 reagent was added to each well and incubated in the dark for 2 h.
Absorbance was measured at 450 nm using a Synergy 2 SL multi-mode
microplate reader (BioTek Instruments Inc., Winooski, VT, USA).

4.3. Cell scratch test

When MSC-seeded or EPC-seeded 6-well plates reached confluency, a
straight scratch was made using a sterile 10 pL pipette tip. The cells were
then incubated with FBS-free culture medium alone or different condi-
tioned media. Images of the scratches were captured after 24 h. The
width of the scratches was analyzed using ImageJ software.

4.4. Alkaline phosphatase assay

MSCs placed in the lower chamber were cultured in osteogenic dif-
ferentiation medium for 14 days, with change of the conditioned me-
dium every 3 days. Alkaline phosphatase (ALP) activity was determined
using an ALP assay kit (BioAssay Systems, Hayward, CA, USA). Activity
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was calculated by evaluating the absorbance at 520 nm.
4.5. Tube formation assay

The effect of conditioned medium on tube formation from EPCs was
evaluated using Matrigel® matrix (Corning). Matrigel was applied to
well plates and incubated at 37 °C for 30 min prior to cell seeding. The
EPCs were seeded on the polymerized Matrigel and incubated in
different conditioned media according to the group designation, at 37 °C
for 6 h. Tube formation was examined using light microscopy and the
cumulative tube lengths were measured using ImageJ software.

5. Immunofluorescence

For immunofluorescence staining, rats of all groups were euthanized
and perfused with heparin sodium (100 U/mL) containing 0.9 % saline
(n = 6). Following euthanization, the vasculature was perfused 4 %
paraformaldehyde. Dorsal root ganglion (DRG) tissues were post-fixed
with 1.5 % glutaraldehyde for 6 h and cryo-protected with 30 % su-
crose solution at 4 °C for 24 h. The femurs were post-fixed overnight and
decalcified with 10 % ethylenediaminetetraacetic acid (EDTA; pH 7.3)
for 3 weeks, with changing of the demineralization medium twice per
week. After decalcification, the femurs were cryo-protected with 30 %
sucrose solution at 4 °C for 48 h. The DRG tissues and femurs were
embedded in optimal cutting temperature compound and incubated
overnight at 4 °C. For DRG neurons isolated from neonatal rats, the cells
were plated on coverslips and fixed with 4 % paraformaldehyde for 10
min before immunofluorescent imaging. The double-labeled images
were captured using a fluorescence microscope (FV1000, Olympus,
Japan). Integrated fluorescence intensity was analyzed by the ImageJ
software (n = 6). Five fields of view were randomly selected for each
specimen for determining the mean fluorescence intensity.

The cryo-sections (15 pm-thick) and cell-laden coverslips were
stained using standard immunofluorescence methods. Briefly, the
specimens were permeabilized with 0.1 % Triton X-100 (Milli-
poreSigma) and blocked in 5 % normal donkey serum (Jackson Immuno-
Research, West Grove, PA, USA). The sections were incubated overnight
with the primary antibodies at 4 °C. This was followed by incubation
with Alexa Fluor™ fluorescent secondary antibodies (Jackson Immuno-
Research, West Grove, PA, USA). All specimens were rinsed and
mounted with Prolong Diamond Antifade Mountant with 4’,6-dia-
midino-2-phenylindole (DAPI; Invitrogen, San Diego, CA, USA).

For bone tissue, CGRP is a well-known sensory nerve marker asso-
ciated with osteogenesis [28]. Leptin receptor (LepR)-expressing
mesenchymal stromal cells represent the main source of bone formation
originating from adult bone marrow [29]. CD31+Endomucin (Emcn)+
vessels are believed to couple angiogenesis and osteogenesis [30].
Accordingly, sensory nerve distribution and frequency were investigated
by LepR, CD31 and Emecn staining at the site of new bone formation
using tissue sections derived from the aforementioned four groups. For
DRG, hexaribonucleotide binding protein-3 (NeuN) is a specific marker
for neuronal soma and the distribution of beta-III-tubulin is almost
exclusively neurites specific [31]. The primary antibodies used were:
CGRP antibody (ab36001, Abcam; 14959, Cell Signaling Technology,
Inc. Danvers, MA, USA), LepR antibody (PA5-18522, Thermo Fisher
Scientific, Waltham, MA, USA), PECAM-1/CD31 antibody (sc-376764,
Santa Cruz Biotechnology, Inc., Dallas, TX, USA), Emcn antibody
(343158, United States Biological, Salem, MA, USA), NeuN antibody
(ab177487, Abcam), beta III tubulin antibody (ab78078, Abcam),
semaphorin 3 A antibody (sc-74555, Santa Cruz Biotechnology) and
semaphorin 4D antibody (sc-136250, Santa Cruz Biotechnology).

6. Statistical analyses

All surgical procedures as well as quantitative histological and
behavioral analyses were conducted in a blinded fashion. All data were
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presented as means + standard deviations. Data were examined for their
normality and homoscedasticity assumptions prior to the use of para-
metric statistical methods. If those assumptions appeared to be violated,
the data were non-linearly transformed to satisfy those assumptions
prior to the use of parametric statistical methods. Comparisons between
2 groups were examined using Student’s t-test. Comparisons involving
more than 2 groups were analyzed using one-factor analysis of variance
and post-hoc Tukey’s pairwise comparison procedures, after ascertain-
ing that the normality and homoscedasticity assumptions of the corre-
sponding data sets were not violated. The GraphPad Prism 5 package
(GraphPad Software, La Jolla, CA, USA) was employed for analysis.
Statistical significance was preset at a = 0.05.

7. Results
7.1. Characterization of choline-induced SCS

Reconstituted type I collagen scaffolds were heavily silicified after
incubation in choline-stabilized silicic acid for 7 days, even without poly
(allylamine) hydrochloride pretreatment. When examined with SEM
and EDAX, SCSs showed clear evidence of extrafibrillar mineral depo-
sition (Fig. 2A), with increase in silicon content (Fig. 2B, p < 0.0001).
Intrafibrillar silicification, on the other hand, could only be visualized
using TEM (Fig. 2C). The presence of Si-O-Si peaks within the SCS was
confirmed using ATR-FTIR (Fig. 2D). Peaks at 1041 cm ™}, 802 cm ™! and
453 cm™! are assigned to the three main peaks characteristic of Si-O-Si
vibrational modes. The silica peak at 960 cm ™ * associated with silicified
collagen is attributed to the Si-OH stretching vibration of hydrated
amorphous silica. The ultrastructural features of the SCS revealed
intrafibrillar and extrafibrillar silica accumulation that is akin to the
biomineralization of carbonated apatite within native bone.” Sustained
release of silicic acid occurred in SCSs that were immersed in Tris-HCL
with a burst release phase during the first 4 days and a stable release
phase thereafter (Fig. 2E). The SCSs had a porosity of 86.7 + 1.5 %,
which was significantly higher than unmineralized collagen scaffolds
(76.8 + 2.4 %) (Fig. 2F, p < 0.0001). The SCS showed significant in-
creases in 2D porosity and average pore diameter (SI-2). The tensile
modulus of SCS was 5.96 + 0.73 MPa, which was significantly higher
than unmineralized collagen scaffolds (2.88 + 0.51 MPa) (Fig. 2G, p <
0.0001). Representative plots of the stress-strain relationships of CS and
SCS are shown in SI-3. Compared with native collagen scaffolds, the SCS
possessed improved porosity and tensile properties. The increased
scaffold volume after silicification created a high degree of porosity. In
addition, deposition of intrafibrillar silica enhanced the mechanical
strength of the collagen matrix, thereby increasing the tensile modulus.

7.2. Promotion of in-situ bone regeneration by SCSs via sensory nerve
innervation

No obvious swelling, purulence or fistula was observed in the four
groups 1) blank; 2) SCS; 3) capsaicin + blank and 4) capsaicin + SCS.
The plasma levels of IFN-y, IL-2 and IL-4 between the SCS-implanted
group and the blank control group were not significantly different at 7
days or 14 days (p > 0.05 for all comparisons) (SI-4). Micro-computed
tomography showed that considerable amount of newly-formed bone
extended from the periphery to the center of the defects in the SCS and
capsaicin + SCS groups (Fig. 3A and B). Conversely, defects in the blank
and capsaicin + blank groups had no appreciable bone formation, with a
clear boundary of the defect area.

Quantitative analysis showed that BV/TV, Tb.Th and BMD values
from the SCS group were significantly higher than those of the other
three groups (p < 0.05 for all comparisons). In the capsaicin + SCS
group, BV/TV, Tb.Th and BMD were significantly reduced compared
with the SCS group; the results suggest that sensory innervation plays an
important role in bone regeneration. In the absence of SCS implantation,
bone regeneration is slower and the effect of sensory nerve dysfunction
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Fig. 2. Characteristics of choline-induced SCS. (A)
SEM images of collagen scaffold (CS) and silicified
collagen scaffold (SCS). Extrafibrillar mineral for-
mation resulted in a crust-like appearance. Scale bar:
500 nm. (B) Elemental analysis identified the pres-
ence of Si in mineralized specimens and absence of
this element in the non-mineralized control (n = 6).
(C) Unstained TEM images of SCS showed intra-
fibrillar electron-dense minerals that replicated the
cross-banding and microfibrillar architecture of
fibrillar collagen. Scale bar: 200 nm. (D) Infrared
spectra showed amide I (~1635 cm ') and amide II
(~1527 cm™) peaks that are characteristic of
collagen. The SCS and CS spectra are normalized
along their amide I peak. (E) Accumulative release of
silicic acid in Tris-HCI at different time points (n =
6). (F) Porosity and (G) tensile moduli of the
different scaffolds (n = 6). Data represent means +
standard deviations. For all charts, groups labeled
with different lowercase letters are significantly
different (p < 0.05).
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is also weakened. von Kossa staining (Fig. 3C and D) and in vivo calcein
labeling (Fig. 3E and F) showed similar results, reflecting the critical role
played by sensory nerves for SCS-promoted bone regeneration.

Bone-associated nerves and blood vessels are thought to influence
the propagation of one another as they grow within bone tissues. To
clarify this issue, immunofluorescence staining was conducted to
examine the potential relationship between the sensory innervation and
the enhanced angiogenesis and osteogenesis. The results showed that
CGRP + sensory nerve co-localized respectively with LepR + MSC and
CD31+Emen + vessels in areas of new bone formation in the SCS and
capsaicin + SCS groups (Fig. 4). Significantly more CGRP + sensory
nerve, CD31+Emcn + vessels and LepR + MSC were identified in the
SCS group when compared with the other groups. Compared with the
SCS group, expressions of sensory fibers, blood vessels and MSCs were
significantly reduced in the capsaicin-SCS group. There was no signifi-
cant difference between the capsaicin treatment group and the blank
group. The expression level of CGRP, LepR, CD31 and Emcn in the
capsaicin-blank group was the lowest. Taken together, the results infer
that sensory nerve innervation, vascularization and MSC homing of bone
defects follow a closely-related pattern. Increase in sensory nerve
innervation coincides with vascularization and ossification.

To examine whether Si-stimulated sensory nerves in bone repair alter
pain sensation, mechanical and thermal withdrawal responses were
conducted one day post-surgery. (SI-5) There were no significant
changes in pain withdrawal responses between the groups of animals
receiving blank or SCS implantation. These findings suggest that SCS

—_—
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implantation was not adversely accompanied by mechanical allodynia
and thermal hyperalgesia. In contrast, pain withdrawal latency was
significantly increased after capsaicin treatment. The capsaicin results
were confirmative of a successful sensory denervation model.

7.3. Silicon promotes DRG axonal growth and secretion of semaphoring 3
A in vitro

Doral root ganglion tissues in the SCS and capsaicin + SCS groups
contained a higher level of Si than those in the blank and capsaicin +
blank groups (SI-6). Nevertheless, the role of silicic acid in the periph-
eral sensory nervous system during bone repair remains obscure. The
DRG neurons were isolated from neonatal rats for further investigation,
by culturing them for up to 3 days with various concentrations of silicon
supplemented medium Immunofluorescence was performed using anti-
B-III tubulin and anti-NeuN antibodies (Fig. 5A). Silicon below 10 pM
did not suppress neurite growth or neuron survival remarkably. Indeed,
an appropriate concentration of Si (5 or 10 pM) was required to promote
axonal elongation of DRG cells. This observation was further supported
by quantitative analyses of cell count (Fig. 5B) and neurite assays
(Fig. 5C).

To investigate the effects of Si on DRG secretion, RT-PCR and
immunofluorescence staining were used to detect different families of
neuropeptides and axonal guidance molecules. Silicon supplemented
noticeably elevated expression of the associated genes derived from
DRG, compared with the blank control. Expressions of Sema3A and
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Sema4D RNA were significantly increased when silicate was used to
stimulate DRG in vitro (p < 0.0001 for Sema3A; p = 0.0029 for Sema4D).
By comparison, RNA expressions of CGRP, SP, Sema3E and Sema7D
were not significantly different from the blank control (Fig. 5D). Because
semaphorins are extensively expressed by DRG neurons, immunofluo-
rescence staining was used to confirm the presence of semaphorins and
B-III tubulin in isolated DRG neurons (Fig. S5E). In the absence of Si in the
staining bath, Sema3A was seen almost exclusively at neuronal termi-
nals. Upon the addition of Si, Sema3A intensity in the neuron bodies was
increased within 24 h (p < 0.0001). However, no significant change was
found in the expression of Sema4D (p > 0.05). Taken together, the re-
sults support that Si promotes DRG axonal growth and Sema3A
expression in vitro.

7.4. Silicon-stimulated DRG promotes MSC/EPC homing, osteogenesis
and angiogenesis

The responses of MSCs and EPCs to different culture media were
investigated to probe the mechanism of Si-stimulated DRGs in promot-
ing osteogenesis and angiogenesis in vitro. The effects of Si-stimulated
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Fig. 3. SCS promotes bone regeneration via sensory
nerve innervation. (A) Representative micro-CT im-
ages of 3D-reconstructed superficial and interior
images of distal femoral defects 6 weeks after SCS or
blank implantation, with or without capsaicin
treatment. Scale bar: 4 cm. (B) Quantitative analysis
of bone volume/total volume (TV/BV), bone mineral
density (BMD) and trabecular thickness (Tb.Th) (n
= 6). (C) von Kossa silver staining for new bone.
Scale bar: 2 cm. (D) Bar chart depicting the von
Kossa silver staining results (n = 6). (E) Calcein la-
beling for new bone. Scale bar: 100 pm. (F) Bar chart
depicting the calcein labeling results (n = 6). For all
charts, data represent means + standard deviations;
groups labeled with different lowercase letters are
significantly different (p < 0.05).
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DRG on MSCs and EPCs were quantified using CCK8 assay and cell
scratch assay (Fig. 6A, D). The results indicate that culture medium
conditioned with only DRG or Si did not stimulate proliferation and
migration of MSCs or EPCs after 24 h (p > 0.05). In contrast, prolifer-
ation and migration of MSCs and EPCs increased significantly in the
culture medium that had been conditioned with Si-stimulated DRG (p <
0.0001).

In vitro osteogenesis was performed at co-culture day 14 to analyze
the effect of DRG on osteogenic differentiation of MSCs. Alkaline
phosphatase is an early marker for osteoblast lineage development. The
result showed that MSCs co-cultured with Si-stimulated DRG neurons for
14 days exhibited more intense staining for ALP (Fig. 6B). Identical re-
sults were achieved when the ALP activity was quantified (Fig. 6C, p <
0.05).

The effect of co-culture medium on in vitro angiogenesis was per-
formed using tube formation, which is a simplified model of angiogen-
esis evaluation. Endothelial progenitor cells co-cultured with Si-
stimulated DRG induced cell migration and alignment, followed by
the development of capillary-like tubes and sprouting of new capillaries
(Fig. 6E). Tube length of the network structure induced by Si-stimulated
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Fig. 4. Immunofluorescence staining of defect areas at 6 weeks after surgery. (A) Representative images of immunofluorescence staining of CGRP and LepR. (B)
Representative images of CGRP and Emcn staining. (C) Representative images of CGRP and CD31 staining. (D) Quantification of CGRP, LepR, Emcn and CD31
median fluorescence intensity (MFI) per field view. Nuclei were stained with DAPI (blue). Scale bar: 100 pm. Data represent means =+ standard deviations (n = 6). For
all charts, groups labeled with different lowercase letters are significantly different (p < 0.05).

DRG was significantly longer than the other groups (Fig. 6F, p < 0.05).

The effect of Si or DRG cells alone on osteogenesis or angiogenesis is
not as effective as that of Si-stimulated DRG. Conspicuously, the effects
of Si-stimulated DRG on osteoblast differentiation and tube formation
were blocked after incubation with Sema3A neutralizing antibody
instead of Sema4D antibody (Fig. 6C, F, p < 0.05). In particular, Sema4D
mainly exists as membrane proteins, and only a small amount functions
in secretory. Previous studies have confirmed that neutralizing antibody
can effectively block the regulatory activity of Sema4D in cell culture
and animal models [32]. Taken together, the data suggest that
Si-stimulated DRG regulates osteoinduction of MSCs and
pro-angiogenesis of EPCs. This, in turn, results in better extrafibrillar
mineralization and capillary formation. The upregulation of osteogeni-
c/angiogenic phenotypes also indicate that bone regeneration is asso-
ciated with neural production of Sema3A.
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7.5. Sema3A promotes osteogenesis and angiogenesis in SCS-mediated
bone regeneration

To further confirm the involvement of Sema3A in Si-induced osteo-
genesis, direct intra-DRG injection of AAV9-Sema3a or AAV9-Sema3a-
RNAIi was performed to overexpress or knockdown Sema3A in the sen-
sory nerves. All animals recovered within 3 h after operation and
showed no apparent abnormal behavior after rAAV9 treatment. Immu-
nofluorescence staining confirmed successful transduction of rAAV9 in
DRG neurons in vivo (SI-7). For osteogenesis evaluation, micro-CT
reconstruction was performed after 12 weeks of implantation
(Fig. 7A). The 3D images clearly depicted differences among groups.
Significantly more bone volume was observed in the AAV9-Sema3a
group; the defects were almost fully-healed, with the appearance of
new plate-like bone patterns peripherally and centrally. Commensurate
with the image observations, the RNAi group had the lowest BV/TV,
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BMD and Tb.Th values among all groups (Fig. 7B, p < 0.05). Compared
with control groups, significantly higher BV/TV, BMD and Tb.Th values
were recorded in SCS-implanted defects with AAV9-Sema3a injection (p
< 0.05). Conversely, significantly lower bone parameter values were
recorded in defects associated with AAV9-Sema3a-RNAi injection (p <
0.05). Quantitative micro-CT analysis revealed no detectable changes
among control groups (p > 0.05). The results indicate that neural
Sema3A production initiated by SCS promotes bone regeneration in vivo,
confirming the results of in vitro evaluation.

Specimens stained with CGRP, LepR, Emcn and CD31 enabled
simultaneous visualization of the location of sensory nerves, MSCs and
capillaries (Fig. 7C-F). Defects in the AAV9-Sema3a group were filled
with significantly more CGRP* nerve fibers (p < 0.05). Likewise, LepR "
cells were prominently identified in the AV9-Sema3a group (p < 0.05).
The AAV9-Sema3a group also showed a large number of CD31" and
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Fig. 5. Si promotes DRG axonal growth and secre-
tion of semaphorins in vitro. (A) Representative
immunofluorescence images of DRG neurons
cultured with various concentrations of Si for 2 days.
Scale bar: 200 pm. Green: anti-p-III tubulin antibody.
Red: anti-NeuN antibody. Quantitative analyses of
neurite length (B) and neuron survival (C) under
indicated treatments, respectively (n = 8). (D) Real-
time PCR was performed using primers targeting the
neuropeptides and axonal guidance molecules in
DRGs exposed to 10 pM Si. Increased levels of sem-
aphorin expression were detected in their DRGs
compared with control (n = 3). (E) Representative
double-immunofluorescent staining of NeuN (red),
Sema3A (green) and Sema4D (green) in DRG neu-
m rons with quantification of MFI per field view (n =
8). Scale bar: 50 pm. Data represent means + stan-
dard deviations. For all charts, groups labeled with
*** (p < 0.001) or different lowercase letters (p <
0.05) are significantly different.
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Emcn™ vessels than the other groups (p < 0.05). In addition, the change
in CGRP™ fiber frequency closely mirrored those of LepR™ cells, CD31™"
vessels and Emen™ vessels. Taken together, the results indicate that
Sema3A production is closely associated with sensory nerve innervation
and blood vessel formation during osteogenesis.

7.6. Silicon up-regulates DRG Sema3A expression by activating Akt-
mTOR signaling

The signaling pathway involved in silicon upregulation of DRG
Sema3A expression was the last to be investigated. Expression of
Sema3A was improved for the DRG tissues obtained from the SCS group,
compared with the blank control (SI-8). Western blot of the Wnt/
B-catenin and MAPK/p38 pathways showed no obvious changes. Ex-
pressions of phosphorylated PI3K, Akt and mechanistic target of
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Fig. 6. Silicon-stimulated DRGs promote MSC/EPC
homing, osteogenesis and angiogenesis by sem-
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rapamycin (mTOR) were significantly elevated after SCS implantation
(Fig. 8A, p < 0.05), while the total protein contents of PI3K, Akt, and
mTOR were not significantly altered (p > 0.05). Compared with control
medium, DRG cells cultured with silicon supplemented medium also
showed increased phosphorylation level of the PI3K/AKT/mTOR
signaling pathway (Fig. 8B, p < 0.05). The results suggest that the PI3K/
Akt/mTOR signaling pathway is activated in SCS-upregulated bone
regeneration.

8. Discussion

Studies of humans and other species have suggested the potential of
Si in regulating bone metabolism. Nevertheless, the underlying reason
for this favorable effect remains obscure. The present study provides
compelling evidence of the ability of SCS to enhance bone regeneration,

485

with elucidation of the underlying mechanism. The beneficial effects of
Si appear to be mediated by Sema3A, an axonal guidance molecule
released from sensory neurons. A previously unrecognized Sema3A-
mediated cross-talk between sensory nerves and bone regeneration has
been identified as the major mechanism underlying Si-induced bone
formation. In addition, the mTOR signaling pathway has been shown to
regulate Sema3A production.

A growing body of evidence supports the physiological role of Si in
bone formation. Silicon has been reported to stimulate bone minerali-
zation and collagen synthesis [33]. Silicon supplement demonstrates
long-term efficacy and safety in the treatment of osteoporosis [34].
Neoangiogenesis plays an important role in tissue regeneration by
providing adequate nutrition. Silicon has also been considered a potent
element that promotes angiogenesis at therapeutic doses [35]. Release
of silicic acid is considered to be the major factor in promoting
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Fig. 7. Sensory nerve-derived Sema3A promotes osteogenesis and angiogenesis in SCS-mediated bone regeneration. (A) Micro-CT analysis of bone regeneration at 12
weeks. 3D reconstructed superficial and interior images of femoral condyle defects in different groups. Scale bar: 4 cm. (B) Quantitative analysis of bone volume/total
volume (TV/BV), bone mineral density (BMD) and Trabecular Thickness (Tb.Th) (n = 6). (C) Representative images of immunofluorescence staining of Leptin
Receptor and CGRP. (D) Representative images of immunofluorescence staining of CGRP and Emcn. (E) Representative images of immunofluorescence staining of
CGRP and CD31. (F) Quantification of CGRP, LepR, Emcn and CD31 median fluorescence intensity (MFI) per field view. Nuclei were stained with DAPI (blue). Scale
bar: 100 pm. For all charts, data represent means + standard deviations (n = 6). Groups labeled with different lowercase letters are significantly different (p < 0.05).

osteogenesis of bioceramic materials [36]. Silicic acid molecules that
enter cells act as signals for upregulation of genes that generate cell cycle
regulator proteins and growth factors [16,37]. In the present study,
sensory nerve dysfunction by capsaicin injection or knockdown of

Sema3A in DRG resulted in significant inhibition of silicon-induced
osteogenesis in the rodent bone defect model. In addition, MSCs and
EPCs were activated after they were co-cultured with Si-stimulated DRG.
Such findings indicate that the osteogenic potential of SCS is strongly

486
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Fig. 8. Activation of the PI3K-Akt-mTOR signaling
pathway. (A) DRG tissues obtained from rats with or
without SCS implantation and (B) DRG cells cultured
with or without silicon-supplemented medium, fol-
lowed by measurement of protein levels associated
with the signaling pathways. Western blot data
indicated that Akt-mTOR was activated (**p < 0.01,
***p < 0.001). Wnt/p-catenin and MAPK/p38 path-
ways showed no apparent alterations. For all charts,
data represent means + standard deviations (n = 3).
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dependent on Si functionalization and interaction with sensory nerves.

The outcome of SCS implantation in wound defects in vivo is
encouraging. The SCSs accelerated bone regeneration, as indicated by
the increases in BV/TV, Tb.Th and BMD as well as the extent of in vivo
calcein staining during the early stage of wound repair. The prepon-
derance of CGRP * sensory nerves in the SCS group corresponded well
with MSC aggregation and increased vessel formation. Chemical cues
derived from the SCSs synergistically activated sensory innervation and
vascularization. Considering that only a limited number of MSCs, blood
vessels and nerve fibers are available in an injury site, immunofluores-
cence staining and quantification was performed in the present study to
analyze the expression profiles of specific proteins and their location. In
future studies, it is necessary to verify the present results by evaluating
the gene expression of these markers via RT-PCR. Furthermore, single-
cell genome sequencing, which is capable of discerning the contribu-
tions from distinct cellular populations [38], may be used to separately
detect the changes in gene expression of MSCs, blood vessels and nerve
fibers. Because there was no increase in pain level in rats that received
SCS treatment, it may be surmised that biosilicification helps improve
the osteoinductivity of the implanted collagen scaffolds. Additional
studies have to be performed on the efficacy of SCSs using more
clinically-relevant bone defect models prior to their clinical use for
treating bone diseases/injuries such as osteoporotic fracture, diabetic
bone metabolism and other traumatic injury. Silicon supplement has
been reported to have a good safety profile in the literature [39]. The
present results show that there was no significant difference in the
plasma levels of inflammatory factors between the SCS-implanted group
and the blank control group (p > 0.05 for all comparisons) (SI-4). As for
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effects on pain sensation, there were no significant changes in pain
withdrawal responses between the groups of animals receiving blank or
SCS implantation (p > 0.05 for all comparisons) (SI-5). The in vitro ef-
fects of soluble Si, existing predominantly as orthosilicic acid, have been
investigated extensively within the physiological concentration range
(2-30 pM) [40,41]. To the best of our understanding, this is the first time
that DRG neurons have been co-cultured with orthosilicate in vitro. In
the present study, decreased neurite length and DRG cell number were
identified in DRGs that were cultured in neurobasal medium supple-
mented with 40 uM silicon, compared the DRGs that were cultured in
control medium. The neurotoxic effect may be attributed to limited pH
buffering capacity [42] and sensitive N-methyl-p-aspartate receptor
activation [43] in that neurobasal medium that was supplemented with
orthosilicate. Further studies are required to clarify the mechanism for
the adverse effects of DRGs after their exposure to a high concentration
of orthosilicate.

Another high-yielding fruit that arises from the present study is the
generation of a silicified biomaterial using a facile strategy. Synthesis of
SCS is usually achieved by pretreatment of collagen fibrils with poly-
cationic molecules such as poly(allylamine) hydrochloride. However,
poly(allylamine) hydrochloride has dose-dependent toxicity and is not
approved as a pharmaceutical ingredient [44]. Although choline sup-
plement has limited value in bone metabolism [45], choline-stabilized
soluble silica is believed to have high bioavailability compared with
other Si supplements [46]. Accordingly, choline chloride was used in the
present work to stabilize the silicifying medium as the first step of
intrafibrillar silicification. Liquid chromatography is a common method
for quantitative determination of choline chloride [47]. However,
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choline chloride in the SCS extract could not be detected by liquid
chromatography. This may be due to the low concentration of choline
chloride released from the SCS. Further studies are needed to clarify
whether choline chloride is released, as well as the biological role of
choline in bone health. The SCS possesses a highly-mineralized surface
morphology that creates microscale surface roughness to enhance cell
attachment. Compared with a native collagen scaffold, the SCS has
increased porosity and improved tensile properties. The increased
scaffold volume after silicification creates a high degree of porosity. In
addition, effective deposition of intrafibrillar silica can enhance the
mechanical strength of the collagen matrix. This, in turn, augments the
tensile modulus of the silicified collagen matrix. Increased porosity and
tensile modulus of the SCS also promote cell infiltration and prolifera-
tion and create a scaffold with better mechanical stability [48]. The SCS
has the ability to release silicic acid. This, in turn, enhances bone
regeneration through peripheral sensory nerves.

Deprivation of Sema3A from sensory neurons disrupts nerve fiber
organization and adversely affects skeletal vascularization and miner-
alization. Both the in vitro and in vivo results in the present work support
that Si upregulates neural Sema3A production to promote osteogenic
differentiation. Inhibition of Sema3A expression in vivo attenuated new
bone formation induced by SCS implantation, whereas overexpression of
Sema3A enhanced new bone formation. Bone cells express receptors for
Sema3A and activation of those receptors has profound effects on pro-
moting angiogenesis in bone [49]. A previous study reported that
Sema3A is a powerful protein that promotes osteogenic differentiation
of bone marrow MSCs [50]. Exogenous Sema3A exerts direct control on
the rate of migration of endothelial cells and integrin affinity; these
factors are indispensable for new blood vessel formation [51]. A
drug-delivery system based on Sema3A gene therapy ameliorated bone
loss in osteoporotic ovariectomized mice [52]. Sema3A is a selective
repellent of SP-positive and CGRP-positive sensory nerve fibers. The
ability of Sema3A to inhibit aberrant sensory sprouting suggests that this
protein possess neuropathic pain-sparing effects [53]. Although deletion
of Sema3A from cells of the osteoblast lineage does not affect sensory
innervation or bone volume, mice lacking Sema3A in neurons have
decreased sensory innervation of bone and diminished postnatal bone
mass [54]. The present RT-PCR and immunofluorescence results showed
that Sema3A expression was significantly increased when the DRGs
were stimulated by silicate. Moreover, the osteogenic and angiogenic
effects of Si-stimulated DRG were blocked by the application of Sema3A
neutralizing antibody. Based on previous reports on the osteogenic and
angiogenic effects of Sema3A and the present results, we conclude that
Si promotes Sema3A secretion from DRGs to enhance the migration,
osteogenesis and angiogenesis of MSCs/EPCs.

In the present study, CGRP expression was significantly increased
after SCS implantation in the injured site; Sema3A was concomitantly
overexpression in the DRGs. These results insinuate that sensory nerves
propagate and form functional connections after damage to neighboring
axons. Previous research has demonstrated that injury to adult spinal
cord induces Sema3A expression and sprouting of CGRP nerve fibers
[55]. The amount of Sema3A produced by sensory nerves is low and
intraspinal overexpression of Sema3A impedes abnormal innervation
[56]. These findings demonstrate that mature sensory afferents maintain
their responsiveness to Sema3A in a dose-dependent manner. Although
Sema3A may be used therapeutically to control sensory sprouting, the
developmental changes in Sema3A and its dynamic relationship with
nerve terminal plasticity are not known. In addition, the level of Sema3A
increased significantly in femur injury sites after the implantation of
SCS, while inhibition of sensory nerve by capsaicin blocked the upre-
gulation in Sema3A expression (SI-9). Because SCS promotes Sema3A
expression in DRGs as well as the distribution of CGRP-positive sensory
nerves, the increased expression of Sema3A in femur injury sites could
have resulted from the increased innervation of sensory nerve after SCS
implantation. Thus, Sema3A may be literally perceived as the ambas-
sador of neural-osteogenic interaction.
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Simultaneous changes in the levels of Sema3A and p-mTOR in vivo
suggest that activation of the mTOR pathway is associated with elevated
Sema3A level in the SCS group. This relation between mTOR pathway
and Sema3A has also been demonstrated in diabetic keratinocytes [57]
and in renal tissue with acute kidney injury [58]. New insights on mTOR
function have been elucidated over the past several years. In particular,
local protein synthesis mediated by mTOR was found to participate in
the development of axons and dendrites, as well as in regulating the
transmission of pain signals [59]. It is now clear that the mTOR pathway
plays a central role in sensing environmental conditions and regulating
metabolism at both the cellular and organismal level. The present study
provides a unique perspective on the role of Si in regulating the mTOR
pathway in the nervous system. Further studies are required to validate
the above results by probing the signal transduction process. This may
be achieved by using AKT-mTOR inhibitors in in vitro Si stimulation of
DRG and in in vivo bone defect models.

The neglect of the significance vascular and nervous networks in
bone regeneration is likely to be an important reason for the delayed or
impaired recovery of bone defects. Bone implant materials that can
integrate both nerve and vessel regeneration have not been actively
pursued by scientists because of the difficulty in regulating multiple
tissue types [60]. The SCS investigated in the present study provides a
prototype for the development of a neurovascular bone implant material
that can reproduce the microenvironment of bone tissue and induce
bone healing via promotion of angiogenesis and improved nerve
innervation. A more comprehensive understanding of the process of
vascularization and neuralization, and their synergistic interactions for
promoting osteogenesis is expected.

9. Conclusion

Within the limits of the present study, it may be concluded that the
excellent osteoinductivity of SCS is associated with sensory Sema3A
production. Silicified collagen scaffolds demonstrate potential for clin-
ical translation by integrating the functions of innervation, vasculari-
zation and tissue mineralization into a single scaffold. More importantly,
the present study provides preliminary understanding of the sensory
nerve mechanism underlying the effects of SCS on in-situ bone
regeneration.
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