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Abstract 
Background: Bone defect regeneration is a dynamic healing process that relies on the body’s innate repair mechanisms, yet natural healing 
capacity remains limited. To address this challenge, advanced biomaterials combining bioactive inorganic components with biocompatible
polymers have emerged as a promising strategy to enhance osteogenesis and angiogenesis.
Methods: In this study, a novel three-dimensional composite scaffold material was successfully fabricated using a combined electrospinning-
freeze drying technique. The scaffold incorporates flexible silicon dioxide-strontium oxide (SiO2-SrO) nanofibers as functional c omponents, which
are physically blended with a poly(lactic acid)/gelatin (PG) fibrous matrix to achieve composite construction.
Result: The fabricated scaffolds exhibited an optimal well-ordered porous structure, excellent biocompatibility, and sustained release of 
therapeutic ions (Si4+ and Sr2+). Notably, they significantly upregulated osteogenic gene expression and enhanced angiogenic potential as 
demonstrated by improved tubulogenesis in HUVEC cultures. In vivo evaluation using a rat calvarial defect model confirmed their superior bone
regeneration capability through simultaneous promotion of osteogenesis and angiogenesis.
Conclusion: Leveraging the synergistic effects of SiO2-SrO nanofibers and PG polymers, this study presents a multifunctional scaffold capable of 
promoting bone regeneration through dual osteogenic and angiogenic stimulation. Our findings highlight the potential of this composite system
not only for bone tissue engineering but also for broader biomedical applications.
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Background 
Bones play an important role in maintaining complete life 
functions as the body’s internal support system, maintaining 
motor and hematopoietic functions, as well as protecting
internal organs and the nervous system [1]. According to 
research, annual global bone graft surgeries exceed 2 million 
cases, the second most frequent transplantation following
blood transfusion [2]. In addition to the most commonly used 
autologous or allogeneic bone substitutes, inorganic or bio-
organic-based bone substitutes are also widely used for frac-
ture repair [3]. Bone’s structure is hierarchically organized, 
with type I collagen (COL1) providing organic flexibility
and hydroxyapatite (HA) nanocrystals contributing mineral
rigidity [4]. Organic–inorganic composite materials exhibit 
distinctive structural and biochemical characteristics, that are 
reminiscent of naturally occurring hybrid systems. In the 
presence of an extensive damage to the bone, the regeneration 
process of the resulting bone may be impaired due to an 
inability of the injury microenvironment to create a new 
vascular network to ensure oxygen permeation and nutrient 
delivery. Different types of inorganic nanomaterials (NMs) 
are being extensively used to promote bone tissue regen-
eration via enhanced osteogenesis and angiogenesis. Inor-
ganic NMs, such as bioactive ceramics (e.g. HA, tricalcium 
phosphate, etc.) are being widely used in the clinic due to 
their potential advantages, including osteo-inductivity and 
osteo-conductivity albeit their poor mechanical properties 
and fragility. Organic/inorganic hybrids based on natural/syn-
thetic polymers and inorganic NMs may hold great promise
to recapitulate biomechanical characteristics of natural bone
extracellular matrix (ECM) as well as harness the poten-
tial advantage of each individual component of the scaffold
to synergistically promote osteogenesis and angiogenesis.The
integration of multiple inorganic NMs enables the combined
therapeutic potential of distinct bioactive ions, such as silicon
ions (Si4+) and strontium (Sr2+) ions. Artificial bone graft
materials capable of providing prolonged and regulated deliv-
ery of bioactive ions (e.g. Si4+, Sr2+, etc.) may not only pro-
mote stem cell differentiation into osteogenic and angiogenic
cells but they may also work as depots for the sustained and
controlled release of drugs [1]. Consequently, the application 
of inorganic NMs capable of furnishing therapeutic ions is a
cost-effective and an economical approach to promote bone
tissue repair.

Calcium (Ca) is one of the basic elements in the body, 
which makes up the mineral composition of bone. Strontium 
has physical and chemical properties similar to Ca; therefore, 
Sr2+ act through Ca-sensitive receptors in bone tissue to
increase the production of osteoprotegerin and inhibition
of RANKL binding to RANK receptors by decreasing its
transcript levels, and thus inhibits osteoclastogenesis [5]. On 
the other hand, strontium (Sr) promotes bone tissue repair 
by enhanced osteoblast activity and functional performance.
Wnt signaling critically regulates mesenchymal stromal cells
(MSCs) osteogenic differentiation in bone repair. [6, 7]. The Sr 
activates the classical Wnt pathway by suppressing sclerostin 
expression and therefore promotes osteoblast differentiation.
Similarly, Si can stimulate osteoblast CoL I expression and
mineralized deposition [8]. In vitro experiments have con-
firmed that Si is a key influencing factor in the formation of
collagen-proteoglycan cross-linking, thereby enhancing bone
strength and biomechanical performance [9]. Silicon ions 
(Si4+) exhibit pleiotropic effects through promoting stem cell 

differentiation, facilitating intercellular communication, and
inducing angiogenesis via VEGF/VEGFR2 and IGF1/IGF1R
signaling cascades [10–12]. Biomaterials incorporating SiO2 
enhance osteogenic activity through improved cell adhesion 
and proliferation along with increase the production of bone-
specific proteins [9]. Min et al. reported the effect of Si/Sr co-
promotion of osteoblast activity and vascularization [13]. 

Aerogels are low-density and highly mesoporous materials 
prepared by the self-assembly of sol-gels or molecular pre-
cursors (organic or inorganic) followed by processing using
various techniques (e.g. drying, supercritical carbon dioxide,
thermal crosslinking, etc,) [14]. Aerogels exhibit high water 
absorption, an interconnected porous structure and good 
permeability, which can promote the attachment, proliferation 
and migration of osteoblasts and angiogenic cells. Aerogels 
serve as delivery platforms enabling prolonged and tunable 
growth factor release, therapeutics, and bioactive ions (e.g.
Si2+, Sr2+, Ca2+, etc.), which may help promote osteogenic
differentiation and neovascularization for enhanced the effi-
ciency of bone defect repair [15]. El-Wakil et al. fabricated 
risedronate-loaded 3D aerogel scaffold, which were composed 
of nanofibrillated cellulose. These scaffolds both effectively 
inhibit bone tissue degradation and significantly promote new
bone formation [16]. 

The aim of this study was to manufacture organic– 
inorganic hybrid aerogel scaffolds capable of furnishing 
therapeutic ions, e.g. Si4+ and Sr2+. Poly(lactic acid)/gelatin 
(PLA/Gel) and silica-strontium oxide (SiO2-SrO) fibers 
with different content of Sr were individually prepared 
by electrospinning and then homogenized to obtain short 
nanofibers. Organic/inorganic hybrid aerogels were then 
developed by blending appropriate proportions of flexible 
SiO2-SrO fibers and PLA/Gel fibers. We envision that these 
organic/inorganic hybrid aerogels may not only mimic key 
structural features of natural bone ECM, but they may also
simultaneously promote osteogenesis and angiogenesis. We
thoroughly structural characterization of the scaffold, such as
surface morphology, microstructure, and mechanical strength.
Moreover, we examined cytocompatibility, angiogenic ability,
osteogenic activity, and osteogenic activity in vitro. Using
rat calvarial defects as a research platform, we not only
evaluated the macroscopic repair effect of the scaffolds, but
also analyzed the expression of relevant osteogenic markers
by immunohistochemistry [17]. 

Methods 
Manufacturing of electrospun nanofibrous
membranes

PLA and Gel were dissolved in hexafluoroisopropanol 
(PLA:Gel = 1:5, w/w, %) to obtain 11% (w/v) solution. The 
parameters of electrostatic spinning were voltage 12 kV,
propulsion pump speed 1 ml/hour, and reception distance
15 cm to prepare nanofiber membranes.

To prepare SiO2-SrO fibers, varying content of Sr nitrate 
(e.g. 0.1, 0.2, 0.3%, etc.) were dissolved in TEOS/H3PO4/H2O 
(10:0.07:10, v/v) solution and stirred for 10 h to obtain 
SiO2-SrO sol. PVA was dissolved in deionized water at a 
mass ratio of 1:9. Subsequently, SiO2-SrO sol and PVA 
solution were mixed at a 1:1 weight ratio and stirred for
5 h at 15◦C. SiO2-SrO fibers with varying content of Sr
were prepared by electrospinning to obtain SiO2-SrO-1 NF,
SiO2-SrO-2 NF, and SiO2-SrO-3 NF with electrospinning
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parameters as follows: applied voltage, 20 kV, flow rate, 
1 ml/h, and spinner-to-collector distance, 15 cm. High-
temperature heat treatment of fibers in a muffle furnace
(800◦C/2 h).

Fabrication and characterization of PG/SiO 2-SrO
scaffolds
Preparation of PG/SiO2-SrO scaffolds

PLA/Gel and silicon oxide/silica (SiO2-SrO) fibers were cut 
into 1 cm × 1 cm sizes for the preparation of organic/inorganic 
hybrid aerogels. About 2.5 g of fibers with or without SiO2-
SrO fibers were mixed with 100 ml of tert-butanol and The 
in order to obtain a homogeneous nanofiber dispersion, the
mixture was stirred at 10000 rpm for 30 minutes using a high-
speed mixer (IKA T18, Germany). The mass ratio between
PLLA/Gel fibers and SiO2-SrO fibers was 6:4 (w/w) [18]. 
The blended solution was transferred into a 96-well plate
and frozen at −80◦C for 12 h, followed by lyophilization
(FreeZone® 2.5 L, LABCONCO, USA) over 72 h to produce 
uncrosslinked 3D aerogel scaffolds. Scaffolds were thermally 
crosslinked at 190◦C for up to 2 h in a muffle furnace 
(FO311C, YAMATO, Japan). The composite scaffolds pre-
pared from SiO2-SrO nanofibrous membranes with Sr content 
of 0.1%, 0.2%, and 0.3% were named as PG/SiO2-SrO-1,
PG/SiO2-SrO-2, and PG/SiO2-SrO-3, respectively. The com-
posite scaffolds were cut into 1 mm thick slices and observed
under a scanning electron microscope.

Structural elucidation and physico-chemical proper ties of

scaffolds

The composite scaffolds were physically characterized 
as follows: scanning electron microscopy (SEM), energy 
dispersive spectroscopy, X-ray diffraction (XRD), Fourier 
transform infrared spectroscopy (FTIR), water contact angle 
test, inductively coupled plasma emission spectrometry for 
the detection of Si4+ and Sr 2+ release, and thermogravimetric
analysis (TGA), mechanical tests, and in vitro degradation
tests (n = 3). In vitro degradation tests (n = 3). See the
Supplementary Materials section for information on the
operation of the test method.

In vitro biocompatibility of scaffolds

The study utilized three cell types: MC3T3-E1 pre-osteoblasts 
and human umbilical vein endothelial cells (HUVECs) from 
the Chinese Academy of Sciences Cell Bank, along with 
rBMSCs isolated from two-week-old Sprague–Dawley rats
(supplied by Shanghai Jieshijie Laboratory Animal Co.). All
cell lines were maintained under standard culture conditions
(37◦C, 5% CO2) with medium renewal every 48 hours.

To assess scaffold biocompatibility, four material groups 
(PG, PG/SiO2-SrO-1, PG/SiO2-SrO-2, and PG/SiO2-SrO-3) 
were evaluated through multiple cellular assays (n = 3) includ-
ing cell inoculation, cell proliferation, cell migration, and
angiogenic potential (tube formation).

In vitro osteogenic activity of scaffolds

In order to evaluate the osteogenic differentiation potential 
of rBMSCs, alkaline phosphatase (ALP) activity assay and 
alizarin red S (ARS) staining were used to quantify the degree 
of early osteogenic differentiation and the formation of late Ca 
nodules, respectively. The levels of COL1, osteocalcin (OCN), 
osteoblast protein (OPN) and runt-related transcription fac-
tor 2 (RUNX2) were also assessed by real-time quantitative

PCR (RT-qPCR). See the Supplementary Materials section for
information on the operation of the test method.

Animal experiments 
The animal study protocol was approved by the Institutional 
Animal Care and Use Committee of Army Medical University 
(Approval No. AMUWEC20256048). To discern the perfor-
mance of the aerogel scaffolds to induce bone production 
in vivo, they were implanted into in a 5-mm-sized calvarial 
defects in a rat model. Inhalation anesthesia was administered
to 8-week-old male Sprague–Dawley rats prior to procedures.
Following anesthesia induction, a 2 cm scalp incision exposed
the calvarial. After periosteal removal, 5 mm bilateral calvarial
defects were drilled. Sterilized scaffolds (PG and PG/SiO2-
SrO-2), pre-cut into 1 mm thick disks, were then implanted 
into the defect sites. Animals were sacrificed at predetermined 
intervals (4, 8, and 12 weeks) post-implantation, with four 
specimens per group at each time point, and calvarial tissues 
were harvested and fixed in 4% paraformaldehyde. Tissue
samples were scanned and examined using Micro-CT. After
micro-CT scanning, bone specimens were decalcified, sec-
tioned, and stained with hematoxylin & eosin (H&E) and
Masson’s trichrome for histological analysis. The thickness of
the slices was 4 μm. 

Statistical analyses 
The experimental data were expressed as mean ± standard 
deviation (mean ± SD), and one-way ANOVA (one-way 
ANOVA) was used for between-group comparisons, and 
Tukey’s method was chosen for post hoc tests. ∗P < .05,
∗∗P < .01, ∗∗∗P < .001.

Results 
Characterization properties of PG/SiO2-SrO 
composite aerogel scaffolds

PLA/Gel and SiO2-SrO fibers were fabricated using elec-
trospinning. The SiO2-SrO fibers were soft and foldable 
without a distinct rupture of the fibers. SEM analysis showed
that the surface of SiO2-SrO fibers showed continuous and 
homogeneous morphological features (Figure S1, Supporting 
Information). Energy-dispersive X-ray spectroscopy (EDX) 
exhibited uniform distribution of silicon (Si) and Sr elements
in membranes (Figure S2, Supporting Information). PLA/Gel 
and SiO2-SrO fibers were blended at an appropriate mixing
ratio and freeze-dried to obtain organic/inorganic hybrid
aerogels (Figure 1a). The composite scaffolds were cut 
into 1-mm-thick slices and observed with SEM, Unlike 
PLA/Gel aerogel scaffolds (PG), which exhibited meso-
pores and a compact sheet-like structure, organic/inorganic 
hybrid aerogels composed of both PLA/Gel and SiO2-
SrO fibers (PG/SiO2-SrO) manifested porous structure
as well as a stacking of short fibers (Figure 1b). EDX 
mapping showed homogenous distribution of Si and Sr 
elements in PG/SiO2-SrO aerogels, this demonstrates the
successful integration of SiO2-SrO fibers into aerogels
(Figure 1c). 

FTIR spectra of PG/SiO2-SrO-1, PG/SiO2-SrO-2, and 
PG/SiO2-SrO-3 exhibited a characteristic peak at 802 cm−1, 
which was ascribed to the siloxane linkage (Si-O-Si) of the
SiO2. The bands at 1633 and 1540 cm−1 correspond to amide 
I and amide II bonds, respectively, generated upon Gel heat
treatment [18], The 1751 cm−1 band corresponds to the PLA
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Figure 1. Morphological analysis of composite aerogel scaffolds. (a) Optical photographs and (b) SEM micrographs of scaffolds. Circles indicate pores 
among fibres, while arrows indicate the degree of fiber stacking in the scaffold. (c) EDX analysis showing homogenous distribution of Si and Sr in
aerogel scaffolds. Scale bars = 40 μm  (b)  and  1  0 μm (c) 

carbonyl (C=O) stretching vibration (Figure 2a)  [19]. XRD 
spectra of scaffolds did not exhibit additional diffraction 
peaks, which is indicative of their amorphous structure
(Figure 2b). Thermogravimetric analysis (TGA) showed an 
increase in the mass loss with an increase in the temperature
(Figure 2c). As can be seen from TGA thermograms, rate of 
mass loss was slower in the PG/SiO2-SrO groups than that 
of the PG, which is suggest of the higher thermal stability of 
aerogel scaffolds due in part to the incorporation of SiO2-
SrO fibers into scaffolds. As the temperature was increased 
to 800◦C, the residual mass of PG group was 18.28%, while
50.33%, 49.55%, and 50.51%, for PG/SiO2-SrO-1, PG/SiO2-
SrO-2 and PG/SiO2-SrO-3 scaffolds, respectively. Differential
scanning calorimetry (DSC) curves further showed the higher
thermal stability of G/SiO2-SrO scaffolds than that of the

PG scaffolds (Figure 2d). Water contact angle test of the PG 
was 131.08 ± 3.54◦, while 122.68 ± 6.22◦, 100.60 ± 14.58◦, 
and 98.55 ± 14.86◦ for PG/SiO2-SrO-1, PG/SiO2-SrO-2, 
and PG/SiO2-SrO-3 scaffolds, respectively. While carboxylic 
groups (-COOH) and amino (-NH2) groups of Gel can 
form amide bonds after thermal crosslinking and reduce 
the hydrophilicity of the scaffolds, composite scaffolds
exhibited better hydrophilicity, which is ascribed to the
incorporation of flexible SiO2-SrO fibers. Which made the
PG/SiO2-SrO scaffolds outperform the PG scaffolds in terms
of hydrophilicity (Figure 2e). 

The degradation of PG as well as composite scaffolds was 
ascertained in vitro for  up  to  8  weeks.  The  PG  group lost
∼50% of its mass over a period of 8 weeks. In contrast,
composite scaffolds exhibited slower degradation than that of
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Figure 2. Physical and chemical properties of scaffolds. (a) FTIR spectra, (b) X-ray Diffraction (XRD) patterns, (c, d) thermograms, (e) Water Contact Angle 
(WCA), n = 3 (f) degradation in vitro, n = 3 and (G-H) release kinetics of silicon ions (Si4+ ) and strontium ions (Sr2+). n = 3

the PG group albeit similar residual weight after degradation
in vitro (Figure 2f). The release kinetics of Si4+ and Sr2+ was 
further monitored for up to 45 days in vitro (Figure 2g-h). The 
PG/SiO2-SrO-3 scaffolds exhibited higher content of released
Sr2+.

The representative stress–strain curves showed that each 
scaffold conformed to the basic law of Hooke’s law during
the initial compression process (Figure 3a). Maximum 
compressive strength of the PG, PG/SiO2-SrO-1, PG/SiO2-
SrO-2, and PG/SiO2-SrO-3 scaffolds was 631.4 ± 50.1 kPa, 
909.3 ± 51.7 kPa, 969.1 ± 53.9 kPa, and 982.3 ± 59.0 kPa,
respectively, under dry condition (Figure 3b). The PG/SiO2-
SrO scaffolds exhibited significantly higher compressive 
strength and compressive moduli than that of the PG albeit
an insignificant difference among composite scaffold groups
(Figure 3c). The values for the maximum compressive stress 

at 90% compressive strain were found to be 20.5 ± 3.3 N, 
29.2 ± 1.1 N, 29.7 ± 1.6 N and 30.6 ± 0.4 N for PG, PG/SiO2-
SrO-1, PG/SiO2-SrO-2, and PG/SiO2-SrO-3 aerogel scaffolds,
respectively (Figure 3d). While in the dry state, PG scaffolds 
underwent irreversible plastic deformation after compression, 
PG/SiO 2-SrO scaffolds were still able to maintain a certain
degree of resilience.

While morphological analysis of PG scaffolds after com-
pression manifested the compaction of the fibers and a denser
stacking, PG/SiO2-SrO scaffolds exhibited loose and porous
fibrous (Figure 3e). The change in mechanical properties of 
the stent material after 1, 20 and 50 cycles of compression 
was tested by applying a 60% compressive strain to the stent
material in an aqueous media environment. (Figure 3f-h). 
After 60% strain cyclic compression, the PG/SiO2-SrO scaf-
fold recovered its initial height (Figure 3i). Supplementary
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Figure 3. Compressive mechanical behavior of different types of scaffolds. (a) Representative compressive stress-strain curve. (b) Uniaxial Compressive 
Strength (UCS). n = 3. (c) Compression moduli of scaffolds (n = 3). (d) Maximum force (n = 3). (e) Morphological analysis of scaffolds compressed under 
dry conditions. (f-h) Compression cycles of various scaffolds in wet condition, 1 compression cycle, 20 compression cycles and 50 compression cycles. 
(i) Macrostructural changes during compression and shape recovery in an aqueous medium. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001
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Figure 4. Cytocompatibility of scaffolds using HUVECs, MC3T3-E1, and rBMSCs. (a) Live/dead staining at day 7. Scar bar = 500μm. (b-d) Proliferation of 
HUVECs, MC3T3-E1, and rBMSCs cultured with different scaffolds for 1, 4, and 7 days as quantified by CCK-8 assay (n = 4). (e) Infiltration of MC3T3-E1 
cells into scaffolds. (f) Cytoskeleton and nuclei staining of rBMSCs after 3 days of growth in scaffolds. Scale bar = 500 μm. (g-h) Cytoskeleton area and 
number of nuclei of rBMSCs in different types of scaffolds. n = 3. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001

Information Movie S1 demonstrates the shape recovery rate 
of the PG/SiO2-SrO scaffold.

Cytocompatibility of PG/SiO2-SrO composite 
aerogel scaffolds

To assess scaffold cytocompatibility, we seeded HUVECs, 
MC3T3-E1, and rBMSCs onto the aerogel scaffolds. Using 

live/dead fluorescence staining and confocal laser scanning 
microscopy (CLSM), we systematically analyzed cellular 
viability, morphological features, and penetration ability
within the scaffold. Live/dead staining showed negligible
cytotoxicity of scaffolds, which exhibited sufficient number of
live cells, while only a few numbers of dead cells (Figure 4a). 
As compared to the PG scaffolds, PG/SiO2-SrO scaffolds 
exhibited more number of viable cells for all cell types.
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Figure 5. Cell migration and tube formation assay in vitro. (a) Migration of HUVECs using a Transwell assay. Scale bar = 200 μm. (b) Quantitative analysis 
of the number of the migrated cells in a Transwell migration assay. n = 4. (c) Scratch wound healing assay using HUVECs for up to 1 2 h and 24 h. HUVEC 
were co-cultured with extract solutions obtained from different groups. Scale bar = 100 μm. (d) Wound healing rate. n = 3. (e) Tubular networks of 
HUVECs co-cultured along with the conditioned media obtained from different type groups after 8 hours. Scale bar = 100 μm. (f-i) Quantification of 
junction, master segments, number of meshes and total length. n = 4. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001
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10 Burns & Trauma, 2025, Vol. 13, tkaf028

Figure 6. In vitro osteogenic ability of composite aerogel scaffolds. (a) Representative photographs of the ALP staining of BMSCs cultured along with 
the extract solution of different scaffold extracts at day 7 and 14 in vitro. (b) ALP activity at day 7 and 14 (n = 3). (c) ARS staining of BMSCs cultured 
along with the extract solution of different types of scaffolds to visualize calcium nodule formation. (d) Quantitative analysis of ARS staining (n = 3). (e-h) 
Quantification of the mRNA expression levels of COL-1, OCN, RUNX-2 and OPN genes in BMSC cultured along with the extract solution of different
types of scaffolds. n = 3. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001

Especially, MC3T3-E1 cells exhibited distinct spread cell 
morphology, which may be attributed to the SiO2-SrO
nanofiber (Figure S3). 

Bone regeneration is accompanied by mineral deposition
[20]. We next elucidated the use of a simulated body fluid 
immersion situation to assess the mineralization of the scaf-
fold in vitro. While only negligible mineral deposition had
occurred as earlier as Day 3, significant mineral deposi-
tion was observed by Day 14 (Figure S3, see the spheri-
cal particles). Bionic mineralization is induced by SBF to 
form a Ca-phosphorus layer, which facilitates cell adhesion,
migration, and osteogenic differentiation [21]. The results 
of CCK-8 assay was consistent with live/dead staining. The 
PG/SiO2-SrO-2 group exhibited the highest cell proliferation
(Figure 4b-d). Moreover, In addition, MC3T3-E1 cells had the 
highest infiltration rate in the PG/SiO2-SrO-2 group of scaf-
folds (Figure 4e). Cytoskeletal staining by rhodamine phal-
loidin of the rBMSC seeded along with the scaffolds showed 

the highest actin cytoskeleton formation in the PG/SiO2-SrO-
2 scaffolds as compared to the other groups (Figure 4f-h). 

Cellular motility and angiogenesis assay in vitro

To delineate the chemotactic ability of scaffolds on HUVECs, 
Transwell migration assay was performed. PG/SiO2-SrO 
scaffold showed significant cell migration than that of the PG
group. The PG/SiO2-SrO-2 group exhibited the highest cell
migration in vitro (Figure 5a). Quantitative analysis further 
showed that the PG/SiO2-SrO-2 groups induced markedly 
superior cell migration rates relative to other experimental
groups (Figure 5b). The scratch wound assay with HUVECs 
yielded concordant results with the Transwell migration data,
confirming the PG/SiO2-SrO-2 group pro-migratory effect.
(Figure 5c). While all groups exhibited cell migration in 
vitro,  PG/SiO2-SrO groups outperformed other groups in
terms of cell migration. The PG/SiO2-SrO-2 group exhibited
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Figure 7. In vivo bone regeneration by scaffolds in a rat cranial defect model in vivo.  (a) Representative 3D reconstructed images obtained from micro-CT 
scanning of the calvarial 4, 8 and 12 weeks post-implantation. (b) Percent object volume (BV/TV) analysis (n = 3). (c) Bone Mineral Density (BMD) 
analysis (n = 3). (d) Trabecular thickness (Tb.Th) analysis and (e) Trabecular separation (Tb.Sp) analysis. n = 3. Statistical analyses were performed by 
one-way analysis of variance (ANOVA) with Tukey’s post hoc test , ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001

rapid wound closure than that of the other aerogel groups
(Figure 5d). 

To further delineate the potential of scaffolds to induce 
angiogenesis in vitro,  An  in vitro angiogenesis assay was
performed to evaluate HUVEC tube formation capability on
Matrigel-coated plates. In the ECMatrix™ gel culture system, 
HUVECs showed typical angiogenic dynamics over time, with 
cell pseudopods developing and connecting to form mature
reticular structures after 8 hours of culture (Figure 5e). The 
angiogenic effect of the PG/SiO2-SrO group was significantly 
better than that of the PG group, which is attributed to
the ability of aerogel scaffolds to furnish Si4+ and Sr2+
to promote angiogenesis [22]. PG/SiO2-SrO-2 demonstrated 
superior angiogenic potential in tube formation assays com-
pared to other experimental groups (Figure 5f-i). 

Osteoinductive capacity of scaffolds under in vitro
conditions

To discern the osteogenic ability of the scaffolds to promote 
the differentiation of BMSCs into osteoblasts, various assays 
were performed, such as ALP assay and ARS staining. More-
over, the expression of osteogenesis-related proteins at the
mRNA level was studied by the RT-qPCR. The PG/SiO2-SrO
scaffolds showed an intense purple color with the strongest

induction of ALP activity in all tested groups (Figure 6a-b). 
ARS staining was further used to discern mineralization by 
staining Ca nodules. While all groups cultured in an osteo-
inductive medium exhibited positive staining for the ARS at
Day 21, PG/SiO2-SrO-2 group displayed the highest number
of Ca nodules and mineralization than that of the other groups
(Figure 6c-d). 

The expression of osteogenesis-related genes, including col-
lagen type I (CoL I), OCN, RUNX2, and osteoblastin (OPN) 
was assessed at the mRNA level using RT-qPCR. PG and
PG/SiO2-SrO groups showed an enhanced in the expression
levels of osteoblastic genes (Figure 6e-h). Notably, PG/SiO2-
SrO-2 demonstrated the most pronounced transcriptional 
activation, correlating well with its superior ALP activity 
and enhanced mineralization capacity. Taken together, these 
data indicated that the PG/SiO2-SrO-2 group had distinct
significantly enhances the osteogenic differentiation potential
of BMSCs in terms of osteo-inductive ability and osteogenic
differentiation.

Bone repair in vi vo

The osteogenic ability of the scaffolds was also evaluated 
using an in vivo skull defect model. The new bone formation
was studied by Micro-CT and histological analysis 4, 8,
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Figure 8. Histologic analysis of the defect site at different time points. (a) Hematoxylin and eosin (H&E) staining. (b) Masson’s trichrome staining. (c) 
Immunofluorescence staining, including OPN (red), OCN (green), and staining of nuclei in complex with DAPI (blue). (d-e) Positive relative area results 
corresponding to OPN and OCN proteins, n = 3. (f) Immunofluorescence staining including CD31 (yellow), α-SMA (red) and nuclei stained with DAPI 
(blue) complex. (g-h) Positive relative area results corresponding to CD31 and α-SMA proteins, n = 3. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001
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and 12 weeks post-implantation. While control group lacked 
significant bone formation, all experimental groups exhibited 
varying degrees of de novo bone formation. The PG/SiO2-SrO 
scaffold group exhibited the highest new bone coverage at
week 12 as compared to the control and PG groups and the
new bone tissue filled almost an entire defect area (Figure 7a). 
New bone formation was quantified by bone volume fraction 
(BV/TV), bone mineral density, and trabecular bone thickness
(Tb.Th) (Figure 7b-d) further confirmed the significant ability 
of the PG/SiO2-SrO scaffolds to promote fracture healing, 
which is ascribed to the osteogenic and angiogenic ability
of the scaffolds as well as the release of the bioactivity ions
as demonstrated in vitro [23]. Since Sr has been previously 
shown to be an osteo-inductive element, SiO2-SrO fibers may 
additionally act as a bridge to promote cell adhesion and
proliferation, thereby enhancing the healing the bone defect.

Histological evaluation was conducted through H&E stain-
ing and Masson’s trichrome staining to characterize the regen-
erated bone tissue (Figure 8a-b). The defect area was signifi-
cantly decreased in the PG/SiO2-SrO-2 group 12 weeks post-
implantation than that of the 4 weeks post-implantation. The 
composite scaffolds were degraded for up to a certain level 
12 weeks post-operatively with no obvious inflammatory 
reaction or necrosis for all groups. It is worthy to note that 
the defect area was filled with thin loose reticular fiber tissue 
with only a few number of inflammatory cells. Only a small 
amount of new bone was formed at the edge of the defect 
in the control groups. On the other hand, the PG group 
exhibited only a limited new bone formation, which was 
mainly observed at the edge of the defect. The defects treated
with the PG/SiO2-SrO-2 scaffold displayed more new bone
formation spanning from the edge to the center of the defect.
The new bone tissue was similar to the bone density around
the defect. The PG/SiO2-SrO-2 group showed significantly
higher filling of the bone defect with the de novo bone.
The new bone trabeculae and osteoblasts were distributed
as clusters in the pores and the margins of the defect area
of the scaffold, and were accompanied by a large number
of capillaries. Composite scaffold groups not only showed
significant de novo bone formation but also exhibited good
osteo-integration.

In addition, Immunofluorescence analysis was addition-
ally conducted to detect osteogenic differentiation markers 
osteopontin (OPN) and osteocalcin (OCN) at the protein 
level. The expression level of OPN and OCN was significantly
higher in PG/SiO2-SrO-2 group than that of the other groups
(Figure 8c). Quantitative analysis of the OPN and OCN stain-
ing also showed the superiority of PG/SiO2-SrO-2 scaffold
over other groups (Figure 8d-e). We further ascertained angio-
genesis in the defect region through CD31 and α-SMA stain-
ing. The PG/SiO2-SrO-2 group showed signif icantly higher
number of CD31/α-SMA-positive blood vessels than that of
the control group (Figure 8f-h). Taken together, PG/SiO2-
SrO scaffold can simultaneously induce osteogenic-angiogenic 
induction capacity, demonstrating signif icant potential for
bone tissue engineering applications.

Discussion 
The bone is a complex organ, which is continuously 
remodeled according to the multi-scale biological microen-
vironment. The use of functional scaffolds for bone tissue 
engineering triggers a series of biological processes that 
culminate in the occurrence of bone regeneration with 

favorable effects. These processes stimulate cells primarily 
through the provision of intrinsic properties by biomaterials 
and/or the release of extrinsic factors. 3D scaffolds doped
with therapeutic ions may leverage a conducive environment
to develop robust carrier systems for the release of specific
ions in bone engineering strategies. Hydroxyapatite has
good biocompatibility and osteoconductivity, and is the
main inorganic component of human bone, and is therefore
considered to be an efficient bone tissue repair material
[24]. Silicon (Si) and Sr are naturally occurring therapeutic 
ions. Silica (SiO2) is a bioceramic, which can furnish 
therapeutic ions (e.g. Si4+) and can promote bone tissue
repair via enhanced osteogenic induction [25]. Strontium 
(Sr) can promote bone homeostasis by stimulating the 
differentiation of osteoblasts as well as promoting bone 
formation. Moreover, Sr can affect the activity of osteoclasts
partly reducing osteoclast differentiation and promoting
osteoclasts apoptosis, thereby promoting bone homeostasis
[26, 27]. Inspired by the organic and inorganic components of 
the bone matrix, we proposed to construct organic–inorganic 
hybrid biomimetic scaffolds mimicking natural bone matrix 
for bone tissue repair. We prepared a 3D composite aerogel 
scaffold based on electrospun PG and SiO2-SrO short fibers.
In vitro release studies showed that the PG/SiO2-SrO scaffold
could stably and continuously release Si4+ and Sr2+ and
facilitate bone tissue repair (Figure 2g-h). 

The mechanical behavior of bone tissue engineering 
scaffolds must match native osseous tissue. An assessment 
of mechanical properties of scaffolds demonstrates structural
integrity of the scaffold and exhibits excellent compressive
properties when strained to 90% (Figure 3a). The inter-
connected porous network may provide a supportive 3D-
like structure for cellular infiltration, and may additionally 
promote the organization and deposition of functional ECM 
and the growth of neo-vessels and other tissue-specific 
structures. As compared to PG scaffolds, PG/SiO2-SrO
scaffolds displayed sparse porous structure. In addition,
CLSM indicated a higher propensity for the cells to migrate
and proliferate towards the inner side of the PG/SiO2-SrO
scaffolds (Figure 3e). 

The performance of scaffold biocompatibility is a factor 
that needs to be considered first and foremost in the design 
of scaffolds. It has been previously shown that the Si4+ can
promote cell proliferation [28]. In vitro testing confirmed 
the pro-adhesive and proliferative effects of silicon-doped
HA scaffolds [29]. Similarly, Sr has been shown stimulate 
both growth and osteoblastic differentiation of human bone
marrow stem cells in vitro [30]. Si4+ and Sr2+ can also 
cooperative stimulation cell proliferation [31]. We observed 
the beneficial effect of PG/SiO2-SrO scaffolds to promote cell 
growth as revealed by the live/dead staining and CCK-8 assay
(Figure 4a-d). These results indicate that the scaffolds can 
provide a conducive microenvironment to support cell growth 
and metabolic activities, which may also have implications for
their in vivo applications.

Cell migration represents a fundamental biological process 
that plays pivotal roles in both normal physiological functions 
and disease pathogenesis, including cancer metastasis, inflam-
mation, angiogenesis, and tissue regeneration [32]. It has been 
previously shown that Si and Sr can promote the cell migration
[33]. The scratch wound healing assay demonstrated that the 
PG/SiO2-SrO-2 scaffolds have a great potential to promote 
cell migration in vitro, which is consistent with the conclu-
sions of the Transwell migration assay. Since the scaffolds can
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recruit cells in vitro, these recruited cells can help promote 
biomineralization and de novo bone tissue production.

As a highly vascularized tissue, the integrity of bone 
depends on angiogenesis and tight junctions of osteocytes in a 
spatio-temporal fashion. Adequate angiogenesis is critical in
bone development and repair, so it is necessary to design
available scaffolds that promote angiogenesis [34]. Si4+ 

andSr2+ can significantly promote the regenerative movement 
of vascular endothelial cells by synergistically activating
the VEGF/VEGFR and PI3K/Akt signaling pathways [10, 
35–37]. Compared to extracts from PG scaffolds, extracts 
from PG/SiO2-SrO-2 scaffolds significantly induced the 
formation of angiogenic typical morphology in HUVECs, 
partly due to the synergistic effect of bioactive Si4+ and Sr2+. 
These therapeutic ions can modulate molecular mechanisms
associated with angiogenesis and can promote the migration,
proliferation and differentiation of ECs. Consequently,
PG/SiO2-Sr-2 scaffolds may have considerable prospect for
the regeneration of vascularized bone tissue.

The expression level of ALP can be used as a marker 
to assess the differentiation status and metabolic activity 
of osteoblasts. Silicon ions (Si4+) have been shown to
promote the ALP expression as well as promote the
differentiation of osteoblasts [29]. PG/SiO2-SrO scaffold 
exhibited significantly higher ALP expression than that of
the PG scaffolds (Figure 6a-b). Another aspect, Sr activates 
the differentiation of MSCs to osteoblasts by up-regulating
the expression of RUNX2 [38]. The PG/SiO2-SrO scaffolds 
also significantly enhanced the transcriptional activity of key 
osteogenic markers, such as COL 1, OCN, RUNX2, and OPN,
which is indicative of the osteo-inductive ability of scaffolds
(Figure 6e-h). 

The osteogenic effects of Si4+ are mediated through 
upregulation of Wnt/β-catenin cascade [39]. Axis inhibitor 
protein 2 (AXIN2) is a signal transducer of the Wnt 
signaling pathway. β-catenin promotes cell proliferation 
and differentiation as a central mediator of Wnt/β-catenin
signaling. It has been shown that Si4+ can significantly
upregulate the gene expression of AXIN2 and β-catenin
[40]. Similarly, Sr2+ can promote the expression of frizzled 
8  (FZD8)  and  β-catenin, thereby further activating different 
types of transcription factors (e.g. RUNX2). Moreover, Sr2+ 

can inhibit Wnt signaling via the down-regulation of protein
phosphatase 2A; the later can prevent the degradation of
β-catenin and promote osteogenic differentiation of MSCs
[41]. Therefore, the combined delivery of Si4+ and Sr2+ can 
enhance the activity of the classical Wnt/β-catenin pathway 
through the modulation of the extracellular signal-regulated
kinase/mediator-activated protein kinase (ERK/MAPK)
signaling pathway, and coupled to promote the osteogenesis
process of composite scaffolds. [42–45]. 

We further evaluated the beneficial effects of PG/SiO2-SrO 
scaffolds in promoting neogenesis in a rat skull defect model
(Figure 7a). PG/SiO2-SrO scaffold showed the ingrowth of 
de novo bone tissues both at the outer as well as inner 
sides of the scaffolds. Moreover, the new bone tissues were 
well integrated with the scaffold, thereby promoting bone
tissue repair. Histological analysis and immunohistochemical
staining showed the beneficial effect of PG/SiO2-SrO scaffold
were optimal in promoting bone tissue repair (Figure 8a-h). 

Taken together, we successfully fabricated a 3D composite 
aerogel scaffold based on SiO2-SrO short fibers and PG 

fibers. The scaffold not only displayed cytocompatibility and 
biocompatibility concomitant with sufficient biomechanical 
characteristics for bone tissue repair, but they also afforded 
the sustained and controlled release of therapeutic ions, such
as Si4+ and Sr2+. These functional ions can synergistically act
to promote osteogenic differentiation of MSC and biomin-
eralization. Moreover, these therapeutic ions can synergisti-
cally activate osteogenic and angiogenic mechanisms, thereby
enhancing the efficiency of bone regeneration.

Conclusions 
In summary, we have successfully developed composite aero-
gel scaffolds based on flexible SiO2-SrO short nanofibers and 
PG fibers (PG/SiO2-SrO), which closely mimiced the mixture 
components of natural bone tissue. PG/SiO2-SrO scaffolds 
exhibited excellent good physical and chemical properties, 
released Si4+ and Sr2+,  as  well  as  promoted  cellular  behav-
iors, and osteogenic differentiation of rBMSC. PG/SiO2-SrO-2 
scaffold group exhibited higher de novo bone production in
a skull defect model in rats as observed for up to 12 weeks.
In summary, we simultaneously utilize PLA/Gel and SiO2-SrO
fibers to afford composite aerogel scaffolds may have broad
implications to impart multifunctional characteristics to the
scaffolds for bone defect repair and related biomedical fields.
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