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Introduction: At present, the treatment of osteoporotic defects poses a great challenge to 

clinicians, owing to the lower regeneration capacity of the osteoporotic bone as compared 

with the normal bone. The guided bone regeneration (GBR) technology provides a promising 

strategy to cure osteoporotic defects using bioactive membranes. The decellularized matrix from 

the small intestinal submucosa (SIS) has gained popularity for its natural microenvironment, 

which induces cell response. 

Materials and methods: In this study, we developed heparinized mineralized SIS loaded 

with bone morphogenetic protein 2 (BMP2)-related peptide P28 (mSIS/P28) as a novel GBR 

membrane for guided osteoporotic bone regeneration. These mSIS/P28 membranes were 

obtained through the mineralization of SIS (mSIS), followed by P28 loading onto heparinized 

mSIS. The heparinized mSIS membrane was designed to improve the immobilization efficacy 

and facilitate controlled release of P28. P28 release from mSIS-heparin-P28 and its effects 

on the proliferation, viability, and osteogenic differentiation of bone marrow stromal stem 

cells from ovariectomized rats (rBMSCs-OVX) were investigated in vitro. Furthermore, a 

critical-sized OVX calvarial defect model was used to assess the bone regeneration capability 

of mSIS-heparin-P28 in vivo. 

Results: In vitro results showed that P28 release from mSIS-heparin-P28 occurred in a 

controlled manner, with a long-term release time of 40 days. Moreover, mSIS-heparin-P28 

promoted cell proliferation and viability, alkaline phosphatase activity, and mRNA expres-

sion of osteogenesis-related genes in rBMSCs-OVX without the addition of extra osteogenic 

components. In vivo experiments revealed that mSIS-heparin-P28 dramatically stimulated 

osteoporotic bone regeneration. 

Conclusion: The heparinized mSIS loaded with P28 may serve as a potential GBR membrane 

for repairing osteoporotic defects.

Keywords: osteoporotic defect, guided bone regeneration, decellularized matrix, heparin, 

BMP2-related peptide, control release

Introduction
Osteoporosis, an emerging health care issue worldwide, is characterized by the 

reduction in bone mass, poor bone strength, and microarchitectural deterioration, 

leading to the risk of skeletal fragility and increased susceptibility to fractures.1 The 

currently available strategies for the prevention and treatment of osteoporosis involve 

the use of agents that inhibit the osteoclast activity and, hence, bone resorption. These 

regimens are incapable of regenerating an osteoporotic bone, especially in osteo-

porotic defects.2 Guided bone regeneration (GBR) is a generally accepted therapeutic 
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modality used to achieve bone regeneration3 and may serve 

as a promising strategy to cure osteoporotic fractures.

GBR is based on the application of a barrier membrane that 

covers an osseous defect and excludes any interference from 

nonosteogenic tissues in the process of bone healing, while 

providing a favorable environment for bone regeneration.4 

Thus, an excellent barrier membrane is indispensable for GBR 

surgery under clinical settings.5 The decellularized matrix 

from the small intestinal submucosa (SIS) has attracted the 

attention of researchers, as it highly retains the microstructure 

and composition of the natural extracellular matrix (ECM), 

which provides biologic cues to regulate the adhesion, 

proliferation, migration, and differentiation of stem cells.6 

SIS comprises ~90% collagen (mainly type I)7 and smaller 

amounts of glycosaminoglycans,8 glycoproteins, and growth 

factors such as vascular endothelial growth factor and fibro-

blast growth factor 2.9,10 The pure SIS membrane was used 

as a GBR membrane and shown to support a pro-osteogenic 

remodeling microenvironment in vivo.4,11 However, its 

osteoinductive capability is far from that required to induce 

satisfactory regeneration of the osteoporotic bone, wherein the 

regeneration capability is lower than that in normal bones.

Biomineralization is a recognized treatment to improve 

the osteogenic ability of collagen-based scaffolds.12 The min-

eralization of collagen-based scaffolds is shown to result in 

a chemical composition of collagen/apatite similar to that of 

the natural bone and support cell adhesion, proliferation, and 

osteogenic differentiation.13,14 Collagen is a good template 

for the apatite deposition, growth, and nucleation, whereas 

noncollagenous proteins allow the formation of a hierar-

chically staggered nanostructure of mineralized collagen 

that provides a broad range of mechanical functionality 

and excellent biologic performance.15 Therefore, SIS was 

considered to be an excellent template for biomineraliza-

tion as an ECM-based scaffold composed of collagen and 

noncollagenous proteins.

Another strategy to enhance the osteoinductive capacity 

involves the incorporation of growth factors into the scaf-

fold. Bone morphogenetic protein 2 (BMP2), a member 

of the transforming growth factor β superfamily, is most 

extensively studied for its ability to induce bone regenera-

tion in tissue engineering.16 However, BMP2 poses some 

challenges such as short half-life, risk of ectopic bone 

formation, and tumorigenesis due to off-target effects.17 

To overcome these drawbacks, a short peptide, P28 (S[PO4]

DDDDDDDKIPKASSVPTELSAISTLYL, molecular 

weight: 3,091.20), derived from the knuckle epitope of 

BMP2, was designed by our team in a previous study.18 

Aside from its binding to the BMP receptor through its core 

domain, this peptide possesses a short block of seven aspartic 

acid (Asp) residues that confers high affinity for bone and 

hydroxyapatite (HA), thereby achieving a bone-targeted 

effect and controlled delivery from HA-containing materials, 

respectively.17,19,20 We confirmed that P28 promotes the repair 

of calvarial defects in a normal rat.17,18 However, whether P28 

may induce satisfactory bone regeneration under osteoporotic 

pathologic conditions is questionable.

The optimization of the biologic effect of P28 necessitates 

the development of a smart delivery system, which allows 

local P28 release at sufficient concentrations for extended 

time. The glycosaminoglycan heparin, a highly sulfated 

and anionic linear polysaccharide, is known to specifically 

bind with several growth factors, cytokines, chemokines, 

and other signaling molecules as well as the proteins of the 

ECM.21,22 Several studies have shown that the incorporation 

of heparin chains into collagen, calcium phosphate scaffolds, 

and fibrin gel increases their growth factor-loading capacity 

and facilitates controlled release.23 Based on these natural 

binding mechanisms, the design of biomaterials with drug 

delivery properties has proved to be a meaningful strategy. 

SIS as an ECM provides considerable amounts of bioac-

tive sites for heparin modification. In this study, we tried to 

modify mineralized SIS (mSIS) with heparin to facilitate the 

binding and controlled local release of P28.

Although several studies have investigated GBR tech-

nology in healthy bone, very few reports have explored its 

applications in the osteoporotic bone. Here, we aimed to 

develop a novel GBR membrane, heparinized mSIS loaded 

with P28 (mSIS/P28), for guided osteoporotic bone regenera-

tion. The release profile of P28 from mSIS-heparin-P28 was 

investigated in vitro. We hypothesize that a smart delivery 

system for mSIS-heparin-P28 may facilitate the local and 

sustained release of P28 and the combination of mSIS and 

P28 may synergistically enhance osteoporotic bone regenera-

tion to stimulate osteogenesis under osteoporotic pathologic 

conditions both in vivo and in vitro.

Materials and methods
Preparation of SIS and mSIS
Porcine small intestine was harvested from healthy home-

raised pigs (around 100 kg at 6 months) within 3 h of sacrifice. 

The decellularized SIS matrix was prepared as previously 

described.24 In brief, porcine jejunum was sequentially sub-

jected to mechanical dissociation, degreasing, enzyme diges-

tion, detergent, lyophilization, and sterilization. To obtain 

mSIS, SIS membranes (20×20×0.5 mm3; 5×5×0.5 mm3) were 
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soaked in 50 mL simulated body fluid (SBF) at 37°C for 

7 and 14 days; SBF solution was refreshed every 2 days.25 

At predetermined intervals, the specimens were washed with 

an excess of deionized water (10 min each for six times) 

to remove any soluble inorganic ions and freeze-dried for 

further characterization and use.

Preparation of heparinized mSIS and 
mSIS/P28
Heparinized mSIS was prepared as previously described.23,26 

SIS incubated in the SBF solution for 14 days was used for 

this study. mSIS was functionalized with heparin by cou-

pling via N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride and N-hydroxysuccinimide chemistry at a ratio 

of 75 mg heparin (molecular weight: 4,000–6,000; Sigma-

Aldrich, St Louis, MO, USA) per 1 g mSIS.

Heparinized or pure mSIS without any modification 

(20×20×0.5 mm3; 5×5×0.5 mm3) was incubated with 1 mL 

aqueous bovine serum albumin solution (5%) containing 

3 mg P28 for 24 h at 37°C in a humidified atmosphere. The 

unreacted P28 peptides were washed with double-distilled 

water (three washes for 5 min each). The membranes were 

lyophilized and sterilized with ethylene oxide gas. The mSIS-

heparin-P28 membrane was simply referred to as mSIS/P28, 

unless otherwise stated.

Characterization of SIS and mSIS
Histology analysis
For histologic analysis, SIS was fixed in 4% paraformalde-

hyde and embedded in paraffin. Paraffin sections were stained 

with H&E to observe the extent of cellular remnants and the 

structure of collagen fibers under a microscope (Olympus 

IX71; Olympus Corporation, Tokyo, Japan).

Scanning electron microscopy
The superficial microstructure of SIS or mSIS was char-

acterized by scanning electron microscopy (SEM; Sirion 

200; FEI Co., Eindhoven, the Nertherlands). Samples were 

sputter-coated with gold before scanning. The operated 

voltage was set at 15 kV.

Energy-dispersive spectrometry and X-ray diffraction
The elements of mSIS were determined with SEM fitted 

with an energy-dispersive X-ray spectrometer (EDS). The 

crystalline phases in SIS before and after immersion in SBF 

for 7 and 14 days were examined by X-ray diffraction (XRD, 

X’Pert PRO; PANalytical B.V., Almelo, the Netherlands) 

using CuK alpha radiation (λ=0.15406 nm) at a scanning 

rate of 1°/min in the range of 10°–80°.

Immobilization efficacy of P28 on 
membranes and its release kinetics
The molar content of P28 immobilized onto mSIS 

(5×5×0.5 mm3) was calculated from the difference between 

the primary feed molarity and actual washing out and residual 

molar content. In addition, P28 content was determined 

using high-performance liquid chromatography, as previ-

ously described.27

To investigate the release kinetics of P28, mSIS/P28 

(5×5×0.5 mm3) with or without heparinization was incu-

bated in 200 mL PBS at 37°C for 14 days. The eluted P28 

peptide was quantified at day 0.5, 1, 3, 5, 7, 10, 14, 17, 21, 

25, 29, 33, and 37 following incubation. At the predeter-

mined time point, the supernatant was completely collected 

and refreshed with PBS. The amount of P28 peptide in the 

collected supernatant was measured by high-performance 

liquid chromatography.

Establishment of the osteoporosis model
All animal procedures were approved by the Animal Ethics 

Committee of Huazhong University of Science and Tech-

nology (HUST). Three-month-old female Sprague Dawley 

rats were purchased from the Tongji Experimental Animals 

Center, Tongji Medical College of HUST and the experi-

ments performed according to the recommendations of the 

Guide for the Care and Use of Laboratory Animals of the 

National Institutes of Health. To generate the osteoporosis 

model, rats were subjected to bilateral ovariectomy (OVX) 

or sham operation (Sham). Three months after ovariectomy, 

the femurs were explanted from OVX and Sham groups 

and scanned on a micro-computed tomography (micro-CT) 

imaging system (SkyScan 1176 X-ray microtomography; 

Bruker, Billerica, MA, USA). Sections in the femoral condyle 

were chosen and a series of slices starting at a distance of 

1 mm proximal to the end of the growth plate with a length of 

2 mm were selected for evaluation. The following parameters 

were analyzed for each group (n=3) using the CT-analyzer 

software: bone volume fraction (bone volume [BV]/tissue 

volume [TV]), trabecular number (Tb.N), trabecular thick-

ness (Tb.Th), and trabecular separation (Tb.Sp).

Isolation and characterization of bone 
marrow stromal stem cells from 
ovariectomized rats (rBMSCs-OVX)
Primary rBMSCs-OVX were established as previously 

described.28,29 After induction for 3 months, OVX rats were 

sacrificed by an overdose of pentobarbital sodium. Bone 
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marrow was harvested from the femur, and rBMSCs-OVX 

were isolated by rapid plastic adhesion of the bone marrow-

derived cells. The growth medium for rBMSCs-OVX com-

prised DMEM/F12 (Thermo Fisher Scientific, Waltham, MA, 

USA) supplemented with 10% fetal bovine serum (Thermo 

Fisher Scientific) and 1% penicillin/streptomycin. The cells 

were cultured in 25 cm2 culture flasks under a humidified 

atmosphere containing 5% CO
2
 at 37°C. rBMSCs from the 

Sham group were similarly isolated (rBMSCs-Sham).

To evaluate the differences between the osteogenic dif-

ferentiation capacity of rBMSCs-OVX and rBMSCs-Sham, 

Alizarin Red S (ARS) staining was performed. Briefly, 

rBMSCs-OVX or rBMSCs-Sham (1×105 cells) were seeded 

on six-well tissue culture plates and cultured in osteogenic 

media comprising DMEM (HyClone, Logan, UT, USA) 

supplemented with 10% fetal bovine serum, 10 mM sodium 

β-glycerol phosphate, 50 μg/mL l-ascorbic acid, and 10−8 M 

dexamethasone (Sigma-Aldrich) for 14 and 21 days. ARS 

staining was performed according to a previous study.27 The 

optical density of Alizarin Red extracted from the samples 

was spectrophotometrically determined at 405 nm wave-

length using a microplate reader.

Proliferation of rBMSCs-OVX on SIS, 
mSIS, and mSIS/P28
The cell proliferation on SIS, mSIS, and mSIS/P28 mem-

branes was evaluated with MTT colorimetric assay. Briefly, 

rBMSCs-OVX were seeded on SIS, mSIS, and mSIS/P28 

membranes (20×20×0.5 mm3) in six-well tissue culture plates 

at 2×105 cells/well and cultured in the growth medium. MTT 

assay was performed in triplicates for each group after the 

cells were cultured for 1, 3, 5, and 7 days. At each time point, 

the growth medium was removed and the cells/scaffolds 

were rinsed with PBS and incubated in MTT solution for 3 h 

at 37°C. The formazan crystals were dissolved in dimethyl 

sulfoxide, and 100 mL of the aspirate was transferred into 

a 96-well plate to measure its absorbance at 540 nm wave-

length. MTT assay was also performed for scaffolds without 

seeded cells and used as the control. The results are shown 

as units of the absorbance value.

Calcein-AM/propidium iodide double staining (live/dead 

assay; Sigma-Aldrich) was used to quantify cell viability. 

Cells were cultured on membranes for 3 and 14 days and 

live/dead staining was performed according to the manufac-

turer’s protocol. Images were obtained using a multi-photon 

confocal fluorescence microscope equipped with a digital 

camera (Nikon Corporation, Tokyo, Japan). Image-Pro Plus 

software 6.0 (Media Cybernetics, Carlsbad, CA, USA) was 

used to quantify the percentage of live cells according to our 

previous study.18

Alkaline phosphatase (ALP) staining and 
quantitative analyses
ALP is an early osteogenic differentiation marker. rBMSCs-

OVX (2×105 cells) were seeded on SIS, mSIS, and mSIS/

P28 membranes and cultured in the growth medium (without 

osteogenic components) for 7 and 14 days. ALP staining was 

performed using 5-bromo-4-chloro-3-indolyl phosphate/

nitro blue tetrazolium color development kit (Beyotime 

Biotechnology, Nanjing, China) at predetermined time 

points. ALP activity was quantitatively analyzed using a 

SensoLyte pNPP ALP assay kit (Beyotime Biotechnology). 

The double-stranded DNA concentration in each sample 

was quantified by PicoGreen® dsDNA assay kit (Thermo 

Fisher Scientific), and the ALP activity of each sample was 

normalized to dsDNA concentration. All experiments were 

performed in triplicates.

Osteogenesis-related gene expression
We seeded rBMSCs-OVX (2×105 cells/membrane) on SIS, 

mSIS, and mSIS/P28 membranes in the presence of the 

growth medium (without osteogenic components) for 7 and 

14 days. Total RNA of each sample was isolated using Trizol 

reagent (Thermo Fisher Scientific) and cDNA synthesized 

using Prime-Script™ RT reagent kit (Takara Bio, Shiga, 

Japan) according to the manufacturer’s recommendations. 

Real-time polymerase chain reaction was performed on a Step 

One Real-Time polymerase chain reaction system (Thermo 

Fisher Scientific) using the cDNA template, specific primers, 

and SYBR Green supermix (Takara Bio). The primers for the 

selected genes are shown in Table 1. All experiments were 

performed in triplicates.

Table 1 PCR primers for genes encoding Runx2, Col-Iα, Ocn, 
Opn, and GAPDH

Gene Primer sequence

GAPDH F5′-GACAAAATGGTGAAGGTCGGT

R5′-GAGGTCAATGAAGGGGTCG
Runx2 F5′-AACTTGCTAACGTGAATGGTC

R5′-TAGCCCACTGAAGAAACTTGG
Col-Iα F5′-CTGAGATGCTCCCTAGACC

R5′-CCCTTGTTAAATAGCACCTTC
Ocn F5′-GAACAGACAAGTCCCACACAG

R5′-TCAGCAGAGTGAGCAGAAAGAT
Opn F5′-GAGGTGATAGCTTGGCTTACGG

R5′-ACGCTGGGCAACTGGGAT

Abbreviation: PCR, polymerase chain reaction.
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Implantation of SIS, mSIS, and mSIS/ 
P28 membranes in calvarial defects 
of OVX rats
All procedures involving animals were performed according 

to the National Institutes of Health Animal Care Guide-

lines. The critical-sized cranial defect experiment in rats 

was approved by the Animal Ethics Committee of HUST. 

Fifteen OVX rats from the established osteoporosis model 

were randomly divided into the following three groups (five 

rats per group): SIS, mSIS, and mSIS/P28. The rats were 

anesthetized with an intraperitoneal injection of sodium pen-

tobarbital (40 mg/kg body weight). A 1.5 cm sagittal incision 

was made on the scalp and a critical-sized defect was created 

using a trephine burr of 5 mm diameter. The calvarial defects 

were filled with SIS, mSIS, and mSIS/P28 membranes 

(5×5×0.5 mm3). After 8 weeks of surgery, the animals were 

sacrificed with an overdose of pentobarbital administered 

intraperitoneally and all harvested craniums were fixed in 

4% paraformaldehyde before further analysis.

Micro-CT analysis of bone defects
The harvested specimens were scanned on a micro-CT 

scanner (SkyScan 1176 X-ray microtomography; Bruker) at 

a resolution of 18 μm to evaluate the bone regeneration in the 

cranium defect. After three-dimensional reconstruction, the 

bone mineral density (BMD) and the bone volume fraction 

(BV/TV) in the defect regions were used to calculate the new 

bone formation using CT analysis software.30

Histologic analysis
Specimens were decalcified, dehydrated, and embedded in 

paraffin blocks. Sagittal sections (5 μm) of the central seg-

ment were prepared and stained with H&E. Morphometric 

analysis of H&E-stained sections from each group (n=5) 

was performed using Image-Pro Plus software to assess the 

new bone fraction and the new vessel density in the defect. 

New bone fraction was calculated by dividing the new bone 

area with the total defect area. New vessel density was cal-

culated by dividing the new vessel numbers with the total 

defect area.

Statistical analysis
All experiments were performed in triplicate data sets unless 

specified otherwise. All data are presented as mean ± SD. 

Statistical significance was tested using analysis of vari-

ance followed by Tukey’s post hoc test. A value of p,0.05 

(confidence level of 95%) was considered as statistically 

significant.

Results
Histologic analysis and SEM observation 
of the extracted SIS
As shown in Figure 1, H&E staining revealed the presence of 

multiple collagen fibers in the SIS membrane with no visible 

cellular component, indicative of complete decellularization. 

SEM examination further verified the presence of a network 

of nanoscale fibers in SIS with relatively sufficient decel-

lularization (Figure 1D and G).

The process of incubating scaffolds in SBF solu-

tion is universally recognized as the method for scaffold 

mineralization.31,32 The superficial structure of the SIS 

membrane was characterized by SEM for the detection of 

mineralized crystals. As shown in Figure 1, crystal forma-

tion was observed on the surface of collagen fibers on days 7 

and 14. The density and particle size of crystals increased 

from days 7 to 14. The crystal size ranged from 10 to 900 nm. 

The elemental composition of these crystals was determined 

by EDS (Figure 2A). The EDS results showed that Ca/P ratio 

was 1.76, which is close to 1.67, the Ca/P ratio of HA in 

natural bone.33 The crystallographic structure of the crystals 

on mSIS was investigated by XRD. Figure 2B displays the 

XRD pattern of crystals on mSIS with sharp peaks, indica-

tive of good crystallinity. In addition, two characteristic 

peaks of (211) and (203) for HA (XRD JCPDS data file no 

09-0432) were distinct for SIS incubated with SBF for 7 and 

14 days, but not for pure SIS. Thus, HA was successfully 

deposited on SIS. Moreover, the two peaks became stron-

ger with prolonged mineralization time, suggesting that the 

particle size of crystals on SIS was greater at 14 days than 

that observed at 7 days.

In vitro release kinetics of P28 peptide
When the heparin-conjugated mSIS membrane was immersed 

in P28 solution, the efficiency of P28 immobilization onto 

the membrane was up to 86.32%±4.27% (2.50±0.13 mg/

membrane [5×5×0.5 mm3]). However, the efficiency of P28 

immobilization onto pure mSIS without heparinization was 

only 62.15%±3.76%. Thus, heparinization of mSIS resulted 

in a significant improvement in P28 immobilization effi-

ciency as compared with pure mSIS (p,0.05).

The release kinetics of P28 peptide from mSIS/P28 with 

or without heparin binding are shown in Figure 3. After a 

minor burst release (15.33%), P28 release from mSIS/P28 

in the presence of heparin occurred in a steady and sustained 

manner. By day 40, ~94.13% of total P28 peptide was 

released. In contrast, the release curve of P28 from pure mSIS 

showed a burst release on day 1 (25.87%) and near-complete 
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release (98.35%) by day 21 (b in Figure 3). Thus, the heparin-

functionalized mSIS showed a more controlled release pro-

cess as compared with pure mSIS without heparin treatment. 

Therefore, heparin-functionalized mSIS loaded with P28 

(mSIS/P28) was selected for the subsequent study.

Reduced osteogenic potential in the 
osteoporosis model and rBMSCs-OVX
As expected, micro-CT images from OVX rats presented a 

significant decrease in the trabecular BV and microstructure 

(Figure 4A), as previously observed.34 The values of BV/TV, 

Figure 1 Structural properties of the scaffolds.
Notes: (A) Macroscopic view of SIS membrane after decellularization treatment. (B) H&E staining image of SIS sectioned at longitudinal direction. (C) H&E staining image of 
SIS sectioned at horizontal direction. (D–I) SEM images of SIS incubated in SBF solution for 0 days (D and G), 7 days (E and H), and 14 days (F and I) at two magnifications.
Abbreviations: SBF, simulated body fluid; SEM, scanning electron microscopy; SIS, small intestinal submucosa.

θ °

Figure 2 (A) EDS analysis of SIS membrane incubated in SBF for 7 days. The peak for gold (Au) in the EDS analysis comes from the gold sputtering coat. (B) XRD patterns 
of SIS membranes incubated in SBF for 0, 7, and 14 days.
Abbreviations: EDS, energy-dispersive X-ray spectrometer; HA, hydroxyapatite; mSIS, mineralized SIS; SBF, simulated body fluid; SIS, small intestinal submucosa; XRD, 
X-ray diffraction.
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(Figure 6B) increased with prolonged culture duration, sup-

porting the cell proliferation data (Figure 5). The percentage 

of live cells (Figure 6C) was around 95% and only minor 

variations were observed between the groups. The density 

of live cells was significantly higher on mSIS and mSIS/P28 

membranes as compared with SIS membrane on days 7 and 

14 (p,0.05), with the highest density reported for mSIS/28 

membrane.

Osteogenic differentiation of rBMSCs-
OVX on SIS, mSIS, and mSIS/P28 
membranes
We performed ALP staining of cells cultured on SIS, mSIS, 

and mSIS/P28 for 7 and 14 days (Figure 7A) and found that 

mSIS and mSIS/P28 distinctly promoted ALP production as 

compared with SIS membrane, indicated by a more intense 

color reaction. The most intense color reaction was observed 

for mSIS/P28 group. Quantitative analysis revealed that ALP 

activity of cultured cells increased over time throughout the 

assay period (Figure 7B) and was significantly enhanced in 

mSIS and mSIS/P28 groups as compared with SIS group 

(p,0.05). Moreover, ALP activity for rBMSCs-OVX was 

significantly higher when cultured on mSIS/P28 membrane 

as compared with mSIS membrane (p,0.05).

The expression levels of osteogenic genes such as Runx2, 

Col-Iα, Ocn, and Opn were examined in SIS, mSIS, and 

mSIS/P28 groups after 7 and 14 days of cell culture. As an 

osteogenic transcription factor, Runx2 mRNA showed a grad-

ual decrease in the expression from days 7 to 14 (Figure 8). 

Among the three groups, mSIS/P28 group showed the high-

est expression of Runx2 mRNA, demonstrating osteogenic 

induction at the early stage of the culture. The mRNA expres-

sion of bone ECM proteins (Col-Iα, Ocn, and Opn) showed 

a gradual increase in mSIS and mSIS/P28 groups over time, 

indicative of matrix mineralization at the later stage. As the 

most sensitive markers of osteogenic differentiation, Ocn and 

Opn mRNA showed .10-fold increased expression in mSIS 

and mSIS/P28 groups as compared with pure SIS group at 

day 14. Taken together, rBMSCs-OVX cultured on mSIS and 

mSIS/P28 showed a significant increase in the expression of 

Runx2, Col-Iα, Ocn, and Opn genes as compared with those 

cultured on pure SIS (p,0.05). The highest level of expres-

sion was reported for mSIS/P28 group (p,0.05).

Osteoporotic bone regeneration in 
critical-sized rat calvarial defects
Micro-CT evaluation
The representative micro-CT images of the rat calvarial are 

shown in Figure 9A. The control group (pure SIS) remained 

Figure 3 The profiles of P28 peptide released from mSIS in the (a) presence and 
(b) absence of heparin.
Abbreviation: mSIS, mineralized SIS.

Tb.N, and Tb.Th were significantly lower in OVX group 

as compared with Sham group, while those of Tb.Sp were 

significantly higher in OVX rats as compared with Sham-

operated rats (p,0.05).

Calcium nodule deposition is a biomarker of osteogenic 

differentiation. To quantify the formation of extracellular 

calcium nodules, ARS staining was performed after osteo-

genic induction for 14 and 21 days. As shown in Figure 4B, 

nodule formation was observed in both groups, but the 

level of matrix mineralization was significantly lower in 

rBMSCs-OVX group as compared with rBMSCs-Sham 

group (p,0.05). These results confirmed successful estab-

lishment of the osteoporosis model.

Proliferation and viability of rBMSCs-
OVX on SIS, mSIS, and mSIS/P28 
membranes
The amount of formazan dye corresponds to the level of 

active cellular metabolism, which directly correlates with the 

number of viable cells. As shown in Figure 5, the prolifera-

tion rate of rBMSCs-OVX was significantly higher on mSIS 

as compared with pure SIS (p,0.05), indicating that the 

mSIS promoted rBMSCs-OVX proliferation. Furthermore, 

rBMSCs-OVX growing on P28-loaded mSIS exhibited 

enhanced proliferation as compared with those growing on 

pure SIS. Thus, mSIS/P28 membranes supported maximum 

cell proliferation.

The live/dead assay results for rBMSCs-OVX seeded on 

SIS, mSIS, and mSIS/P28 membranes are shown in Figure 6. 

Live cells stained with calcein-AM (green) adhered to mem-

branes and showed normal spindle morphology, while dead 

cells stained with propidium iodide (red) were relatively few 

(Figure 6A). The density of live cells on all three membranes 
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largely open and showed minimally mineralized regions at 

the edges of the defect. An evident increase was observed 

in mineralized tissues in defects implanted with mSIS as 

compared with those implanted with pure SIS scaffolds. 

Furthermore, the incorporation of P28 into mSIS resulted 

in the most evident calcification in the bone defects. The 

bone volume fraction (BV/TV, %) for mSIS/P28 was almost 

double the value observed for mSIS (p,0.05) and more 

than seven times the value obtained for control (p,0.05; 

Figure 9B). The density of the calcified tissue indicated by 

BMD value was quantitatively analyzed. Consistent with 

BV/TV analysis, BMD result showed that mSIS significantly 

enhanced the density of the calcified tissue as compared to 

pure SIS and control (p,0.05). Furthermore, mSIS/P28 

significantly increased the density of the calcified tissue as 

compared with mSIS (p,0.05; Figure 9C).

Histologic analysis
The images of H&E-stained sections are shown in Figure 9D 

and F. No signs of inflammation or immunologic response 

were observed in all specimens. Histologic analysis con-

firmed the bone formation observed in micro-CT scans. The 

bone defect implanted with pure SIS membrane was filled 

with a thin connective fibrous tissue layer at 8 weeks and no 

Figure 4 Establishment of OVX model.
Notes: (A) Micro-CT images of distal femoral shafts in Sham and OVX rats, and the morphometric analysis of the bone volume fraction (BV/TV), Tb.N, Tb.Th, and Tb.Sp in 
femoral shafts between Sham and OVX groups (n=5 per group). (B) Alizarin Red staining for Sham and OVX rats-derived BMSCs after culturing in osteogenic medium for 
21 days, and the quantitative analysis of mineralized nodules between Sham and OVX groups at days 14 and 21. Statistical significance is indicated by *p,0.05 compared to 
Sham group. Magnification: 40×. Scale bar: 200 μm.
Abbreviations: ARS, Alizarin Red S; BMSC, bone marrow stromal stem cells; BV, bone volume; micro-CT, micro-computed tomography; OVX, ovariectomy; Tb.N, 
trabecular number; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness; TV, tissue volume.
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apparent signs of bone formation were observed. In contrast, 

new bone formation was evident in defects implanted with 

mSIS/P28 and mSIS membranes. Further analysis at higher 

magnification showed that mSIS/P28 group possessed several 

larger bony nodules, which led to the formation of thin strips 

of bony tissue (Figure 9F). Typical histologic characteristics 

of newly formed bone were observed, with osteocytes embed-

ded in the lacuna and osteoblasts lining the outer edge of the 

bone tissue (Figure 9F).

The results of the histomorphometric assay are shown 

in Figure 9E. Eight weeks after surgery, the percentage 

of new bone area in mSIS/P28 and mSIS groups was 

38.94%±5.26% and 16.27%±3.89%, respectively, which 

was significantly higher (p,0.05) than that reported for SIS 

group (2.14%±1.03%). In addition, a significant difference 

was observed in the new bone area percentage between 

mSIS/P28 and mSIS groups, as observed with micro-CT 

analysis. These results suggest that the mSIS membrane 

promoted bone regeneration in an osteoporotic defect and 

that the incorporation of P28 into mSIS further enhanced its 

stimulatory effect on osteogenesis.

Discussion
An ideal GBR membrane should be biodegradable and bio-

compatible and should exhibit space-maintaining and bone 

regeneration abilities as well as clinical manageability.35 

At present, several composites of degradable membranes such 

as polytetrafluoroethylene, collagen membrane, HA/poly 

l-lactide, and poly l-lactide/alginate have been developed.5,36 

However, these membranes lack the characteristics of 

Figure 5 Proliferation of rBMSCs-OVX cells on SIS, mSIS, and mSIS/P28 membranes.
Note: Statistical significance is indicated by *p,0.05 compared to pure SIS group 
and #p,0.05 compared to mSIS group.
Abbreviations: mSIS, mineralized SIS; OVX, ovariectomy; rBMSCs-OVX, 
bone marrow stromal stem cells from ovariectomized rats; SIS, small intestinal 
submucosa.
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Figure 6 Live/dead assay of rBMSCs-OVX cells on SIS, mSIS, and mSIS/P28 membranes.
Notes: (A) Representative confocal images of cells on membranes at day 14. (B) Live cell density (number of live cells per mm2). (C) Percentage of live cells. Statistical 
significance is indicated by *p,0.05 compared to pure SIS group and #p,0.05 compared to mSIS group.
Abbreviations: mSIS, mineralized SIS; OVX, ovariectomy; rBMSCs-OVX, bone marrow stromal stem cells from ovariectomized rats; SIS, small intestinal submucosa.
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Figure 7 Osteogenic differentiation analysis.
Notes: (A) ALP staining of rBMSCs-OVX cells on SIS, mSIS, and mSIS/P28 scaffolds at days 7 and 14. (B) The quantification of ALP activity in cells on membranes at days 7 
and 14. Statistical significance is indicated by *p,0.05 compared to pure SIS group and #p,0.05 compared to mSIS group.
Abbreviations: ALP, alkaline phosphatase; mSIS, mineralized SIS; OVX, ovariectomy; rBMSCs-OVX, bone marrow stromal stem cells from ovariectomized rats; SIS, small 
intestinal submucosa.

α

Figure 8 Time course changes in mRNA expression of osteogenic markers, such as Runx2, Col-Iα, Ocn, and Opn, in rBMSCs-OVX cells cultured on SIS, mSIS, and mSIS/
P28 membranes for 7 and 14 days.
Note: Statistical significance is indicated by *p,0.05 compared to pure SIS group and #p,0.05 compared to mSIS group.
Abbreviations: mSIS, mineralized SIS; OVX, ovariectomy; rBMSCs-OVX, bone marrow stromal stem cells from ovariectomized rats; SIS, small intestinal submucosa.

GBR membrane, including the bone regeneration ability. 

In this study, a bioactive membrane was developed for 

guided osteoporotic bone regeneration by introducing a 

short BMP2-related peptide, P28, into heparinized mSIS. 

The mSIS-heparin-P28 system was designed to improve 

the efficacy of P28 immobilization on mSIS and facilitate 

its controlled release. The results reveal that mSIS provides 

a favorable platform to load P28 as well as for its controlled 
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Figure 9 Evaluation of bone regeneration in calvarial defects of ovariectomized rats.
Notes: (A) Representative micro-CT images of calvarial defects treated with SIS, mSIS, and mSIS/P28 membranes. (B and C) BV/TV and BMD in the cranial defect implanted 
with those membranes. (D) Representative H&E staining images of SIS, mSIS, and mSIS/P28 groups at 8 weeks postsurgery. (F) High magnification images of the black 
rectangles in D (i, SIS; ii, mSIS; and iii, mSIS/P28). The osteoblast and new bone are indicated by the abbreviations “OB” and “NB”, respectively. (E) Histomorphometry analysis 
of percentage of new bone area in the rat cranial defect. Statistical significance is indicated by *p,0.05 compared to pure SIS group and #p,0.05 compared to mSIS group.
Abbreviations: BMD, bone mineral density; BV, bone volume; micro-CT, micro-computed tomography; mSIS, mineralized SIS; SIS, small intestinal submucosa; 
TV, tissue volume.
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release, and the combination of mSIS and P28 enhances 

osteoporotic bone regeneration by stimulating the prolifera-

tion and osteogenic differentiation of rBMSCs-OVX. Thus, 

mSIS/P28 proved to be an ideal GBR membrane for guided 

osteoporotic bone regeneration.

Although SIS possesses an excellent microenvironment 

to guide cell response, its composition and architecture are 

far different from those of the natural bone. Therefore, it 

is necessary to tailor its composition and architecture for 

improved osteoinductivity. Inspired by the process of calcium 

phosphate deposition within the collagenous matrix for bone 

development,37,38 several studies have attempted to develop 

bone-like ECM with the process of biomineralization.39,40 

In this study, an HA/SIS membrane was fabricated by 
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incubating SIS in SBF solution for biomineralization. SIS 

membrane mainly comprised collagen fibers (Figure 1). 

The incubation of the SIS membrane in SBF for a defined 

period resulted in the process of nucleation and crystals were 

deposited on SIS fibers. EDS and XRD analysis identified 

these crystals to be HA. XRD-specific peaks for HA were 

gradually enhanced with an increase in incubation time. This 

observation was in accordance with the gradual increase in 

the crystal size observed by SEM.

Various surface modification technologies are being 

explored to enhance the immobilization efficacy and sus-

tained delivery of growth factors. Approaches of physical 

adsorption or direct covalent modification pose challenges 

such as low loading efficiency, burst release in a short 

time, or loss of the bioactivity of growth factors owing to 

covalent reactions.21 Heparin-functionalized scaffolds are 

known to enhance sustained release of growth factors and 

decrease loss in bioactivity as compared with the scaffold 

covalently modified with N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride/N-hydroxysuccinimide 

chemistry.41 In this study, heparin-functionalized mSIS was 

designed to improve the efficacy of P28 immobilization on 

mSIS and facilitate its long-term release. The in vitro release 

curve showed that P28 was initially released from heparin-

functionalized mSIS in a small burst, followed by a slow 

and sustained release maintained over time. This observation 

may be attributed to two types of affinities: the ionic bond 

between heparin and P28 and the high affinity of the seven 

Asp in P28 for HA deposited on mSIS membranes. In our 

previous study, P28 showed a more controlled release profile 

from an HA-incorporated scaffold as compared to the scaf-

fold without HA.17,18 By day 21, P28 was almost completely 

released (98.35%) from mSIS without heparinization. On the 

contrary, a local and sustained delivery of P28 from heparin-

ized mSIS was observed, with a long-term release time of 

almost 40 days.

The osteoblastic differentiation ability of bone marrow 

stromal cells (BMSCs) derived from osteoporotic patients 

is significantly reduced, ultimately leading to a delay in 

bone formation or nonunion.1 The OVX rat model has been 

validated as a clinically relevant model of human postmeno-

pausal bone loss and is commonly used to investigate the 

pathophysiology, diagnosis, and therapy of osteoporosis.42 

As shown in Figure 4, micro-CT scanning showed that 

the BV was significantly reduced after ovariectomy, while 

ARS staining revealed decrease in the osteogenic ability of 

BMSCs from OVX. Our previous studies have shown that 

P28 successfully stimulated osteogenic differentiation of 

BMSCs from healthy tissues in vitro and enhanced bone 

regeneration in normal animals in vivo.27 This is the first 

report to explore the biologic effect of P28 under osteoporotic 

pathologic condition.

The cell response to biomaterials depends not only on the 

chemical composition but also on the surface characteristics 

such as stiffness and roughness.43 The mineralization treat-

ment of SIS led to HA crystal deposition, thereby imparting 

a rough and rigid surface to SIS. HA is proved to promote 

osteogenic differentiation of stem cells,18 and a rigid and 

rough matrix may promote cell differentiation toward osteo-

genic lineage.44,45 In this study, MTT assay demonstrated 

that mSIS with HA crystal deposition significantly promoted 

rBMSCs-OVX proliferation as compared with pure SIS. 

In comparison with pure SIS, mSIS significantly elevated 

ALP activity and the expression of osteogenic-related genes 

without additional osteogenic components. Moreover, the 

incorporation of P28 into mSIS resulted in a higher stimu-

latory effect on the proliferation and osteogenic differentia-

tion of BMSCs-OVX as compared with mSIS without P28, 

suggestive of the synergistic effect of P28 and mSIS on the 

osteogenesis activity.

To explore the potential clinical applications of mSIS/

P28 in osteoporotic patients, a critical-sized OVX calvarial 

defect model was used.29 In vivo results demonstrated that 

mSIS/P28 and mSIS enhanced osteoporotic bone regenera-

tion as compared with pure SIS in OVX rat calvarial defects 

and that mSIS/P28 induced the highest bone regeneration. 

Micro-CT analysis showed a higher BV/TV ratio indicative 

of new bone fraction for mSIS/P28 and mSIS groups as com-

pared with pure SIS group; mSIS/P28 group showed the high-

est ratio. The results of the histologic analysis coincided with 

the findings of micro-CT scan. Thus, P28 released from mSIS 

possessed a strong osteoinductive bioactivity in vivo and 

mSIS/P28 enhanced the formation of new bone and acceler-

ated the healing of critical-sized bone defects in the osteopo-

rosis model. Although the scaffold was derived from porcine 

jejunum, we failed to observe any obvious immunologic 

response and inflammatory signs, indicative of successful 

decellularization. Taken together, mSIS enhanced the 

regeneration of osteoporotic bone defects as compared with 

pure SIS and the combination of mSIS and BMP2-related 

peptide further improved its bone regeneration efficacy.

Conclusion
In this study, a novel GBR membrane, mSIS/P28, was 

fabricated for guided osteoporotic bone regeneration. 

Heparin-functionalized mSIS was designed to improve the 

efficacy of P28 immobilization on mSIS and facilitate its 

long-term release. In vitro results revealed P28 release in a 
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spatiotemporal control model from the mSIS-heparin-P28 

system, and the synergistic stimulation by both mSIS and P28 

provided a preferential environment for inducing rBMSCs-

OVX differentiation toward osteoblasts. In addition, the 

osteoporotic bone regeneration in a critical-sized calvarial 

defect OVX rats showed that mSIS/P28 has a superior 

osteoinductive activity to enhance early bone formation as 

compared with mSIS. Our study demonstrates the promis-

ing application of mSIS/P28 as a GBR membrane for the 

regeneration of osteoporotic bone defects.
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