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This paper describes a novel natural extracellular matrix-derived scaffold composite prepared through a coor-
dination reaction between small intestinal submucosa (SIS) and strontium (Sr) ions. The physicochemical and
biological properties of the Sr/SIS composite scaffold were investigated. The Sr/SIS complex had a porous
structure and a uniform distribution of Sr?*. The coordination bond of Sr-SIS provides the Sr/SIS scaffolds with
improved mechanical properties and sustained Sr>* release.Controlled release of Sr** enhanced cell proliferation

and osteogenic differentiation. The 1.5 wt% Sr/SIS scaffold had the best osteogenesis effect among the experi-
mental groups, indicating its potential as a biomaterial for bone tissue engineering.

1. Introduction

Bone tissue engineering is a promising strategy for the treatment of
bone defects. Biomaterial-based functional scaffolds have been exten-
sively researched. Small intestinal submucosa (SIS) is a natural extra-
cellular matrix-derived material with a mimetic three-dimensional
microenvironment primarily composed of type I & III collagens, as well
as glycosaminoglycans, adhesion molecules, and cytokines [1]. SIS is
suitable for bone tissue engineering. Current research on SIS scaffold has
focused on functionalization with therapeutic agents to achieve favor-
able cellular responses and aid bone regeneration [2].

Strontium (Sr) dose-dependently promotes or inhibits osteoblast
functions. Its advantages include no risk of decomposition, low sensi-
tivity to microenvironmental conditions, and low cost [3]. The con-
struction of a localized delivery system that combines Sr?t with a
scaffold is thus a favorable strategy. However, sudden ion release can be
toxic to cells and cause unwanted side effects [4]. Sr-containing com-
posite scaffolds that exhibit long-lasting and controlled ion release are
highly desirable. Recently, various controlled Sr?* release scaffolds have
been constructed by substituting Sr?* for hydroxyapatite and bio-glass
[5,6], adding graphene oxide [7], and self-assembly/mineralization of
collagen [8], etc.
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The collagen which is abundant in SIS can interact with a wide range
of metal ions. The chelation of collagen and its derivatives with metal
ions has been extensively studied [9]. But the construction of a Sr/SIS
complex system for bone tissue regeneration has not been reported.
Hence, we reported the novel Sr/SIS complexes with controlled Sr2*
release. The incorporated Sr*>* enhanced the osteogenic activity and
mechanical properties of SIS scaffolds, providing a simple, effective, and
affordable bone tissue engineering option.

2. Experimental
2.1. Scaffold preparation

The SIS scaffold was fabricated as described previously [10]. Briefly,
SIS solution (1%, w/v) was produced by dissolving decellularized SIS
powder in deionized water with acetic acid (3%, v/v) and pepsin (0.1%,
w/v). After pouring into molds, the solution was precooled at —20 °C
and —80 °C for 24 h and lyophilized at —80 °C in a freeze dryer (Free-
zone; Labconco, USA). SIS scaffolds served the control group. To prepare
the Sr/SIS scaffold, SIS solution was prepared as described above. SrCl,
aqueous solutions of varying concentrations were mixed with an equal
volume of SIS solution to obtain mixed solutions containing 1%, 1.5%,
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Fig. 1. A) ESEM images of the SIS and Sr/SIS scaffolds (300X); B) Porosity and pore size; C) EDS and Mapping analysis; D) FTIR analysis; E) DSC profiles; F)

Compressive strength; G) Cumulative Sr** release. * P<0.05.

or 2% (w/v) SrCly. The pH values of the mixed solutions were adjusted
to 7, and the solutions were stored at 37 °C for 2 h to facilitate reaction.
Then the solutions were poured into molds and lyophilized as mentioned
above. Samples were crosslinked by 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide (50 mM/25 mM) in 95% ethanol
for 24 h. The abbreviations of scaffolds were shown in S1.

2.2. Characterization

The morphologies of the lyophilized scaffolds were characterized by
environmental scanning electron microscopy (ESEM; Quanta 200F; FEIL,
USA), pore sizes by ImageJ software (National Institutes of Health,
USA), and porosity by the liquid displacement method. Fourier
transform-infrared (FTIR) and energy-dispersive spectroscopy (EDS)
analyzed chemical compositions. Samples from each group (n=3) were
analyzed by differential scanning calorimetry (DSC3; Mettler Toledo,
Switzerland) at a scan rate of 5°C/min from 30°C to 200°C. The
compressive strength of each group (n=3) was measured using a uni-
versal testing machine (model 336; Instron, USA) at 1 mm/min. sr2t
release properties of the Sr/SIS scaffolds (n=3/group) were measured by
inductively coupled plasma-atomic emission spectrometry in phosphate-
buffered saline at 37 °C (Model 5110; Agilent, USA).

2.3. Cell proliferation and viability

Human bone marrow stem cells (hBMSCs) were seeded onto the
scaffolds at a density of 1.5 x 10? cells (n=3/group). Cell counting kits
were used to measure hBMSCs’ proliferation on scaffolds after 1, 3, 5, 7,
and 9 days of incubation (CCK-8; Dojindo, Japan). 2 x 10* hBMSCs were
incubated on each scaffold for 1 day (n=3/group). A live/dead viability
assay (KeyGen, China) was used to identify the live and dead cells,
which were visualized by confocal laser scanning microscopy (TCS SP8
X; Leica, Germany).

2.4. In vitro osteogenic ability

3 x 10* hBMSCs were seeded on each sample (n=3/group). Alkaline
phosphatase (ALP) staining was conducted using a nitroblue
tetrazolium/5-bromo-4-chloro-3-indolyl phosphate staining kit (Beyo-
time Biotechnology, China) after 7 and 14 days of osteo stimulation. ALP
activity was also assessed using an ALP activity assay kit (Jiancheng
Technology, China). Calcium nodules on the scaffolds were stained with
1 wt% alizarin red dye after 21 days in osteogenic medium and were
quantified by immersing in 100 mM cetylpyridinium chloride mono-
hydrate aqueous solution (Sigma, USA).
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Fig. 2. A) Live/dead viability assay; B) CCK-8 assay; C) ALP and alizarin red staining; D) Quantitative results of ALP activity;

mineralized nodules. * P<0.05.

2.5. Statistical analysis

All experiments were performed in triplicate. One-way analysis of
variance followed by Tukey’s post hoc test was performed using SPSS
22.0 software (IBM, USA) and P<0.05 was considered statistically
significant.

3. Results and discussion

Fig. 1A presented ESEM images of the surface morphology of the SIS
and Sr/SIS scaffolds. These materials had highly porous structures with
closely connected pores that facilitated angiogenesis and osteogenesis
[11]. It was speculated that the added Sr?* coordinated with collagen
fibers and affected the volume of ice crystals formed in the mixed so-
lution during precooling [12], the Sr/SIS scaffold seemed to form more
microporous structures as strontium was added (Fig. 1B). But these data
were preliminary and it was so far only speculation. The results of EDS
were presented in Fig. 1C. The characteristic peak of Sr was detected in
the Sr/SIS scaffolds, no other elemental impurities were detected.
Mapping analysis (Fig. 1C) showed that Sr was uniformly distributed
and that became more evident as Sr content increased. The FTIR spectra
presented in Fig. 1D showed that the absorption peaks of SIS at 1,236
and 1,063 cm ™! shifted upon addition of Sr?*, consistent with the for-
mation of chelates between SIS carboxyl groups and Sr2+[13]. The shift
to lower frequency of the -CH, group stretching vibration peak observed
at 2,966 cm ! also suggested that Sr?* exerted an electron withdrawal
effect on chelate formation. DSC provided a wealth of information
concerning the thermal degeneration of collagen. The specific binding of
metal ions to high-energy sites of collagen-like substances reduced in-
ternal energy and increased secondary structure stability through
crosslinking, resulting in a high denaturation temperature [9]. Fig. 1E
showed that Sr/SIS scaffolds had higher denaturation temperatures than

Time(days)

E) Semi-quantitative results of

SIS scaffold, consistent with the chelation reaction thus the thermody-
namic stability of the Sr/SIS scaffolds was improved. The compressive
strength of the scaffolds was also measured (Fig. 1F). The Sr/SIS scaf-
folds had higher compressive strength than the SIS scaffold. This result
was similar to that of Liu et al, suggesting that Sr** may act as a
“crosslinker”, improving the mechanical strength of scaffolds [14]. The
scaffolds exhibited a sudden Sr?* release in the early stage (Fig. 1G),
presumably due to the dissolution of unchelated Sr** on the surface of
the scaffolds. The release rate of Sr>* then gradually decreased but still
incurred after 21 days, indicating that the remaining Sr?* was bound to
the SIS. According to characterizations above, the chelated Sr%* could be
released sustainably. The Sr/SIS scaffolds with appropriate pore sizes
and porosity had better mechanical properties for bone tissue engi-
neering than SIS scaffolds which warranted further research in bone
regeneration.

Biocompatibility of scaffolds is a prerequisite for bone regeneration.
Fig. 2A&B showed that all groups had few dead cells and the Sr/SIS
scaffolds promoted cell proliferation more effectively than the SIS
scaffolds. All scaffolds were found to be biocompatible, and their
interconnected structures might have facilitated the survival and growth
of hBMSGs [11]. Moreover, the presence of Sr>* enhanced the prolif-
eration of hBMSCs as reported previously [3].

Furthermore, the effect of the scaffolds on bone repair was also
studied. ALP activity and calcified nodules were used as markers of early
and late osteogenic differentiation of hBMSCs, respectively. ALP and
alizarin red staining (Fig. 2C) showed that Sr/SIS groups had more
stained areas than SIS groups. Quantitative analysis showed a similar
trend (Fig. 2D&E), the expression of ALP and formation of mineralized
nodules were significantly enhanced in the Sr/SIS groups compared with
the SIS group (P<0.05), which suggested that Sr/SIS composites could
promote bone repair. This is consistent with previous findings that Sr2*
enhanced hBMSC osteogenic differentiation [15]. Notably, previous
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research indicated that the osteogenic effect of Sr had an optimal con-
centration interval rather than a first-order dependence [16].The 1.5 wt
% Sr/SIS scaffolds had the highest ALP activity and calcium deposition
among all groups, indicating an appropriate Sr level in Sr/SIS. Overall,
the Sr/SIS scaffolds achieved better physiochemical, biocompatible, and
bioactive properties for bone substitutes in vivo.

4. Conclusion

This study developed a novel Sr/SIS composite with a porous and
interconnected three-dimensional structure. Incorporation of Sr
improved the mechanical properties of the scaffold and ensured sus-
tained local delivery of bioactive Sr2*. The Sr/SIS scaffold exhibited
good cytocompatibility and promoted osteogenic differentiation of
hBMSCs. Although these results indicate that Sr/SIS scaffolds can be
used in bone tissue regeneration, additional in-depth studies are needed
to define the mechanism of action.
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