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ARTICLE INFO ABSTRACT

Keywords: Due to their natural biological activity and low immunogenicity, decellularized extracellular matrix (ECM)
Bone tissue engineering materials have aroused interest as potential scaffold materials in tissue engineering. Decellularized small in-
Scaffold

testinal submucosa (SIS) is one ECM biomaterial that can be easily sourced. In the present study, we tested
whether the osteogenesis of SIS scaffolds was enhanced via structural optimization and resveratrol (RSV) func-
tionalization and explored the independent effects of these modifications. We obtained SIS scaffolds with
different pore structures by controlling the preparation concentration. The group with superior osteogenic
properties was further RSV-functionalized via covalent immobilization. We conducted a series of in vitro and in
vivo studies to explore the effects of these two optimization strategies on the osteogenic properties of SIS scaf-
folds. The results showed that pore structure and RSV functionalization significantly affected the osteogenic
properties of SIS scaffolds. With a fabrication concentration of 1%, the SIS scaffolds had superior osteogenic
properties. Through covalent coupling, RSV was successfully grafted onto SIS scaffolds, where it was slowly
released. The most significant improvements in osteogenic properties were obtained with a coupling concen-
tration of 1%. Furthermore, in in vivo experiments, vascular and new bone tissue formation was enhanced with
RSV/SIS scaffolds compared with SIS scaffolds and the blank control group at 4 weeks after implantation. These
findings indicate that the RSV/SIS scaffolds obtained via dual optimization strategies show promise as bio-
materials in bone tissue engineering.

Extracellular matrix
Small intestinal submucosa
Resveratrol

1. Introduction Many studies have attempted to identify optimal materials for

functional scaffolds. One advantage of a decellularized ECM is that it can

Bone tissue engineering (BTE) is a promising strategy for bone
regeneration treatment, in which scaffolds play an indispensable role.
Traditional scaffolds are considered carriers of exogenous seed cells [1].
Accordingly, one goal of scaffold-based BTE is to induce endogenous
cells that can repair damaged areas [2]. Thus, researchers have
emphasized the design and implantation of functional scaffolds instead
of non-living scaffolds [3]. Functional scaffolds can mimic the role of the
extracellular matrix (ECM) not only by supporting cell growth but also
by delivering biological and mechanical cues that trigger cell migration,
proliferation and differentiation, thereby generating new, cell-driven
functional tissues [3,4]. Hence, the design of functional scaffolds has
recently become a research hotspot in the BTE domain [5-7].

* Corresponding authors.

maintain and/or guide stem cell differentiation without stimulating the
immune response of the host tissue [8,9]. Thus, it is considered a
gold-standard for scaffold materials [10]. The ECM can preserve the
hierarchical complexity of the natural tissue organization and provide
necessary signals to regulate cell function, which are difficult to repro-
duce in non-native biomaterials [11,12]. Among the different types of
ECM components, small intestinal submucosa (SIS) is the most
commonly used and has been approved by the Food and Drug Admin-
istration. SIS is mainly composed of type I collagen, fibronectin,
glycosaminoglycan and some endogenous growth factors, for instance,
vascular endothelial growth factor (VEGF) and transforming growth
factor p (TGF-B) [13,14]. SIS-based scaffolds have been found to
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facilitate the adhesion, proliferation and osteogenic differentiation of
bone marrow mesenchymal stem cells (BMSCs) [15], thus exhibiting its
potential in BTE research. However, the inherent monolayer membrane
structure and the microenvironment provided by SIS limit its application
in bone regeneration [15-17]. Therefore, designing functional SIS
scaffolds with improved osteogenic activity is an urgent issue in BTE.

The physical properties of scaffolds can affect cell behaviour, espe-
cially the fate of stem cells, and ultimately affect the outcomes of bone
defect repair [18]. Pore structure is one important physical property of
scaffolds. Key structural parameters, such as pore size, porosity and
interconnectivity, affect bone formation and ingrowth [19]. Micropores
may restrict cell migration, as well as the spread of nutrients and the
removal of waste, leading to necrotic areas within a structure [20]. In
contrast to micropores, macropores provide less surface area, which
limits protein adhesion and cell adhesion in vitro [21]. Further, they may
diminish the mechanical properties of scaffolds [19]. Therefore,
customizing physical characteristics by optimizing such structural pa-
rameters is essential in the design of functional scaffolds [22]. However,
in cases where the tissue around the defect does not have sufficient
inherent regeneration potential, the above biological effects are limited
unless physical cues are also supplied [23]. Therefore, many studies
have used more than one method to improve the osteogenic activity of
scaffolds [24-27].

Substantial research efforts have already been focused on the
development of functional scaffolds with multiple biomolecules such as
drugs and growth factors, with the aim of delivering biological cues to
stimulate favourable cellular responses and bone formation [28,29].
These osteoinductive biomolecules can be loaded onto scaffolds via
physical incorporation, chemical covalent coupling or encapsulation to
achieve biological functionalization of the scaffold [3]. Resveratrol
(RSV) is a polyphenolic phytoestrogen present in some plants such as
grapes and peanuts that has anti-inflammatory, antioxidation and
anti-tumour properties [30]. RSV can enhance the proliferation and
differentiation of osteoblasts and stimulate new bone regeneration by
regulating bone-related signals [31]. The underlying osteogenic mech-
anism of RSV may include enhancement of the Wnt/p-catenin signalling
pathway, activation of sirtuin 1 and activation of acetylate runt-related
transcription factor 2 (RUNX2) [30]. In terms of the biological func-
tionalization of scaffolds, RSV has been used to modify a variety of
biomaterials, such as polycaprolactone scaffolds [32], PEEK/nMCS
composites [33] and cellulose acetate membranes [34].

Given the considerations detailed above, in the present study, we
conducted structural optimization and RSV functionalization while
designing an SIS scaffold. For this purpose, we explored the independent
effects of these two optimization methods on the osteogenic activity of
SIS scaffolds via a comprehensive evaluation of the material properties
as well as in vitro and in vivo examinations of osteogenic differentiation.
We also assessed the optimal pore structure and RSV coupling concen-
tration. We verified the effectiveness of these two functional strategies
through physicochemical characterization, in vitro cell experiments and
animal experiments, and explored the potential applications of this
dually optimized scaffolding material in BTE.

2. Materials and methods
2.1. Scaffold fabrication

2.1.1. SIS scaffolds with different pore structures

SIS scaffolds were fabricated following a previously reported method
with some modifications [16]. Briefly, decellularized SIS (Datsing Bio-
logical Technology Co., China) was ground into powder using a Freez-
er/Mill (6770, SPEX Inc., USA) at — 198 °C, and the powder was then
lyophilized at — 80 °C for 24 h using a freeze dryer (FreeZone, Labconco,
USA). The resulting SIS powder was dissolved in deionized water con-
taining pepsin (0.1% w/v) and acetic acid (3% v/v). We used three
different concentrations (0.5%, 1% and 2% w/V) to control the pore

Colloids and Surfaces B: Biointerfaces 212 (2022) 112370

structure parameters of the scaffolds. The SIS solutions were stirred for
48 h at 37 °C and then carefully poured into well plates to form cylin-
ders. After pre-freezing for 3 h at — 80 °C, the moulds were freeze-dried
at — 80 °C and 16.2 atm for 24 h. Afterward, the scaffolds were
cross-linked with 1-ethyl-3-(3-dimethylamino propyl)
carbodiimide/N-hydroxysuccinimide (EDC/NHS; 50 mM/25 mM) in
95% ethanol for 24 h, washed with deionized water to remove the
crosslinker, and freeze-dried to harvest the final SIS scaffolds (herein-
after referred to as 0.5%SIS, 1%SIS and 2%SIS scaffolds).

2.1.2. RSV-functionalized SIS scaffolds

SIS scaffolds functionalized for RSV (referred to as RSV/SIS scaf-
folds) were prepared using a similar protocol except that we only used
1% SIS solution to fabricate the scaffolds, and RSV (Aladdin, China) was
added to EDC/NHS solution at different concentrations (0.1%, 1% or 2%
w/v) before crosslinking. These scaffolds are hereinafter referred to as
0.1%RSV/SIS, 1%RSV/SIS and 2%RSV/SIS scaffolds. During the cross-
linking process, hydrolysable ester linkages formed between RSV and
the SIS scaffolds [35], that is, covalent coupling took place to complete
the RSV functionalization process.

2.2. Scaffold characterization

2.2.1. Morphological and structure observations

We assessed the pore morphology of the SIS scaffolds using an
environmental scanning electron microscope (ESEM; Quanta 200F, FEI,
Netherlands). The ESEM could image non-conductive samples without
special sample preparation such as gold coating, which would impact
the properties of the samples. Structural features of the scaffolds, such as
the pore shape and pore size, were measured using the ImageJ program
(NIH, USA).

To study the effects of RSV functionalization on SIS scaffolds, we
used the ESEM and the same image analysis method mentioned above to
examine the microstructure of the three RSV/SIS scaffolds. The surface
structure before and after RSV functionalization was obtained by Fourier
transform infrared (FTIR) spectroscopy (Nicoletis 10, Thermo Fisher
Scientific, USA) in the wavenumber region from 400 to 4000 cm~ L. The
functional groups and binding forms of RSV and SIS scaffolds were
analyzed according to the characteristic peaks on the FTIR spectra.

2.2.2. Porosity

We determined the porosity of the scaffolds using the liquid
displacement method|[36]. Briefly, scaffold samples (n = 5/group) were
immersed in a known volume (Vy) of anhydrous ethanol for 10 min until
they were saturated, and the volume remaining after submersion of the
samples was recorded as V;. After removing the scaffold, the residual
ethanol volume was recorded as V. The porosity (P) of the scaffolds was
calculated as follows:

Vo=V,
2 100 1
v v, < 00% M

P (%) =
2.2.3. Water absorption ability

After being weighed (baseline weight = my), scaffold samples
(n = 5/group) were lowered into distilled water at room temperature.
After 2 h, the scaffolds were taken out of the water, and the surfaces
were gently wiped with tissue paper to remove the excess liquid. Then,
the weights of the samples were measured (m;). The water absorption
ability (W) was calculated thus:

MM 1009 )
moy

W (%) =
2.2.4. In vitro degradation
We examined the in vitro degradation of the samples by measuring
the decrease in weight during the degradation process. Scaffold samples
(n = 5/group) were weighed (mp) and then incubated in a centrifuge
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tube containing 20 mL of phosphate-buffered saline (PBS; pH =7.4) on a
shaking table at 37 °C and 80 rpm. After soaking for 1, 2, 3, 5, 7, 10, 14,
21 and 28 days, the samples were removed from the degradation me-
dium, and half of the medium was replaced. The scaffolds were washed
several times with deionized water, freeze-dried, and weighed again
(my). The percentage of weight lost (D) after each time interval for each
sample was calculated as follows:

my — nm,

D (%) = x 100% 3)

my

2.2.5. Drug loading and in vitro drug release

The maximum absorbance peak of RSV is observed at 306 nm [33].
To explore differences in drug loading among the three types of RSV/SIS
scaffolds, each sample was placed in a centrifuge tube containing 1 mL
of absolute ethanol, which was then positioned in a constant tempera-
ture oscillator for 24 h (37 °C, 80 rpm). We used an ultraviolet spec-
trophotometer (NanoDrop8000, Thermo, USA) to measure the
absorbance at 306 nm (n = 5/group).

To investigate the rate of in vitro drug release, RSV/SIS scaffolds
(n = 5/group) were placed in 2 mL of PBS and transferred to a stirring
incubator (37 °C, 80 rpm). At specific time points, 1 mL of PBS was
removed, and fresh PBS was added. The samples were analysed using an
ultraviolet spectrophotometer to measure the absorption maximum of
RSV at 306 nm (n = 5/group).

2.3. Invitro cell experiments

2.3.1. Cell culture

Using a previously described method [37], human BMSCs (hBMSCs)
were isolated from the alveolar crest of volunteers. The study protocol
adhered to the ethical principles and requirements of the Ethics Com-
mittee of Peking University Hospital of Stomatology. The hBMSCs were
cultured in a-minimum essential medium (GIBCO, USA) with 10% foetal
bovine serum (Hyclone, USA) and antibiotics (100 mg/mL strepto-
mycin, 100 U/mL penicillin; Hyclone, USA) at 37 °C in a moist atmo-
sphere with 5% CO;. The medium was replaced every other day.
hBMSCs from passages 4-6 were digested with 0.25% trypsin and then
suspended in fresh medium for the following experiments.

2.3.2. Cell proliferation

To evaluate the proliferation of hBMSCs on SIS scaffolds and RSV/SIS
scaffolds, approximately 2 x 10* cells were seeded onto the scaffolds in
48-well plates. The growth medium was changed every 2 days. At 1, 3, 5,
7 and 11 days, we used the Cell Counting Kit (CCK)—8 Assay Kit
(Donjindo, Japan) to evaluate the number of viable cells. The optical
density (OD) was measured at 490 nm using a microplate meter
(ELX800, BIOTEK, USA).

2.3.3. Cell viability

The effects of the SIS scaffolds and RSV/SIS scaffolds on cell survival
were studied using a LIVE/DEAD kit (KeyGEN BioTECH, China). The
samples were washed with PBS and stained in a solution containing
calcein AM and ethidium homodimer-1 for 30 min, then washed again
with PBS. The mixtures were subsequently observed under confocal
laser scanning microscopy (TCS SP8 X, Leica, Germany). Healthy cells
fluoresced in green, whereas the nuclei of dead cells fluoresced in red
[38].

2.3.4. Alkaline phosphatase (ALP) staining and activity quantitation
Approximately 4 x 10* cells were seeded onto SIS scaffolds or RSV/
SIS scaffolds in 48-well plates containing growth medium. These were
incubated for 24 h and then inoculated in osteogenic induction medium
(100 nM dexamethasone, 50 pg/mL ascorbic acid and 10 mM
f—glycerophosphate). On days 7 and 14, cell-scaffolds were washed with
PBS and fixed in 4% paraformaldehyde for 10 min. Cells were then
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Table 1
Primer sequences for real - time qPCR.
Gene Primers (F = forward, R = reverse)
ALP F: CTATCCTGGCTCCGTG
R: GCTGGCAGTGGTCAGA
RUNX2 F: TGGTTACTGTCATGGCGGGTA
R: CCATTCCCACTAGGACTCCCA
COL-1 F: AGAGGAAGGAAAGCGAGGAG
R: GGACCAGCAACACCATCTG
BMP-2 F: TGACGAGGTCCTGAGCGAGTTC
R: TGAGTGCCTGCGATACAGGTCTAG
OCN F: GTGCAGAGTCCAGCAAAGGT
R: TCAGCCAACTCGTCACAGTC
ONN F: TACACCAACCTCTCGTACATCG
R: CATGTCTGAAGCGCAGTAAGATT
BSP F: CAGGCCACGATATTATCTTTACA
R: CTCCTCTTCTTCCTCCTCCTC
GAPDH F: GTTCGAGGACTGGTCCAAA

R: GCCAGAGTTAAAAGCAGCC

washed with PBS three times and incubated with ALP staining kit re-
agents (Cwbiotech, China) at 25 °C in the dark. The samples were then
washed three times with distilled water and observed under an inverted
microscope (IX73, Olympus, Japan). For ALP activity detection, the cells
on the scaffolds were digested with 0.25% trypsin and collected. After
that, the cells were lysed with 0.1% Triton X-100 solution for 15 min and
then centrifuged at 4 °C and 12,000 rpm for 30 min. The total protein
amounts were analysed using a BCA assay (Cwbiotech, China). The re-
action solution was added to each test well according to the manufac-
turer’s protocol for the ALP assay kit (Jiancheng, China). Subsequently,
the absorbance value (OD value) at 520 nm was detected using a spec-
trophotometer after 30 min

2.3.5. Alizarin red S (ARS) staining and quantitation

For the ARS assays, cells were cultured in osteogenic induction me-
dium for 21 days and then fixed in 4% paraformaldehyde for 15 min,
followed by staining with ARS solution for 30 min at room temperature.
Then, the cell-scaffold mixtures were washed with distilled water and
observed under an inverted microscope. Thereafter, mineralized nod-
ules were dissolved with 10% cetylpyridinium chloride (Sigma-Aldrich,
USA) for semi-quantitative analysis of absorbance at 562 nm using a
spectrophotometer.

2.3.6. Reverse transcription-quantitative PCR (qPCR)

We evaluated the effects of pore structure and RSV functionalization
on hBMSC differentiation based on the expression levels of genes
involved in osteoblastic differentiation. To this end, we used real-time
qPCR. Approximately 1 x 10° cells were cultured on each scaffold in
12-well plates for 7 and 14 days. The qPCR assay was carried out using
SYBR Green (Roche, Switzerland) and a real-time PCR system (7500,
Applied Biosystems, USA). The qPCR primers used in the experiments
are shown in Table 1. The mRNA expression levels of all genes were
normalized based on GAPDH as the internal control. Relative expression
was calculated using the 27 28CT mathod [39].

2.3.7. Animal experiments

Sprague-Dawley rats (male, 6-8 weeks old, weighing 300-350 g)
were chosen for a critical-size skull defect experiment. All animal sur-
gical procedures were approved by the Animal Research Committee of
Peking University Health Science Center. Based on the cell culture re-
sults, the 1%SIS scaffolds and 1%RSV/SIS scaffolds were selected for
evaluation, and skull defects without scaffolds were used as the blank
control group.

The rats were first anesthetized with pentobarbital sodium (50 mg/
kg). Two round full-thickness bone defects (5 mm in diameter) were
created on each side of the parietal lobe using an electric trephine drill
with continuous cooling with sterile 0.9% saline. All rats were randomly
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Fig. 1. Characteristics of the SIS scaffolds. (A) ESEM images, (B) pore sizes, (C) porosity and (D) dissolution rates of the different types of scaffolds. *, P < 0.05.
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Fig. 3. Invitro biocompatibility of the SIS and RSV/SIS scaffolds. Cell proliferation of hBMSCs on (A) SIS scaffolds and (B) RSV/SIS scaffolds. Cell viability of hBMSCs

on (C) SIS scaffolds and (D) RSV/SIS scaffolds.

divided into three groups (n = 4) based on the type of defect: defect only
(blank control group), defect plus implantation of 1%SIS scaffolds (1%
SIS group), and defect plus implantation of 1% RSV/SIS scaffolds (1%
RSV/SIS group). Then, the incisions were sutured hierarchically.

The rats were euthanized at 4 weeks after the surgery. The excised
calvarias were fixed with 4% paraformaldehyde for 24 h. After paraffin
sectioning, the samples were stained with haematoxylin and eosin (HE)
and Masson’s trichrome and used for histological observation. To
analyse the expression of RUNX2 and CD31 in the bone defect area,
paraffin sections were also stained for immunohistochemical analysis.
Image J software (Media Cybernetic, USA) was used to conduct quan-
titative analysis.

2.4. Statistical analysis

Statistical analysis was performed using SPSS 23.0 software (IBM,
USA). The data are expressed as the mean + standard deviation. Inde-
pendent sample t-tests were used to compare the means between two
groups. One-way analysis of variance followed by Tukey’s or Dunnett’s
post hoc test and Fisher’s least significant difference test was used to
compare more than two groups. P < 0.05 was considered to indicate
statistical significance.

3. Results and discussion
3.1. Characterization of SIS scaffolds

3.1.1. Morphological observations

Fig. 1A presents ESEM micrographs of the internal structure of the
SIS scaffolds prepared with different concentrations of SIS. All of the
samples had a highly porous sponge-like structure with interconnected
and regular pores. As the SIS concentration increased, the structure of
the SIS scaffolds gradually became more compact.

3.1.2. Pore size

The average pore sizes (Fig. 2B) of the 0.5%SIS and 1%SIS scaffolds
were 257.645 + 78.799 ym and 191.036 + 33.853 um, respectively,
which are suitable for bone regeneration [40,41]. Macroporous scaffolds
can be more easily integrated with host bone tissue, thus facilitating
angiogenesis and bone ingrowth [1]. The mean pore size of the 2%SIS
scaffolds was significantly smaller than those of the other two groups
(P < 0.05).

3.1.3. Porosity

The porosity test (Fig. 2C) revealed significant differences among the
three groups (P < 0.05). Among them, the porosity of the 0.5%SIS and
1%SIS scaffolds reached more than 80%, which has been confirmed to
be very important for the migration and proliferation of osteoblasts and
mesenchymal cells, as well as vascularization [19].



B. Lietal

A 0.5%SIS

- ._4,1.'
5 R

Colloids and Surfaces B: Biointerfaces 212 (2022) 112370

0 B
?A)SI‘S > H 0.5%SIS
AT £ 120 N
&l : e —— W 1%SIS
E’! * *
-
= 100 W 2%SIS
=
S 80
©
@
£ 60 * x
©
s |
w40
[*]
-
o
o 20
£
g
30
7d 14d
M 0.5%SIS
0.4 *
M 1%SIS
M 2%SIS
o 031
=]
©
>
S 0.2
7}
©
<
0.1
0.0

Fig. 4. ALP and ARS staining and quantitation of hBMSCs on SIS scaffolds (A) ALP and ARS staining. (B) ALP activities. (C) Quantitative analysis of ARS staining.

* P < 0.05.

3.1.4. Invitro degradation

The degradation of the scaffolds was expressed as the degradation
percentage over time. As shown in Fig. 2D, the degradation rate of the
0.5%SIS, 1%SIS and 2%SIS scaffolds was approximately 100%, 63% and
55%, respectively, after 28 days. The degradation rate appeared to be
higher for the 0.5%SIS scaffolds than for the other two scaffold types.
This may be attributable to the higher specific surface area of this type of
scaffold due to its large pore size and high porosity [42].

3.2. Characterization of RSV/SIS scaffolds

3.2.1. Morphological and structure observations

Similar to the pure SIS scaffolds, the microstructure of the RSV/SIS
scaffolds (Fig. 2A) maintained pores of a uniform shape. The average
pore size of the 1%RSV/SIS scaffold was 171.959 + 29.937 um, which
was smaller than that of the 1%SIS scaffold (191.036 + 33.853 um).
However, this difference was not statistically significant (P < 0.05),
indicating that RSV functionalization did not markedly affect the
structure of the SIS scaffolds.

The FTIR spectra of the RSV, SIS scaffolds and RSV/SIS scaffolds are
displayed in Fig. 2B. For RSV, the absorption peak at 1153 cm™ was the
stretching vibration of C-OH; 831 cm’! was the characteristic absorption
peak of the out-of-plane bending vibration of C-H on the benzene ring.
Compared with the 1%SIS scaffolds, new absorption peaks were
generated at 1162 cm * and 844 cm ! in the infrared spectrum of the 1%
RSV/SIS scaffolds, due to the C-OH and benzene ring C-H in RSV. This
indicates that RSV was effectively immobilized on the SIS scaffolds by
forming covalent bond.

3.2.2. Drug loading and in vitro drug release

The effects of different RSV concentrations on drug loading of the 1%
SIS scaffolds were examined via ultraviolet spectrophotometry. The re-
sults (Fig. 2C) showed that the concentration of RSV used for coupling
was proportional to drug loading onto the scaffolds. We then evaluated
the cumulative release of RSV from the RSV/SIS scaffolds. As shown in
Fig. 2D, RSV release was closely related with the amount of drug loaded
onto the scaffolds. All scaffolds released an initial burst of RSV within
the first day, which might have been caused by the dissolution of drug

molecules deposited on the surface of the samples [43]. From the next
day, the release rate gradually slowed and plateaued within 1 week.
Following this, the release was slow and steady for at least 21 days,
indicating that RSV was effectively immobilized on the SIS scaffolds.
This sustained slow RSV release could be attributed to the covalent
coupling of the SIS carboxylic acid moiety with the hydroxyl group in
RSV to form an ester bond with EDC as a coupling agent [34]. It could
also be attributed to the low solubility of RSV in water, such that the
conjugate formed from ester bonding between RSV and SIS could only be
slowly hydrolysed [35].

3.3. In vitro biocompatibility

Biocompatibility is the most important factor in the design of scaf-
folds. We used CCK-8 and live/dead assays to explore the proliferation
and viability of hBMSCs on different scaffolds. Specifically, we wanted
to clarify the effects of pore structure and RSV functionalization on the
biocompatibility of the scaffolds.

For all three groups of SIS scaffolds, the results of CCK-8 assays
(Fig. 3A) showed that the OD values of all samples gradually increased
over time. This indicates that the SIS scaffolds exhibited good biocom-
patibility, consistent with previous studies [15,44]. In the scaffolds with
larger pores, a greater number of cells was found. This indicates that
pore structure had certain effects on cell proliferation. Fluorescent im-
ages were obtained at 1 day after cell seeding. As shown in Fig. 3C, cell
seeding resulted in a regular dispersion of cells on all samples. Consis-
tent with the CCK-8 results, most of the cells were viable (stained green),
with relatively few dead cells (stained red) found, and the cell activity on
the 0.5%SIS scaffold was the highest among the three groups. This
further confirmed the good biocompatibility of the SIS scaffolds, as well
as indicates that the macroporous scaffold was more conducive to cell
viability. However, in previous studies, the effect of pore structure on
cell proliferation and viability on a scaffold is non-linear. Specifically,
smaller pores have a larger specific surface area, which facilitates initial
cell adhesion, whereas larger pores provide more space, which allows
improved cell infiltration [40].

The results of the CCK-8 assays analysing the drug loading on the
three RSV/SIS scaffolds are shown in Fig. 3B. Cell proliferation on the
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0.1%RSV/SIS and 1%RSV/SIS scaffolds and the blank SIS scaffolds was
significantly better than that on the 2%RSV/SIS scaffolds. Similarly, the
live/dead assays showed that the number of dead cells on the 2%RSV/
SIS scaffolds was significantly higher than those in the other groups
(Fig. 3D). Accordingly, this group was excluded from subsequent ana-
lyses. These data revealed that RSV incorporation may have a dose-
dependent effect on cell proliferation and viability [45]. The high con-
centration of RSV might have exerted an inhibitory effect on hBMSCs,
which is in accordance with previous studies [46]. Further, the OD
values of the 1%RSV/SIS scaffolds were slightly lower in the first 3 days
after cell seeding. This might have been due to the burst release of drug
from the scaffolds at the initial stage, resulting in a temporarily high
concentration of RSV. Accordingly, the proliferation of hBMSCs might
have been promoted at lower RSV concentrations at the later stage [46].

3.4. In vitro osteogenic differentiation

BMSCs undergo three different growth processes: proliferation,
maturation and mineralization. The key evidence for BMSC differenti-
ation is the identification of osteogenic markers in in vitro cell culture
[27]. In addition, the expression of various marker genes at the early,
middle and late stages of cell differentiation is important in clarifying
the effect of scaffold type on the osteogenic differentiation activity of
BMSCs [27].

3.4.1. ALP and ARS staining and quantitation

ALP activity and calcified nodules present after mineralization are
two markers that are commonly used to detect the early and late dif-
ferentiation of BMSCs [47]. Fig. 4 shows the effects of pore structure on
ALP expression and the mineralization of hBMSCs cultured on the SIS
scaffolds. The ALP staining and quantitative activity data (Fig. 4A, B)
showed that ALP expression on the 1%SIS scaffolds was significantly
higher than that in the other two groups (P < 0.05) at both 7 and 14 days
after osteogenic induction. ARS staining and quantitative analysis
(Fig. 4A, C) showed the same trend on day 21. The number of calcified
nodules on the 1%SIS scaffolds was significantly higher than that on the
0.5%§SIS scaffolds (P < 0.05) and slightly greater than that on the 2%SIS
scaffolds, although the latter difference was not significant (P > 0.05).
Further, ALP expression in the 0.5%SIS scaffold group was significantly

higher than that in the 2%SIS scaffold group on day 14 (P < 0.05).
Mineralization on day 21 was significantly worse in the 0.5%SIS scaffold
group than the other two groups (P < 0.05), which might have been due
to the above-mentioned increase in degradation rate that likely resulted
in the loss of structural integrity and functionality [48]. In general, our
results indicate that pore structure can affect osteogenesis on the SIS
scaffolds. Among the three groups, the 1%SIS scaffolds had the most
favourable pore structure for osteogenic differentiation of hBMSCs.
Therefore, we conducted follow-up studies of RSV functionalization
using the 1%SIS scaffolds.

We explored the effects of RSV functionalization on the osteogenic
properties of SIS scaffolds in vitro. As shown in Fig. 5A, the staining
results showed that the signals associated with ALP and calcium nodules
for cells inoculated on the two types of RSV/SIS scaffolds were much
stronger than those for the SIS scaffolds in the blank control group.
Consistent with the staining results, quantitative analysis (Fig. 5B, C)
showed that ALP activity and calcium accumulation rates were signifi-
cantly higher for the two types of RSV/SIS scaffolds compared with the
SIS scaffolds (P < 0.05), which indicates that RSV functionalization
notably enhanced the osteogenic ability of the SIS scaffolds. Enhanced
osteogenic activity was observed by Pandele et al., who covalently
immobilized RSV on cellulose acetate membranes, and Cai et al., who
incorporated RSV into PEEK/nMCS composites [33,34] In the present
study, the 1%RSV/SIS scaffolds with higher drug loading also exhibited
higher ALP activity and greater calcium deposit accumulation compared
with the 0.1%RSV/SIS scaffolds. This indicates that the promotional
effects were related to the RSV concentration, which is consistent with
previous studies reporting that the promotion of osteogenic differenti-
ation was dose-dependent [49].

3.4.2. Bone-related gene expression

Based on the above evidence, the two groups of the 2%8SIS scaffolds
and the 0.1%RSV/SIS scaffolds were excluded from subsequent experi-
ments. To further clarify the effects of pore structure and RSV func-
tionalization on the expression of osteogenesis-related genes on the SIS
scaffolds, we subjected the 0.5%SIS, 1%SIS, and 1%RSV/SIS scaffolds to
a real-time qPCR assay and conducted pairwise comparisons. As shown
in Fig. 6, we evaluated the expression of early-stage osteoblast differ-
entiation markers (RUNX2, COL-1 and BMP-2), middle-stage markers
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induction of hBMSCs. *, P < 0.05.

(ALP) and late-stage markers (OCN, ONN and BSP).

Comparing the 0.5%SIS scaffolds and 1%SIS scaffolds, we found
significant differences in ALP expression at the two time points tested
(P < 0.05). However, we found no significant differences for the other
five genes (P > 0.05), indicating that the pore structure only affected the
expression of the early marker ALP. The enhanced osteogenic differen-
tiation of hBMSCs on the 1%SIS scaffold despite the relatively small pore

structure may be related to how mechanical stimulation affects cell
differentiation [50]. On scaffolds with relatively large pores, most cells
can only attach to a single pillar to experience mechanical stimulation.
By contrast, on scaffolds with small pores, cells can spread to several
pillars and are more likely to receive mechanical stimulation, leading to
a greater chance of differentiation [51].

We compared the 1%SIS scaffolds and 1%RSV/SIS scaffolds to
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determine whether the released RSV could orchestrate osteoblast dif-
ferentiation. As shown in Fig. 6, RSV functionalization significantly
upregulated the expression of all genes tested (P < 0.05). Additionally,
RSV can enhance calcium deposition and accelerate bone mineraliza-
tion [52]. We speculate that the release of RSV might have enhanced
osteogenic differentiation, which might in turn accelerate bone

mineralization through enhanced calcium deposition [53,54]. RSV was
previously reported to increase ALP activity via SIRT1 activation of
BMP2, thus inducing osteoblastic differentiation and promoting the
mineralization of BMSCs [55]. As a potential underlying mechanism,
RSV may activate the Wnt/p-catenin signalling pathway to increase the
expression of bone formation markers. However, this requires further
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investigation.
3.5. In vivo bone formation

We explored the effects of structural optimization and RSV func-
tionalization on the osteogenic properties of SIS scaffolds in vivo using an
early healing rat model of critical bone defects.

HE staining (Fig. 7A) showed that in the blank control group, the
bone defects were filled with thin and loose fibrous connective tissue at
4 weeks after the operation, and no obvious new bone formation was
observed. This indicated that the circular full-thickness bone defect with
a diameter of 5 mm met the critical-size standard [56]. In the 1%SIS
group, a small amount of new osteoid tissue was distributed in a scat-
tered manner, and some osteoblasts and new blood vessels could be
seen. This indicated that implantation of the 1%SIS scaffolds facilitated
bone defect healing. In the 1%RSV/SIS group, we detected a large
number of new bone matrices scattered in the bone defect area. These
were surrounded by a dense array of osteoblasts as well as new blood
vessels. The results of Masson’s trichrome staining (Fig. 7B) were basi-
cally consistent with the results of HE staining. Specifically, compared
with the blank control group, more new bone formation took place in the
1%SIS group and 1%RSV/SIS group, especially in the latter group. This
suggests that RSV functionalization can improve the osteogenic activity
of SIS scaffolds in vivo. Previous studies have reported similar findings.
For example, Wang et al. found that collagen scaffolds loaded with RSV
could promote bone regeneration more effectively than simple collagen
scaffolds [57]. Further, Lu et al. found that RSV could promote the
migration of endothelial progenitor cells and angiogenesis [58].

Immunohistochemical staining and quantitative analysis (Fig. 8)
further confirmed the osteoblast aggregation and more blood vessel
formation observed with HE and Masson’s trichrome staining.
Compared with the blank control group, the 1%SIS group exhibited
greater expression of RUNX2 (osteogenic marker protein). Moreover,
there appeared to be a broader distribution and significantly higher
proportion of RUNX2 in the 1%RSV/SIS group than in the 1%SIS group
(P < 0.05), which was consistent with our observation that RSV func-
tionalization significantly upregulated the gene expression of RUNX2 on
SIS scaffolds in vitro. In addition, the expression of CD31 (angiogenic
protein marker) in the 1%RSV/SIS group was significantly higher than
that in the other two groups (P < 0.05). This explained the phenomenon
of more neovascularization, which is closely related to the transport of
nutrients and mineralization-related substances such as calcium and
phosphorus, as well as the recruitment of osteoblast-related cells [59,
60]. However, whether the RSV/SIS scaffolds is conducive to early
vascularization still needs to more evidence. Besides, animal studies
with larger sample sizes and longer observation periods are necessary to
further explore the in vivo osteogenic potential of the RSV/SIS scaffolds.

4. Conclusion

Pore structure and RSV functionalization significantly improved the
osteogenic activity of SIS scaffolds. SIS scaffolds with a fabrication
concentration of 1% had superior osteogenic properties. Through co-
valent coupling, RSV was successfully grafted onto SIS scaffolds, where
it was slowly released. The most significant improvements in osteogenic
properties were obtained with a coupling concentration of 1%. In in vivo
experiments, vascular and new bone formation were enhanced with
RSV/SIS scaffolds compared with either SIS scaffolds or the blank con-
trol group at 4 weeks after implantation. These findings demonstrate the
promise of RSV/SIS scaffolds obtained via dual optimization strategies
as biomaterials in bone tissue engineering.
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