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Composite Superelastic Aerogel Scaffolds Containing
Flexible SiO, Nanofibers Promote Bone Regeneration

Mingyue Liu, Muhammad Shafig, Binbin Sun, Jinglei Wu, Wei Wang,
Mohamed EL-Newehy, Hany EL-Hamshary, Yosry Morsi, Onaza Ali,

Atta ur Rehman Khan, and Xiumei Mo*

Repairing irregular-shaped bone defects poses enormous challenges.
Scaffolds that can fully fit the defect site and simultaneously induce
osteogenesis and angiogenesis hold great promise for bone defect healing.
This study aimed to produce superelastic organic/inorganic composite aerogel
scaffolds by blending silica nanofibers (SiO,) and poly (lactic acid)/gelatin
(PLA/gel) nanofibers; the content of SiO, nanofibers is varied from 0-60 wt%
(e.g., PLA/gel, PLA/gel/SiO,-L, PLA/gel/SiO,-M, and PLA/gel/SiO,-H for 0%,
20%, 40%, and 60% of SiO, nanofibers, respectively) to produce a range of
scaffolds. The PLA/gel/SiO,-M scaffold has excellent elasticity and good
mechanical properties. In vitro experiments demonstrate that the silicon ions
released from PLA/gel/SiO,-M scaffolds promote the differentiation of rat
bone marrow-derived mesenchymal stem cells into osteoblasts, enhancing
alkaline phosphatase activity and bone-related genes expressions. The
released silicon ions also promote the proliferation of human umbilical vein
endothelial cells and the expression of vascular endothelial growth factors,
thereby promoting angiogenesis. The assessment of these scaffolds in a
calvarial defect model in rats shows good potential of PLA/gel/SiO,-M to
induce bone regeneration as well as promote osteogenesis and angiogenesis.
Overall, these organic/inorganic composite scaffolds have good biological

However, bone defects resulting from
pathological fracture, osteoporosis, and
bone tumor resection are difficult to be
healed spontaneously.!l Effective surgical
bone reconstruction has become an inte-
gral component for bone defect treatment
in clinical medicine. While autografts are
the gold standard treatment regimens for
bone repair, many limitations, including
a limited number of suitable autografts,
donor-site associated infection risks, and
the need for an extra surgical procedure
hamper this approach.’! Similarly, allo-
genic grafts face shortcomings, such as the
risk of graft rejection, infection, and chronic
pain.Bl As an alternative, ceramics, such
as calcium phosphate or hydroxyapatite
are being clinically exploited to treat bone
defects due to their biocompatibility and
biodegradability.!) However, it is difficult to
merely use ceramics for bone defect healing
due to a poor control over their structure.l’!
Injectable bone cement based on calcium

activity, which may have broad applications for tissue engineering.

1. Introduction

As a dynamic load-bearing organ, bone tissues remodel through-
out the life cycle displaying a certain degree of self-healing.

phosphate or hydroxyapatite can be easily
injected into the surgical site.l®! How-
ever, due to bleeding from the defect site
during a surgical procedure, the injected
bone cement may be diffused away from the implantation site.
Cement that hardens upon an injection generally transfers enor-
mous amount of heat due to the chemical curing process,!”]
which may be disadvantageous for surrounding tissues. Besides,
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injectable cement exhibits poor interconnectivity,!®! which may
hinder host-implant integration and neo-vessel formation®! as
well as pose inflammation and infection. Therefore, the prepara-
tion of three dimensional (3D) porous scaffolds that can promote
the integration of the host and the implant and can better adapt
to the bone defect site has important research significance.
Previously, different types of approaches have been under-
taken to afford 3D porous scaffolds for bone tissue engineering
(BTE), including salt-leaching!'”! and thermally-induced phase
separation (TIPS).'!] But scaffolds prepared by salt leaching are
brittly displaying poor pore-interconnectivity, those fabricated
by TIPS may be too dense with the pore size less than 10
microns, which may not be conducive for cell growth. However,
micro/nanofabrication techniques, such as electrospinning!!?!
and 3D printing afford precision-based and tunable scaffolds.!3!
Greiner et al. leveraged electrospun short nanofibers to afford
open porous 3D scaffolds.['* By optimizing the content of short
nanofibers and freeze-drying parameters, a 3D scaffold with a
pore size of up to 100 microns and a porosity of more than 90%
was fabricated, which not only promoted cell growth but also
allowed neo-vessel formation, thereby promoting host-implant
integration for the constructive remodeling of scaffolds post-
implantation. Different kinds of polymers can be used for the
production of 3D porous degradable scaffolds, including poly(L-
lactide)/gelatin (PLA/gel),!**! poly(L-lactide) /poly(e-caprolactone)
(PLA/PCL),*%l poly(caprolactone) (PCL),[”l and PLA/chitosan.(*®]
However, as the natural bone is an inorganic-organic hybrid, bio-
mimicking the native microenvironment may hold great promise
for BTE.["% Inorganic/organic hybrids offer a promising platform
for BTE, which may also promote host integration and neovascu-
larization. Therefore, interrogating osteogenesis/angiogenesis
by the release of metallic ions (i.e., silicon ions) while realizing
bone microenvironment mimetic mechanical properties holds
great promise. In previous studies, an array of nanomaterials,
including bioactive glasses has been leveraged to promote bone
repair as well as mimic native bone-like microenvironment.
Noticeably, silicon ions were shown to play an important role in
stimulating cell proliferation as well as promoting osteogenic
differentiation and angiogenesis.[?’] Besides, silicon is an es-
sential inorganic component in metabolic processes related to
connective tissue development and bone metabolism. Silicon
ions promote the blood vessel and bone formation by stimulating
the interaction between endothelial cells (ECs) and BMSCs.[2!]
The development of scaffolds with good mechanical proper-
ties is also one of the main challenges for tissue-engineered
bone scaffolds. High porosity and an interconnected open porous
structure of scaffolds are integral for the transport of nutrients
and the diffusion of oxygen during tissue formation.[?2] However,
these properties must combine structural stability, mechanical
strength, and elasticity of 3D scaffolds to better withstand local
tissue stress in order to maintain high porosity and open scaffold
structure for along time. Superelastic materials generally refer to
shape memory and shape recovery materials. The shape-memory
materials can ensure that the scaffolds are implanted in a com-
pressed state and adapt to the bone defect through minimally
invasive surgery. Previous studies have shown that 3D scaffolds
with shape memory capabilities were superior for transplanta-
tion into complex bone defects as well as mechanical adaptability
during regeneration. PLA/gel-based nanofiber sponges exhibit-
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ing high elasticity, porosity, and good mechanical properties have
been shown to promote cartilage regeneration.'*] For BTE, su-
perelastic scaffolds, devoid of inorganic components may not ac-
curately mimic the natural bone microenvironment. While bio-
ceramics and inorganic nanoparticles are commonly used as in-
tegral components of bone scaffolds, the poor compatibility be-
tween organic and inorganic components compromises elastic
properties and promotes biodegradation of these scaffolds.[?*! To
address these shortcomings, we fabricated superelastic compos-
ite nanofibrous aerogel scaffolds by utilizing chemical bonding
between flexible short SiO, nanofibers and PLA/gel nanofibers.
Herein, we proposed the fabrication of inorganic-organic hy-
brids aerogel scaffolds by using electrospun short nanofibers
which may not only promote osteogenesis and angiogenesis but
can also mimic the structural and morphological features of the
natural bone ECM. We separately fabricated PLA/gel nanofibers
and SiO, nanofibers by using electrospinning. Thereafter, we de-
signed open porous 3D scaffolds exhibiting elasticity and shape-
memory functions by thermally crosslinking PLA/gel and SiO,
short nanofibers. We thoroughly characterized physicochemical
and biological properties of scaffolds. As a proof-of-concept, we
evaluated these scaffolds in a calvarial defect model in rats.

2. Results
2.1. Physiochemical Properties of PLA/gel/SiO, Aerogel Scaffolds

To increase the processability, we blended the sol obtained from
the hydrolysis of tetraethyl orthosilicate (TEOS) along with an
aqueous PVA solution to afford a uniform solution that could
be readily electrospun to form flexible nanofibrous membranes.
Fourier-transform infrared spectrophotometer (FTIR) spectrum
of the PVA/Si nanofibrous membranes showed a characteristic
peak at 945 cm™!, corresponding to the C—H stretching vibration,
which was not found in the spectrum of inorganic SiO, nanofi-
brous membranes (Figure S1, Supporting Information). This in-
dicates that PVA has been completely removed from the nanofi-
brous membrane by calcination. The resulting membrane was
composed of smooth SiO, nanofibers exhibiting good flexibil-
ity (Figure S2A, Supporting Information). In comparison with
the nanofiber membranes before calcination, the fiber diame-
ter of the SiO, nanofiber membranes was relatively small (Fig-
ure S2B,C, Supporting Information). The TEM image of a single
SiO, nanofiber also showed smooth surface morphology without
defect (Figure S2D, Supporting Information). The obtained SiO,
nanofiber membranes were next processed into individual short
SiO, nanofibers by mechanical pulverization and dispersion in
tertiary butanol (tert-butanol). Similarly, individual PLA/gel short
nanofibers were prepared as described in our previous report.!*%]
Thereafter, SiO, and PLA/gel short nanofibers were fabricated
into PLA/gel/SiO, aerogel scaffolds. These aerogel scaffolds pre-
pared by using the same sized molds were of bright white
color, which turned to pale yellow color after thermally-induced
crosslinking. While the PLA/gel aerogel scaffolds shrank after
crosslinking, the scaffolds containing SiO, nanofibers remained
unaffected. Once hydrated with PBS, the PLA/gel aerogel scaf-
folds deformed due to their poor mechanical properties. Con-
trarily, the PLA/gel/SiO, aerogel scaffolds remained morpho-
logically unchanged due to their reinforcement with the SiO,
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Figure 1. Morphology and characterization of aerogel scaffolds. A) Photographs and B) SEM images of 3D porous composite nanofiber aerogel scaffolds
with different content of SiO, nanofibers. Elemental mapping images of C) Calcium, D) Oxygen, and E) Silicon of various aerogel scaffolds. Scale bars

=A) 5 mm and B-E) 200 pm.

nanofibers (Figure S3, Supporting Information). The PLA/gel
aerogel showed a smooth surface with a greatly shrunken size af-
ter thermal crosslinking. In contrast, PLA/gel/SiO, aerogel scaf-
folds exhibited porous surface morphology without an evident
volume change (Figure 1A). Morphologically, PLA/gel aerogel
scaffolds exhibited compact nanofiber sheets along with meso-
pores (Figure 1B). On the other hand, PLA/gel/SiO, aerogels
showed loose fibers morphology and reduced fiber binding dis-
playing uniform pores with an increase in the SiO, nanofiber
content. EDS mapping confirmed homogeneous elemental dis-
tribution of carbon (Figure 1C), oxygen (Figure 1D), and sili-
con (Figure 1E), implying that SiO, nanofibers were evenly dis-
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tributed within these PLA/gel/SiO, aerogel scaffolds. At the same
time, the mass ratio of the silicon elements of different scaf-
folds can be obtained by EDS semi-quantitative analysis, which
revealed a concomitant increase in the silicon content with an in-
crease in the proportion of SiO, nanofibers in the scaffolds (Fig-
ure S4, Supporting Information).

FTIR spectrum of SiO, nanofibers manifested characteris-
tic peaks at 802 and 1051 cm™!, corresponding to the Si-O
(Si—O-Si) stretching vibration[?*! (Figure 2A). While these peaks
were not observed in the spectrum of PLA/gel aerogel scaffolds,
PLA/gel/SiO, aerogel scaffolds exhibited these peaks. The char-
acteristic peaks of amide I and amide II were observed at 1633
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Figure 2. Physical and chemical properties of aerogel scaffolds. The FTIR spectra of SiO, nanofibers exhibited characteristic peaks at 802 and 1051 cm~",
which can also be found in the FTIR spectra of aerogel scaffolds with different content of SiO, NF (A). In the XRD pattern (B), only a broad diffraction
peak of gelatin appeared at 260 = 21.4°. TGA analysis shows that the incorporation of SiO, nanofibers improved the thermal stability of the scaffold (C).
The contact angle of aerogel scaffolds is about 40-80°, indicating that the aerogel scaffolds are hydrophilic (D). Cumulative release of silicon ions from
aerogel scaffolds (E). It can be seen from the figure that silicon ions are released in a sustained fashion from scaffolds. After 8 weeks, the weight of the
scaffolds had been reduced approximately by 30-50% (F). The SEM image of the scaffold incubated in PBS shows the morphology after 6 weeks (G).
The statistical analysis is performed by the one-way analysis of variance of Tukey's post-hoc test, n = 3-6, and * means p < 0.05.
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and 1540 cm™!, respectively, which are ascribed to the gelatin,
which can form amide bonds after thermal treatment.”>! The
characteristic peaks of ester groups were located at 1185 and 1750
cm~! corresponding to the C-O and C=O stretching vibration,
respectively, indicating the chemical cross-linking between the
PLA/gel nanofibers and the SiO, nanofibers (Figure S4, Sup-
porting Information). The thermally crosslinked PLA/gel aero-
gel scaffolds failed to regain their original shape after repeated
compression (Movie S1, Supporting Information). However, the
PLA/gel/SiO,-M aerogel scaffolds showed good elasticity after
cross-linking, which could be beneficial to address the limita-
tions associated with the brittle fracture of scaffolds. This good
elasticity can be attributed to the incorporation of flexible SiO,
nanofibers in the scaffold. The good flexibility of SiO, nanofibers
can be attributed to two factors: 1) the reduction of nanofiber sur-
face defects due to the amorphous nature of SiO, nanofibers and
2) amorphous SiO, nanofibers are less chemically constrained
than that of the crystalline nanoparticles.'”) The XRD patterns
of scaffolds further indicated their amorphous structure (Fig-
ure 2B). The thermal stability of aerogel scaffolds was evaluated
by TGA as shown in Figure 2C. The initial degradation temper-
ature of all groups was around 300 °C. These results indicate
that the incorporation of SiO, nanofibers into PLA/gel did not
influence the thermal stability of the aerogel scaffolds. The hy-
drophilicity of aerogels was determined by the water contact an-
gle (WCA) test. As shown in Figure 2D, the aerogel scaffolds
had WCA ranging from 50° to 70°, indicating that these aero-
gels are highly hydrophilic. The WCA of PLA/gel/SiO,-H aero-
gel scaffolds showed an increasing trend with the decrease of
gelatin amount. Since the hydrophilicity of aerogel scaffolds is
attributable to the gelatin owning to its carboxylic (-COOH) and
amino (—-NH,) groups; a reduction in the gelatin in aerogel scaf-
folds as a consequence of the addition of SiO, nanofibers may
lead to a concomitant increase in the WCA.

Release of silicon ions (Si**) from scaffolds was examined for
up to 56 days. While PLA/gel scaffolds lacked the release of Si**
ions, PLA/gel/SiO, aerogel scaffolds showed a sustained release
of Si**, which continued for up to 8 weeks (Figure 2E). At each
time point, aerogel scaffolds containing higher SiO, content re-
leased significantly higher amount of Si**. The degradation of
scaffolds was assessed in PBS for up to 8 weeks. PLA/gel aero-
gel scaffolds experienced significant degradation over time and
lost approximately 50% of their mass by 8 weeks (Figure 2F).
Similarly, the PLA/gel/SiO,-L aerogel scaffolds showed a degra-
dation curve similar to the PLA/gel aerogel scaffolds. In con-
trast, both PLA/gel/SiO,-M and PLA/gel/SiO,-H aerogel scaf-
folds had significantly slower degradation profiles compared with
PLA/gel and PLA/gel/SiO,-L scaffolds. Morphological analysis
after 8 weeks revealed that PLA/gel/SiO, aerogel scaffolds main-
tained their structural stability and smooth fiber surface. In con-
trast, PLA/gel nanofibers were swollen and fused into solid ma-
trix sheets, which resulted in the deformation of their porous
structure (Figure 2G).

Figure 3A showed mechanical properties of scaffolds that were
compressed for up to 90% in the dry state. It can be observed from
the representative compressive stress-strain diagram that all sam-
ples obeyed Hooke’s law in the initial stage of compression.
The ultimate compressive strength (UCS) of the PLA/gel/SiO,-
M aerogel scaffolds was found to be 866.6 +81.6 kPa, which
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was significantly higher than that of PLA/gel (683.3 +£116.9 kPa,
P = 0.02883), PLA/gel/SiO,-L (640 + 89.4 kPa, P = 0.00883),
and PLA/gel/SiO,-H (516.7 + 116.9 kPa, P = 0.0000635) aero-
gel scaffolds (Figure 3B). Similarly, PLA/gel/SiO,-M scaffolds
exhibited the highest compressive modulus as compared to
the other scaffolds (Figure 3C). While PLA/gel, PLA/gel/SiO,-
L, and PLA/gel/SiO,-H aerogel scaffolds displayed irreversible
shrinkage, that did not return towards their original shapes,
PLA/gel/SiO,-M aerogel scaffolds regained their original shape
and remained intact even after compressions (Figure 3D). The
compressive properties of scaffolds were further measured in
an aqueous environment, which manifested obvious differ-
ences between PLA/gel and PLA/gel/SiO, aerogel scaffolds.
PLA/gel/SiO,-M aerogel scaffolds exhibited superelasticity and
regained their initial height under cyclic compression at a
strain rate of 60% (Figure 3E). Compression of scaffolds for
up to 1 cycle, 50 cycles, and 100 cycles was ascertained at 60%
strain (Figure 3F—H). While PLA/gel and PLA/gel/SiO,-L aero-
gel scaffolds underwent different degrees of plastic deformation,
PLA/gel/SiO,-H aerogel scaffolds fractured after 100 cycles. By
contrast, PLA/gel/SiO,-M aerogel scaffolds did not display plas-
tic deformation or cracks even after repeated compressions for
up to 100 cycles (Figure 3I). Quantitative analysis showed that
the shape recovery rate of PLA/gel/SiO,-M aerogel scaffolds was
94% and 91% after 50 and 100 cycles, respectively. According
to photographs obtained by using optical microscope, PLA/gel,
and PLA/gel/SiO,-L aerogel scaffolds were compacted perpen-
dicular to the direction of the fiber pore walls or channels of
the stress, while the PLA/gel/SiO,-H aerogels were collapsed,
and the pore size became larger (Figure 3]). On the other hand,
PLA/gel/SiO,-M aerogel scaffolds still maintained their original
porous structure. To demonstrate shape recovery rate, the com-
pressed PLA/gel, and PLA/gel/SiO,-M aerogels were immersed
into water (Movie S2, Supporting Information); the compressed
PLA/gel/SiO,-M aerogels regained their original state within 3 s.

2.2. Cytocompatibility of PLA/gel/SiO, Aerogel Scaffolds

Cellular behaviors in terms of cell viability, morphology, and in-
filtration were assessed by live/dead staining and confocal laser
microscopy. MC3T3-E1 cells, human umbilical vein ECs (HU-
VECs), and primary rat bone marrow-derived mesenchymal stem
cells (rBMSCs) were cultured on scaffolds, which manifested
good cell viability displaying only a few numbers of dead cells,
thereby indicating the good cytocompatibility of scaffolds (Fig-
ure 4A). Quantitative analysis further revealed that the viable cell
area was significantly higher in PLA/gel/SiO,-M aerogel scaf-
folds than that of the other groups (Figure S6, Supporting In-
formation). Confocal images revealed that while MC3T3-E1 cells
were mainly accumulated on the surface of the PLA/gel scaffold,
they were infiltrated into PLA/gel/SiO, scaffolds for up to various
depths. Of PLA/gel scaffolds containing different content of SiO,,
the PLA/gel/SiO,-M scaffolds supported the greatest cell infil-
tration with an even cell distribution than that of the other scaf-
folds (Figure 4B). In line with the confocal image observation, the
quantitative assessment also confirmed that all of the three types
of cells exhibited the greatest proliferation on the PLA/gel/SiO,-
M scaffold (Figure 4C-E).

© 2022 Wiley-VCH GmbH
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Figure 3. Compressive mechanical behavior of aerogel scaffolds with different SiO, nanofiber content. Under dry conditions, the PLA/gel/SiO,-M
group has greater compressive stress (A), UCS (B), and compressive modulus (C) as compared to the other scaffolds doped with SiO, nanofibers. Pho-
tographs of aerogel scaffolds after being compressed (D). (E) Macroscopic structural changes during compression and shape recovery in the aqueous
medium. According to this compression method, (F) 1 cycle of compression, (G) 50 cycles of compression, and (H) 100 cycles of compression are
performed on different wet scaffolds, respectively. Optical photographs showing changes in the macroscopic shape (1) (a) PLA/gel, (b) PLA/gel/SiO,-L,
(c) PLA/gel/SiO,-M, (d) PLA/gel/SiO,-H) and optical microscope images of internal microstructure (J) of hydrated aerogel scaffolds after 100 compres-
sions. The statistical analysis is performed by the one-way analysis of variance of Tukey’s post-hoc test, n = 4, and * means p <0.05.

2.3. Collagen and VEGF Production

The quantification of collagen on scaffolds was performed by
hydroxyproline assay. MC3T3-E1 cells showed progressively in-
creased collagen deposition on the aerogel scaffolds for up to
10 days (Figure 4F). The PLA/gel/SiO,-M scaffolds accumulated
significantly higher content of collagen than that of the PLA/gel
and PLA/gel/SiO,-H scaffolds on day 10. Similarly, HUVECs re-
sponded to aerogel scaffolds containing SiO, NF; producing re-
markably higher amount of VEGF on the PLA/gel/SiO,-M scaf-
folds (Figure 4G). To further assess whether the PLA/gel/SiO,
scaffolds can promote angiogenesis, we performed an in vitro
tube formation assay by using HUVECs. PLA/gel/SiO, aerogel
scaffolds promoted the tubule-like network formation of HU-
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VECs (Figure S7A, Supporting Information). Quantitative anal-
ysis further revealed an obvious improvement in angiogenic pa-
rameters, including total length of tubules, number of junctions,
number of meshes, and total mesh area on PLA/gel/SiO, scaf-
folds compared with the PLA/gel scaffolds; PLA/gel/SiO,-M scaf-
folds outperformed other aerogel scaffolds (Figure S7B-E, Sup-
porting Information).

2.4. Osteogenic Differentiation of rBMSCs
The osteogenic properties of aerogel scaffolds were assessed by

quantifying alkaline phosphatase activity and accumulated calci-
fied substrate by using alkaline phosphatase activity (ALP) and
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Figure 4. MC3T3-E1, HUVECs, and rBMSCs are used to evaluate the biocompatibility and cell morphology of different scaffolds. Live/dead staining
(A) after seven days showed that compared with the other scaffolds, the PLA/gel/SiO,-M scaffolds had significantly more live cell population (green).
The confocal laser microscopy (B) is used to evaluate the growth of cells in the scaffolds. The CCK-8 assay also semi-quantitatively indicated that the
scaffolds incorporating an appropriate proportion of SiO, nanofibers can promote cell proliferation. MC3T3-E1 (C), HUVECs (D), and rBMSCs (E). The
amount of collagen accumulated in the co-culture of MC3T3-E1 and aerogel scaffolds (F). The amount of VEGF accumulated by co-cultivating HUVECs
on aerogel scaffolds (G). The statistical analysis is performed by using one-way analysis of variance of Tukey’s post-hoc test, n = 4, and * means p <
0.05.
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Alizarin Red S (ARS) staining, respectively. The PLA/gel/SiO,-
M scaffolds showed the strongest purple color among all of the
aerogel scaffolds on day 14 (Figure 5A). Quantitative analysis of
ALP demonstrated that rBMSCs seeded on the PLA/gel/SiO,-
M scaffold had significantly higher ALP activity compared with
the other scaffolds (Figure 5B). ARS assay further showed that
PLA/gel/SiO, scaffolds promoted biomineralization, which was
the highest in the PLA/gel/SiO,-M scaffolds among all groups
(Figure 5C,D). To gain further insight into the underlying molec-
ular mechanism of higher osteogenic differentiation on aero-
gel scaffolds containing SiO, nanofibers, we cultured rBMSCs
on PLA/gel and PLA/gel/SiO,-M scaffolds and evaluated the ex-
pression levels of osteogenic genes by real-time quantitative PCR
(RT-qPCR) at day 4, 7, and 14 after cell culture. As can be seen
from Figure 5, PLA/gel/SiO,-M scaffolds expressed significantly
higher levels of osteogenic genes than that of their counterparts
devoid of SiO, nanofibers. We found that Run-related transcrip-
tion factor 2 (RUNX-2) and bone morphogenetic protein 2 (BMP-
2) were highly expressed at the earlier and middle stages of os-
teogenic differentiation (Figure 5E,G). On the other hand, the
expression level of the collagen type 1 (Col-1) was the highest
on day 4, which decreased thereafter (Figure 5F). The osteopon-
tin (OPN), an osteogenic marker expressed at the later stages
of osteogenic differentiation was the highest on day 14 (Fig-
ure SH). Western blot analysis was performed to assess whether
the PLA/gel/SiO,-M scaffolds could promote the expression of
osteogenic proteins (Figure 5I). The quantitative analysis showed
that the PLA/gel/SiO,-M aerogel can promote the expression of
RUNX-2 and OPN proteins in rBMSCs (Figure 5],K). These re-
sults indicate that the SiO, nanofibers can up-regulate the expres-
sion of osteogenic genes and proteins, which may also have im-
plications for bone tissue regeneration in vivo.

2.5. In Vivo Evaluation of Scaffolds

The osteo-inductive ability of PLA/gel and PLA/gel/SiO,-M scaf-
folds was further ascertained after implantation in a calvarial
defect model in rats for up to 12 weeks. Figure 6A showed
micro-computed tomography (Micro-CT) images of calvarial de-
fects 4, 8, and 12 weeks post-operative surgical operation (Fig-
ure 6). Green areas represented newly formed bone tissues.
The quantitative analysis of the new bone coverage distinctly re-
vealed that the PLA/gel/SiO,-M scaffold had reached 93% by the
12th week (Figure 6B). The bone volume to total tissue volume
(BV/TV) of the PLA/gel/SiO,-M aerogel scaffolds was also sig-
nificantly higher than that of the control and PLA/gel aerogel
scaffold groups (Figure 6C). The bone mineral density (BMD)
of PLA/gel/SiO,-M (0.213 + 0.022 g cm~3) was also significantly
higher as compared to the PLA/gel group (0.131 + 0.009 g cm~3)
and control group (0.097 + 0.007 g cm™®) (Figure 6D).

The regenerative potential of PLA/gel and PLA/gel/SiO,-M
aerogel scaffolds was assessed in a calvarial defect model in rats
for up to 12 weeks in vivo. Histological analysis by hematoxylin
and eosin (H&E) staining on decalcified tissues was performed
(Figure 6E,F). Both types of scaffolds lacked inflammatory cell
recruitment. PLA/gel/SiO,-M group exhibited the formation of
new bone by the 8th week. By contrast, the control and PLA/gel
groups had only a small amount of new bone formation. Sim-

Adv. Healthcare Mater. 2022, 2200499

2200499 (8 of 15)

www.advhealthmat.de

ilarly, Masson’s trichrome staining revealed the faster bone for-
mation rate in the PLA/gel/SiO,-M group as compared to the
other groups. Thereafter, immunofluorescence staining for en-
dothelial marker “CD31” and the vascular smooth muscle marker
alpha-smooth muscle actin (a-SMA) was performed to delin-
eate angiogenic effect of silicon ions released by PLA/gel/SiO,-
M aerogel scaffold during bone repair. As shown in Figure 7A,
the control and PLA/gel groups showed only a few numbers of
CD31/a-SMA-positive blood vessels at the earlier stages of bone
repair (i.e., 4th week). By contrast, large numbers of CD31/a-
SMA-positive blood vessels were found at the edges and center
of the defect in the PLA/gel/SiO,-M aerogel scaffolds. The quan-
titative analysis further showed significantly higher CD31* and
a-SMA™ area in the PLA/gel/SiO,-M aerogel scaffold than that
of the control and PLA/gel groups (Figure 7C,D). We also per-
formed immunofluorescence staining for osteoblast markers, in-
cluding OPN and osteocalcin (OCN) (Figure 7B). The expressions
of OCN and OPN in the PLA/gel/SiO,-M group were signifi-
cantly higher than that of the control and PLA/gel groups. The
quantitative analysis also showed significantly higher OCN* and
OPNT areas in PLA/gel/SiO,-M aerogel scaffold group than that
of the other groups (Figure 7E,F). Overall, these results indicate
that scaffolds containing flexible SiO, nanofibers can simulta-
neously induce angiogenesis and osteogenesis, which may have
broad implications for bone tissue regeneration.

3. Discussion

The treatment of bone defects is very important to maintain the
patient’s physical integrity.[?] So far, scaffold-based tissue engi-
neering approaches have been widely exploited to treat critical-
sized bone defects owning to their obvious advantages. However,
irregular-shaped bone defects are difficult to be managed by the
scaffold-based approach due to the limitations associated with the
scaffolds’ dimensions and adaptability at the implantation site.
For the treatment of complex bone defects, scaffolds need not
only to mimic the bone microenvironment, but they also need to
induce osteogenesis and angiogenesis. Additionally, for irregular
bone defects, scaffolds should be minimally invasive and adap-
tive to realize the osseointegration of irregular bone defects.?’!
Parallelly, wear debris produced by the erosion of bone implants
poses inflammation and implant failure risks. The poor inte-
gration between the bone-implant and host tissues may lead to
bone resorption and osseointegration.[?®! Recently, aerogel scaf-
folds have garnered considerable interest in the research commu-
nity for the treatment of irregularly-shaped tissue defects in an ar-
ray of regenerative medicine and tissue engineering applications.
We and other groups have previously demonstrated that electro-
spun nanofiber aerogel scaffolds possess excellent elasticity and
flexibility, which endow them with the shape-memory for fill-
ing irregular-shaped tissue defects. For instance, we showed that
electrospun PLA/gel aerogels functioned well as self-fitting scaf-
folds, which intimately filled articular cartilage defects and pro-
moted cartilage regeneration.!'] This self-fitting capability was
further extended to the hard tissues where electrospun PLA/gel
aerogel scaffolds were shown to closely fill the cranial defects,
however, they lacked bone regeneration.[?}] We speculate that the
poor regenerative capability of scaffolds may be associated due
to the poor mechanical stability and fast degradation of scaffolds.

© 2022 Wiley-VCH GmbH
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Figure 5. rBMSCs are cultured on aerogel scaffolds to evaluate their osteogenic differentiation ability. Alkaline phosphatase staining (A) and alkaline
phosphatase activity (B). Alizarin Red S staining (C) detected calcium deposition of rBMSCs on the aerogel scaffolds. Quantitative analysis of the results
obtained by Alizarin Red S staining showing the calcium deposition on the aerogel scaffolds (D). Osteogenic differentiation experiments indicated
that the osteogenic ability of the PLA/gel/SiO,-M scaffold is higher than that of the other groups. The statistical analysis is performed by one-way
analysis of variance of Tukey’s post-hoc test, n = 3—4, and * means p < 0.05. Expression of RUNX-2 (E), Col-1 (F), BMP-2 (G), and OPN (H) of rBMSCs
co-cultured with PLA/gel scaffold and PLA/gel/SiO,-M scaffold. Osteogenic protein expression in rBMSCs cultured on PLA/gel and PLA/gel/SiO,-M
scaffold: Western blot analysis (1) for the detection of osteogenic protein. Semi-quantitative analysis of OPN (J) and RUNX-2 (K). Unpaired Student’s
t-test, * indicates p < 0.05 versus PLA/gel.
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Figure 6. Assessment of aerogel scaffolds in a calvarial defect model in rats for up to 12 weeks in vivo. Photographs obtained from micro-computed
tomography (Micro-CT) (A) of the calvarial defect model in rats at different time points (the green part indicated the new bone). The coverage rate (B)
of new bone area in the calvarial defect area at different time points. The volume fraction (C) of new bone in the calvarial defect area at different periods.
The BMD (D) of the skull defect area at 12 week post-operatively. H&E staining (E) and Masson'’s trichrome staining (F) are performed on the decalcified
tissues 4, 8, and 12 weeks post-operatively. The statistical analysis is performed by using one-way analysis of variance followed by Tukey's post hoc test.
n =4, *indicated p < 0.05.
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Figure 7. Immunofluorescence staining explanted scaffolds are performed 4, 8, and 12 weeks post-operatively. A) Sections are stained with CD31 (red)
and a-SMA (green). B) Immunofluorescence staining of scaffolds by using OCN (red) and OPN (green). C—F) Quantitative analysis of positively stained
areas is performed by using Image-Pro Plus software. The statistical analysis is carried out by using one-way analysis of variance by employing Tukey’s

post hoc test. n = 4, * means p < 0.05.

To verify this hypothesis, we subcutaneously implanted PLA/gel
aerogel scaffolds in a rat model. Our results showed that the
PLA/gel aerogel scaffolds easily lost their porous structure and
deformed into a mass of dense nanofibers within two weeks of
implantation (Figure S5, Supporting Information). Biomineral-
ization represents an effective approach to improve the struc-
tural stability of electrospun aerogel scaffolds. During mineral-
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ization, a large amount of calcium phosphate is deposited on
the surface of nanofibers, which profoundly increases the rigid-
ity of aerogel scaffolds.[??! Despite improved mechanical proper-
ties, biomineralized aerogel scaffolds show compromised shape-
memory capability, which abrogates their conformal fitting ability
for filling irregular-shaped defects. Alternatively, the introduction
of rigid nanofibers to aerogels might circumvent this problem.

© 2022 Wiley-VCH GmbH
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Electrospun SiO, nanofibers represent a good candidate for this
purpose because of their multiple features, such as good flexi-
bility, rigidity, and osteogenic activity.**) Consequently, we com-
bined electrospun SiO, nanofibers and PLA/gel nanofibers to
prepare aerogel scaffolds with superelasticity and good stability.

Appropriate crosslinking methods for PLA/gel/SiO, aerogel
scaffolds are of pivotal importance to further ensure their
physicochemical properties and biological performance.
Chemical crosslinking agents, including glutaraldehyde,*"!
1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC)/N-
hydroxysuccinimide (NHS),BY and genipin®? have been
extensively employed for the crosslinking of electrospun aero-
gel scaffolds. In spite of their good crosslinking effectiveness,
the potential cytotoxicity of these chemical agents might limit
their applicability.'®] Therefore, it is of significance to exploit
a non-toxic approach to cross-link PLA/gel/SiO, aerogel scaf-
folds. Electrospun SiO, nanofibers are featured by the hydroxyl
groups on their surface, which could be induced to react with
many active groups. Previously, we and other groups have
shown that PLA/gel nanofibers can be crosslinked through
thermally-induced dehydration and condensation between the
carboxylic and amino groups. Theoretically, hydroxyl groups of
SiO, nanofibers can react with the carboxylic groups via dehy-
drative condensation. Therefore, we exploited thermal treatment
by annealing PLA/gel/SiO, aerogel scaffolds at 190 °C for 2
h. Crosslinking of scaffolds by thermally-induced dehydrative
condensation between hydroxyl groups of SiO, nanofibers and
the carboxylic groups of PLA/gel nanofibers was confirmed by
the presence of ester groups as revealed by FTIR (Figure 2A). The
SiO, nanofibers and the carboxyl groups on the surface of the
scaffolds were chemically bonded. The combination of groups
rendered the aerogel scaffolds with good structural stability and
flexibility.

Therefore, the mechanical properties of the PLA/gel/SiO,-
M aerogel scaffolds were significantly higher as compared to
the PLA/gel aerogel scaffolds (Figure 3A). However, with an in-
crease in SiO, content, the combination of functional groups
may become difficult, rendering the crosslinking to be insuffi-
cient. Consequently, PLA/gel/SiO,-H aerogel scaffolds exhibited
poor structural stability than that of their counterparts containing
low content of SiO, nanofibers (Figure 3D). These results indi-
cated that the mechanical properties of the PLA/gel/SiO,-L aero-
gel scaffolds may reach an appropriate level even at the low con-
tent of SiO, nanofibers due to their insufficient rigidity. However,
once the content of SiO, nanofibers reached up to 60%, the me-
chanics of the PLA/gel/SiO,-H aerogel scaffolds became worse
due to the insufficient cross-linking among the fibers. There-
fore, once the mass ratio between SiO, nanofibers and PLA/gel
nanofibers reached 4:6, the aerogel scaffolds can be fully cross-
linked. In an aqueous environment, the PLA/gel/SiO,-M aero-
gel scaffolds exhibited superelasticity and completely regained
their initial height at a strain rate of 60% during cyclic compres-
sion test, indicative of a porous structure with good fatigue re-
sistance (Figure 3I). Furthermore, the PLA/gel/SiO,-M aerogel
scaffolds were expanded in volume after absorbing water, which
revealed that they can better fit the edge of the defect and pro-
vide a conducive environment for cell growth (Figure S9, Sup-
porting Information). Subcutaneous implantation showed good
structural stability of PLA/gel/SiO,-M aerogel scaffolds as com-
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pared to PLA/gel aerogel scaffolds. From H&E staining (Figure
S8, Supporting Information), it was found that the PLA/gel/SiO,-
M aerogel scaffolds can maintain their 3D porous structure for
up to 14 days. At the same time, it was found that cells can
rapidly proliferate in the PLA/gel/SiO,-M aerogel scaffolds and
grow uniformly into the scaffolds to promote tissue regeneration.

SEM and EDS images showed that the SiO, nanofibers were
uniformly distributed in the aerogel scaffolds. The crosslinked
PLA/gel aerogel scaffolds revealed a sheet-like structure. In
contrast, PLA/gel/SiO, aerogel scaffolds displayed a fluffy and
porous structure due to the stronger rigidity of SiO, nanofibers.
The 3D porous structure may not only provide proper oxygen
and nutrients for cells but may also effectively remove metabo-
lites during cell proliferation. This endows a suitable microen-
vironment for neovascularization and bone formation.!'3] Sub-
sequently, we evaluated the release of silicon ions as well as
the degradation of PLA/gel/SiO, aerogels scaffolds (Figure 2).
PLA/gel aerogel scaffolds rapidly lost their mass in vitro, which
may not be conducive for their in vivo application as they will
undergo structural deformation prior to tissue regeneration. No-
tably, the addition of SiO, nanofibers prolonged the degrada-
tion of PLA/gel/SiO, aerogel scaffolds, permitting the sustained
release of silicon ions. The important role of silicon in stimu-
lating cell proliferation and inducing osteogenic differentiation
has been reported previously, including those related to the cal-
cium silicate,[*] silica apatite cement,3*l silicate bioceramics, 22!
and silicon-containing bioglass.?>] PLA/gel/SiO, aerogel scaffold
promoted cell growth in vitro.

Composite nanofiber materials can adjust cell density and os-
teogenic differentiation by adjusting the ratio of inorganic and
organic components.*®! In the osteogenic induction experiment
in vitro, the detection and evaluation of ALP (Figure 5A) and ARS
(Figure 5C) showed that the expression and degree of mineraliza-
tion of the bone protein of PLA/gel/SiO,-M aerogel scaffold were
significantly higher than that of the other groups. The poor bio-
logical activity of PLA/gel/SiO,-H aerogel scaffold may be due to
the high content of SiO, nanofibers, which may have reduced the
biological activity of the aerogel scaffold.l>"!

The PLA/gel/SiO, aerogel scaffolds not only have strong
mechanical properties but also promote angiogenesis and os-
teogenic differentiation of rBMSCs, which may have implications
for bone repair in vivo. During bone repair, the neovasculariza-
tion is particularly important. Insufficient vascular networks of-
ten lead to hypoxia and necrosis of tissues, which in turn leads
to failure of bone repair.3] The role of blood vessels is to mainly
provide nutrients and oxygen to cells, which is essential for the
bone regeneration process. Previous studies have found that the
insufficient vascularization reduced bone formation.*”! The sil-
icon ions released from the PLA/gel/SiO, aerogel scaffold pro-
moted the expression of VEGF in HUVECs (Figure 4G), thereby
promoting angiogenesis and bone regeneration.

The osteogenic differentiation process is divided into three dif-
ferent stages, including cell senescence, matrix maturation, and
finally mineralization. In the early stages of differentiation, rBM-
SCs slowly express osteoblast-type genes, such as COL-1, OCN,
and RUNX-2. One of the earliest features of osteoblast differenti-
ation is the expression of RUNX-2,1*8] which is an important me-
diator of the osteoblastic differentiation.*”! The expression level
of RUNX-2 was the highest on day 7, which decreased thereafter.

© 2022 Wiley-VCH GmbH
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On the other hand, the OPN is abundantly expressed in the late
stage of osteogenic differentiation. The expression levels of the
osteoblast-type genes were significantly higher in PLA/gel/SiO,-
M aerogel scaffolds than that of the PLA/gel aerogel scaffolds dur-
ing the entire culture period. In summary, the PLA/gel/SiO,-M
aerogel scaffolds displayed a regulatory effect on the osteogenic
differentiation of rBMSCs.

PLA/gel/SiO,-M aerogel scaffolds also displayed significantly
higher blood vessel regeneration and osteogenic differentiation
in vivo as compared to the PLA/gel aerogel scaffolds in a rat cal-
varia defect model in vivo, which further confirmed the benefi-
cial effects of SiO, nanofibers on angiogenesis and osteogene-
sis. A significantly higher expression of CD31* and a-SMA™ area
in PLA/gel/SiO,-M aerogel scaffold than that of the control, and
PLA/gel groups indicated the stimulatory effect of silicon ions on
angiogenesis (Figure 7A). We envision that the cells can commu-
nicate with each other due to the porous structure of the scaf-
folds. Immunofluorescence staining for (Figure 7B) OPN and
OCN further confirmed that the PLA/gel/SiO,-M aerogel scaf-
folds enhanced the expression of OPN and OCN during bone
formation. It can be seen from Figure 6A that the new bone area
of the PLA/gel/SiO,-M aerogel scaffold is larger than that of the
PLA/gel aerogel scaffold and the control group. These results in-
dicate that the silicon ions released from the PLA/gel/SiO,-M
aerogel scaffolds along with a porous nanofibrous structure can
promote vascularization, which is a key step in bone regenera-
tion.

In summary, we have demonstrated the preparation of supere-
lastic 3D porous organic/inorganic composite nanofiber scaf-
folds by thermal crosslinking. PLA/gel/SiO,-M scaffolds not only
displayed shape memory but also exhibited good mechanical
properties. Due to their porous 3D-like nanofibrous structure,
PLA/gel/SiO,-M scaffolds provided a conducive environment for
cell growth in vitro and in vivo as well as simultaneously induced
angiogenesis and osteogenesis. The silicon ions released by the
scaffolds can promote the paracrine function between rBMSCs
and HUVECS, further promoting vascularization and osteogene-
sis as well as providing cells with sufficient oxygen and nutrients.
This study has also limitations. For example, we have not eluci-
dated the inhibitory effect of the higher concentration of SiO,
on cellular processes in vitro and in vivo. Similarly, we employed
calvarial defect model in rats, which may not accurately reflect
the bone microenvironment. The evaluation of these scaffolds is
therefore warranted in irregular-shaped complex bone defects.

4, Conclusions

In summary, we developed an elastic 3D porous or-
ganic/inorganic composite nanofibrous aerogel scaffold with
interconnected open porous structure to mimic the morpholog-
ical structure of bone ECM and leverage silicon ions to induce
osteogenesis and angiogenesis for bone regeneration. Scaffolds
containing 40% (w/w) of short SiO, nanofibers exhibited signifi-
cantly higher mechanical properties and mechanical elasticity. In
vitro studies showed that the PLA/gel/SiO,-M aerogel scaffolds
not only displayed significantly higher cell survival rate, but also
promoted osteogenic differentiation of rBMSCs. PLA/gel/SiO,-
M scaffolds also promoted bone regeneration in a calvarial defect
model in rats for up to 12 weeks as compared to the defect only
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or PLA/gel groups. Taken together, these composite 3D porous
aerogel scaffolds containing flexible SiO, nanofibers induced
the differentiation of tBMSCs into osteoblasts and promoted
bone repair, which may have broad implications for tissue
engineering.

5. Experimental Section

Materials: PLA (Jinan Daigang Biomaterial; DG-L150) and type A
gelatin (~300 g Bloom) were purchased from Sigma-Aldrich. Hexaflu-
oroisopropanol (HFIP, Aladdin Chemistry; H107501), TEOS (Sigma-
Aldrich), H3PO, (Shanghai Lingfeng Chemical reagent Co., LTD), and
polyvinyl alcohol (PVA, Aladdin, M, = 86 kDa) were used as received with-
out any further purification.

Preparation and Characterization of PLA/gel/SiO, Aerogel Scaffolds:
The detailed preparation methods of PLA/gel nanofiber membrane and
flexible SiO, nanofiber membrane are provided in the Supporting Infor-
mation. PLA/gel/SiO, composite nanofiber aerogel scaffolds were fabri-
cated as follows: PLA/gel nanofibers and SiO, nanofibers were cut into
pieces of about 1 cm X 1 cm. About 2.5 g of nanofibers pieces with or
without SiO, nanofibers were mixed with 100 mL of tertiary-butyl alco-
hol and homogenized by using a high-speed mixer (IKA T18, Germany) at
15 000 rotations per min (rpm) for up to 30 min to afford homogenous
dispersion of nanofibers fragments. The SiO, content were varied from 0—
60% (w/w) to produce composite scaffolds containing 0, 20, 40, and 60%
(PLA/gel, PLA/gel/SiO,-L, PLA/gel/SiO,-M, and PLA/gel/SiO,-H, respec-
tively) of SiO, nanofibers. Thereafter, the nanofiber mixture was poured
into the wells of the 96-wells plates and placed in a refrigerator at —80 °C
for 12 h followed by freeze-drying for 72 h to afford uncrosslinked 3D aero-
gel scaffolds. Different uncrosslinked 3D aerogel scaffolds were placed in
a muffle furnace at 190 °C for up to 2 h to obtain crosslinked aerogel scaf-
folds. Surface morphology and chemical compositions of PLA/gel/SiO,
aerogel scaffolds were analyzed by scanning electron microscopy (SEM,
Hitachi, TM-1000, Japan) with an ESM spectrometer. The structural eluci-
dation of SiO, nanofibers and PLA/gel/SiO, aerogel scaffolds were further
performed by FTIR and X-ray diffraction (XRD). Samples were scanned in
the range of 3600-600 cm~" by using Nicolet-760 FITR spectrophotome-
ter. For XRD analysis, X-ray diffractometer (AXS D8 Discover, Brukers) was
used to detect the structure of samples in the range of 26 = 10-60°. Ther-
mal stability of aerogel scaffolds was assessed in an inert atmosphere by
using thermogravimetric analyzer (a Libra 209F1, Selb, Germany). Sam-
ples were scanned from 100 °C up to 800 °C at a scan rate of 10 °C
min~'. The contact angle of scaffolds was measured by a contact angle
analyzer (SL200A, Solon Tech., Shanghai, China). Deionized water (5 pL)
was dropped onto the surface of aerogel scaffolds and imaged until the
droplet disappeared. Images at 5 s were extracted from videos to calculate
the contact angle (n = 6 for each group).

The release of Siion from aerogel scaffolds (n = 4 for each group) (di-
ameter, 14 mm, thickness, 1 mm) was assessed after immersion in 0.9%
saline at 37 °C for up to different time points. At pre-determined time
point, the solution was collected and an equal volume of the fresh solution
was added. The concentration of the released silicon ions was determined
by inductively-coupled plasma-atomic emission spectroscopy (ICP-AES,
Prodigy Plus, Teledyne Leeman Labs, USA).

The degradation of aerogel scaffolds was performed in phosphate-
buffered saline (PBS) at 37 °C in vitro. The aerogel scaffolds were weighed
(mg) and immersed into PBS. At pre-determined time points, samples
were retrieved, lyophilized, and weighed (m,) (n = 3 for each group). The
degradation rate of aerogel scaffolds was expressed in terms of the per-
centage of remaining mass and was calculated as follows:

Percentage of remained mass (%) = m,/mg x 100% (1)

Where mg and m, represent the mass of samples at day 0 and at a pre-
determined time point.
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To observe the fibrous structure of aerogel scaffolds by using SEM af-
ter degradation, samples were thoroughly rinsed with deionized water,
lyophilized, and sputtered-coated with gold. The morphology of scaffolds
after degradation was analyzed by scanning electron microscopy (SEM,
Hitachi, TM-1000, Japan).

A universal material testing machine (Instron 5567, Norwood, MA)
was used to evaluate the compressive mechanical properties of cylindri-
cal aerogel scaffolds under dry and wet conditions (diameter, 6 mm). For
dry conditions, the aerogel scaffolds were compressed for up to 90% of
their deformation at a compression rate of 5 mm min~!. The UCS was
determined by the maximum compressive strength from compression
to 90% of their deformation. Young’s modulus was calculated from the
stress-strain curve as the slope of the initial 10% linear region (n = 4
for each group). For wet conditions, 1, 50, and 100 cycles of loading-
unloading fatigue tests were performed by measuring 60% compressive
strain at a compression speed of 10 mm min~'. The samples were hy-
drated with PBS at 37 °C before testing. After fatigue tests, the surface mor-
phology of samples was observed by using a microscope (DMi 8, Leica,
Germany).

Cytocompatibility of Scaffolds: MC3T3-E1 (ATCC, provided by the Cell
Bank of the Chinese Academy of Sciences), HUVECs (Cell Bank of the
Chinese Academy of Sciences), and rBMSCs (isolated from SD rats) were
used following the previous reports[“°] to evaluate the cytocompatibility of
scaffolds. The further details of methods have been listed in Supporting
Information.

Quantification of Collagen and VEGF: The collagen deposition by
MC3T3-E1 cells on the aerogel scaffolds was measured by hydroxyproline
assay. The aerogel scaffolds seeded with MC3T3-E1 cells were hydrolyzed
in 3 M sulfuric acid at 105 °C for 2 h, and then cooled to room temperature.
The hydrolyzed solution was incubated with the chloramine T solution at
room temperature for 20 min, and then incubated with the color reagent
at 65 °C for 20 min. Thereafter, the absorbance of solution was recorded
by Multiskan MK3 microplate reader at 558 nm (n = 4 for each group). A
standard calibration curve of hydroxyproline with different concentration
gradients was prepared to calculate the amount of hydroxyproline in each
sample.

HUVECs were seeded on aerogel scaffolds in a 24-well plate at a den-
sity of 1x 10° cells per well. The cell culture supernatant was collected and
stored at —80 °C on days 4, 7, and 14. The VEGF content was measured by
using VEGF enzyme-linked immunosorbent assay (ELISA, Cusabio; CSB-
E11718h) kit following manufacturer’s instructions (n = 3 for each group).
To assess tube formation, 100 uL per well of cold Matrigel (Corning, Bed-
ford, MA) was added to a 48-well plate and incubated at 37 °C to afford a
gel. At the same time, different aerogel scaffolds of the same mass were
immersed in medium (DMEM) containing 10% fetal bovine serum (FBS,
Gibco) and 1% penicillin/streptomycin (Hy-Clone), respectively, and incu-
bated at 37 °C for 24 h. Filter through a 0.22 um filter and carefully collect
the sterile supernatant. Thereafter, HUVECs were seeded on the surface of
Matrigel at a density of 1 x 10* cells/well, and then incubated with condi-
tioned medium obtained from the scaffolds. Tube formation of HUVECs
was observed by using a microscope (DMi 8, Leica, Germany). The total
length of imaged tubules, the number of connections, the number of grids,
and the total grid area per high-power field (HPF) were quantified by using
Image | (n = 3 for each group).

Osteogenic Differentiation: The ALP and ARS methods were used to
detect the osteogenic differentiation of rBMSCs on the aerogel scaffolds
(n = 3—4 for each group). The rBMSCs were seeded on aerogel scaffolds
with 2 x 10° cells per well and cultured in osteogenic induction medium
(The composition contains 10 mmol L~! sodium f-glycerophosphate,
0.05 mmol L~ vitamin C, 100 mmol L~! dexamethasone, and DMEM
medium containing 10% FBS). On days 4, 7, and 14, the cells were lysed
with Western and IP cell lysate (Beyotime Biotechnology; P00131), and the
supernatant was collected from the alkaline phosphatase assay kit (Be-
yotime Biotechnology; P0321) to determine alkaline phosphate Enzyme
(ALP value). The BCA protein analysis kit (Beyotime Biotech; P0012S) was
used to normalize the ALP activity to the total protein content of the corre-
sponding scaffold supernatant. The samples were rinsed three times with
PBS and fixed with 4% paraformaldehyde. The BCIP/NBT analysis kit (Be-
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yotime Biotechnology; C3206) was used for ALP staining according to the
instructions, and the samples were observed by a digital camera and an
optical microscope. For ARS test, samples were rinsed three times with
PBS, fixed with 4% paraformaldehyde for 30 min, and then immersed in
2% ARS solution (Yuanye Biotechnology, R20796) for 5 min. After wash-
ing with PBS several times to remove floating color, stained samples were
observed with a digital camera and optical microscope. To further quan-
tify calcium mineralization, the dyed samples were soaked in 10% cetyl
pyridinium chloride (Aladdin Chemical; C129534) solution for 1 h at room
temperature. The absorbance of samples was recorded at 570 nm by using
a microplate reader (Multiskan MK3, Thermo, USA).

To determine the expression of osteogenic related genes, including
RUNX2, COL-1, BMP-2, and OPN from PLA/gel and PLA/gel/SiO,-M aero-
gel scaffold (n = 3 for each group) the total RNA of rBMSCs was col-
lected by using TRIzol reagent (Beyotime, Shanghai, China, 15596018) at
day 4, 7, and 14 and reverse-transcribed to obtain cDNA by using Reverted
First Strand cDNA synthesis kit (Thermo Science, K1622). Quantitative
PCR was performed by Novostart9SYBR qPCR SuperMix Plus (NovoPro-
tein, E096-01A, China) in the RT-qPCR system (Applied Biosystems, 7300,
USA). The relative gene expressions were calculated using AACt method
by housekeeping dehydrogenase (GAPDH) normalization. The primer se-
quences used for RT-PCR are shown in Table S1, Supporting Information.
Western blot analysis (n = 3 for each group) was performed to determine
whether the aerogel scaffold was able to promote the expression of the
osteogenic-related protein. Supporting Information provides specific op-
eration methods.

In vivo Assessments: The SD rats (age, 6-week) were obtained from
Shanghai Jie Sijie Experimental Animal Co. Rats were acclimated for up
to 1 week. Animal experiments were reviewed and approved by the ethi-
cal committee of Donghua University (No. DHUES-STCSM-2020-01) and
were performed in accordance with the Guide for the Care and Use of Lab-
oratory Animals (National Institutes of Health, 8th Edition, revised 2011).
Aerogel scaffolds (thickness, 2 mm and diameter, 5 mm) were sterilized.
Rats were anesthetized by an intraperitoneal injection of sodium pentobar-
bital followed by the creation of calvaria defect (diameter, 5 mm). There-
after, animals received either PLA/gel or PLA/gel/SiO, or were left un-
treated. At 4, 8, and 12 post-operative procedure, the skull was harvested
and fixed with 4% paraformaldehyde. Micro-CT (SkyScan 1176, Bruker)
was used to analyze the degree of bone repair of different scaffolds, and
CT-Analyzer software was used to analyze the ratio of new bone volume to
total volume (BV/TV). Then, the bone tissues were decalcified, and the tis-
sues were embedded in paraffin and sectioned. Histological analysis was
performed by using H&E staining and Masson’s trichrome staining. The
stained sections were imaged using an optical microscope (DMi 8, Leica,
Germany). Immunofluorescence staining for OCN and OPN was further
performed. Angiogenesis around the new bone tissues was observed by
immunofluorescence staining of platelet EC adhesion molecule-1 (CD31)
and a-SMA. Signal intensities were quantified using Image-Pro Plus soft-
ware (n = 4 for each group). The detailed methods are provided in Sup-
porting Information.

Statistical Analysis: ~ All data were expressed as mean + standard de-
viation and analyzed by unpaired Student’s t-test or one-way analysis of
variance and Tukey’s post-hoc test. Statistical significance was considered
to be p < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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