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Abstract

Small intestinal submucosa (SIS) membranes as a decellularized tissue are known to be a natural 

nanofibrous biomaterial mainly made of type I collagen fibers and containing some growth factors 

(fibroblast growth factor 2 and transforming growth factor β) desired in tissue engineering. Here 

we show that the SIS membranes can promote the formation of bone mineral hydroxylapatite 

(HAP) crystals along the collagen fibers constituting the membranes from a HAP-supersaturated 

solution. The resultant biomineralized HAP-SIS scaffolds were found to promote the attachment, 

growth and osteogenic differentiation of mesenchymal stem cells (MSCs) in both basal and 

osteogenic media by the evaluation of osteogenic marker formation. More importantly, the HAP-

SIS scaffolds could induce the osteogenic differentiation in the basal media without osteogenic 

supplements due to the presence of HAP crystals in the scaffolds. Histological characterization of 

the MSC-seeded scaffolds showed that HAP-SIS scaffolds are biocompatible and promote the 

formation of new tissue in vitro. The biomineralized SIS membranes mimic some aspects of 

natural bone in terms of the composition and nanostructures and can find potential use in bone 

tissue engineering.
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INTRODUCTION

Bone defects caused by bone fractures and diseases such as osteoporosis, osteogenesis 

imperfecta, and massive bone loss due to trauma or cancer require enhanced bone formation 

for treatment, and have been major public health threats. Current treatments of bone defects 

use autologous bone grafts (bone taken from another part of the patient’s own body), 
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autogenous bone grafts (bone taken from somebody else’s body) or synthetic implants (e.g., 

metals and ceramics). However, they all have limitations.1,2 Autologous bone grafts are 

restricted by the limited amount of the autograft as well as the donor site morbidity. 

Allograft bone may cause infections, immune rejection, and pathogen transmission from 

donor to host. The synthetic materials, once implanted, need revisions after a certain time. 

For instance, implants do not effectively interact with cells from native bone tissue, resulting 

in a layer of fibrous tissue in between the implant and native tissue. Therefore, tissue 

engineering is an alternative promising approach.3–9 Instead of just implanting a new 

material into the body, it aims to use a scaffold to support cell growth and extracellular 

matrix (ECM) deposition to regenerate a fresh bone tissue. During bone development, cells 

grow, proliferate and differentiate within ECM, which is a natural scaffold mainly made of 

hydroxyapatite (HAP) crystals and collagen fibers. Therefore, to impart the biological 

properties of bone to tissue engineering scaffolds, a new process should be developed to 

fabricate ECM-mimicking biomaterials.

Although bone is a very complex tissue, the building block of its ECM is the HAP-decorated 

collagen fibers.10 The HAP crystals in bones are formed as a result of biomineralization, 

which is a process by which minerals are nucleated and assembled in an organized manner 

under the control of collagen fibers in ECM.11,12 In bone biomineralization, HAP crystals 

are nucleated and assembled within the collagen fibers, which are further hierarchically 

assembled into ECM.2,10,11,13 To date, it is difficult to duplicate the elegance of the HAP 

nucleation and protein assembly in bone and the intricate composite nanoarchitectures of 

bone. In the field of bone tissue engineering, there is no report on the development of a 

scaffolding material that structurally, compositionally, and functionally mimics the real 

ECM in bone.

To mimic the composition of bone ECM to build a scaffold, we proposed to use a 

biomaterial derived from a decellularized natural tissue, small intestinal submucosa (SIS) 

membrane from pig, to form a mineralized HAP-SIS scaffold. SIS membrane is an acellular 

ECM material extracted from the small intestine of pigs.14 After the cellular part is removed 

from the SIS membranes, the remnant is mainly composed of type I collagen fibers, 

glycoproteins, proteoglycans and some growth factors such as fibroblast growth factor 2 

(FGF-2) and transforming growth factor β (TGF-β).15 SIS membranes have been used as a 

biomaterial for regeneration, replacement or augmentation of lost tissues under experimental 

conditions. For instance, SIS membranes have been used in repairing several tissues 

including bladder,16–19 abdominal wall,20–22 intestine,23 tendons and ligaments,24,25 

meniscus,26 and blood vessels.27–29 After implantation, the SIS membranes are remodeled 

by invasion of host’s cells and blood vessel formation, allowing them to resemble native 

tissue.15 SIS membranes have supported the growth of a variety of cells as pure cultures or 

in co-cultures.14 In addition, SIS membranes have good mechanical properties.30 These 

properties confer SIS membranes unique qualities as a bio-material suitable for tissue 

engineering. However, to the best of our knowledge, it has not been used to regenerate bone 

tissue. As a first step to apply SIS membranes to bone regeneration, in this work we studied 

the HAP nucleation on SIS membranes in order to form HAP-SIS scaffolds mimicking the 

composition of the bone ECM (Fig. 1) and tested the attachment, growth and osteogenic 
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differentiation of mesenchymal stem cells (MSCs) on biomineralized SIS membranes in 

both basal (without osteogenic supplements) and osteogenic (with osteogenic supplements) 

media (Fig. 2). We proposed the study of biomineralization of the SIS membranes not only 

because biomineralization of SIS membranes will make the resultant scaffolds mimic the 

composition of bone ECM but also because it has been shown that the presence of bone 

minerals in the scaffolds can promote the osteogenic differentiation of MSCs.31–35 

Therefore, we hypothesize that biomineralized SIS membranes will be better bone tissue 

engineering scaffolds than the pure SIS membranes.

MATERIALS AND METHODS

Nucleation of HAP on the SIS Membranes from HAP-Supersaturated Solution

The mineralization solution was a HAP-supersaturated solution prepared by using the 

method described by Silver-stone et al.36 Briefly, a stock solution was firstly prepared to 

have an equivalent of 50 mM of calcium ions. The HAP powder (Sigma Aldrich) was 

dissolved in a solution of ddH2O containing 100 mM of hydrochloric acid and stirred until 

the powder was dissolved. 40 ml of the stock solution was poured into a plastic container 

and diluted to reach a volume of 450 ml with ddH2O. A solution of 0.05 M of potassium 

hydroxide was used to adjust the pH value of the solution to 7.0. Sodium chloride was added 

to the solution to reach a final concentration of 200 mM and then the final volume was 

adjusted to 500 ml with ddH2O. The solution was then sterilized through filtration by using 

a 0.2 μm filter. The solution prepared by this method is the HAP-supersaturated solution36 

used in this work. We have successfully used this solution as a mineralization solution for 

studying the nucleation of HAP crystals on the biomimetic templates including 

functionalized titanium substrates,37–39 filamentous bacteriophage,40,41 bacterial flagella42 

and spider silk.43 The SIS membranes (~ 1 cm wide and 6 mm thick) were bought from 

Sigma (vivoSIS®). To induce the biomimetic nucleation of HAP crystals on the SIS 

membranes, the SIS membranes were incubated in the HAP-supersaturated mineralization 

solution (Fig. 1). After different nucleation times (12, 24, and 96 h), the SIS membranes 

were taken out and washed with deionized water.

Harvesting of Mesenchymal Stem Cells

MSCs were harvested from the femurs and tibias of Fisher 334 rat by the similar method 

described in our earlier work.44 Briefly, the rats were first euthanatized by CO2 

asphyxiation. Then femurs and tibias were retrieved and placed in falcon tubes containing 

Dulbecco’s minimal essential media (DMEM) supplemented with 10% fetal bovine serum 

(FBS) (Atlanta Biologicals) and with 10,000 UI/ml penicillin G, 100 g/ml streptomycin 

sulfate and 25 g/ml amphotericin B (Sigma Aldrich). Subsequently, the falcon tubes were 

transferred to the laminar flow chamber, where under aseptic conditions the proximal 

epiphysis of the femur and distal epiphysis of the tibia were cut off. By inserting an 18 

gauge needle mounted on a syringe loaded with DMEM in the distal epiphysis of the femur 

and proximal epiphysis of the tibia, the bone marrow was flushed through the opposite 

opening into another falcon tube. Then the chunks of marrow were destroyed by using the 

tip of a 5 ml serological pipette. The cell suspension was centrifuged at 450 g. After 

centrifugation, the supernatant was discarded and the pellet was re-suspended in 12 ml of 
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fresh media. 4 ml of the new suspension was deposited in three 75 ml flasks and a total 

volume of 11 ml was completed with fresh DMEM supplemented as above. The MSCs were 

cultured and expanded in vitro until 90% confluence was reached. The culture media were 

changed every other day.

Cell Culture on Mineralized and Non-Mineralized SIS Membranes

A homemade device was fabricated to hold and manipulate the mineralized or non-

mineralized SIS membranes for studying MSCs behaviors on the membranes (Fig. 2). 

Briefly, the bottoms of Eppendorf tubes were cut off. The SIS membranes were affixed in 

the frame created between the cap and the tube to stretch the membranes and avoid spill-

over onto the tissue culture plate after MSCs seeding. A hole was made through the cap of 

the tube so that media and its nutrients could circulate and diffuse freely into the tube. The 

tubes were then placed upside down in the middle of 24-well plates (Biosciences) and the 

media were poured to cover them. The modified Eppendorf tubes were sterilized by 

autoclaving. SIS membrane manipulation and adaptation to the modified Eppendorf tube 

were carried out in the laminar flow chamber.

In order to seed MSCs on mineralized or non-mineralized SIS membranes, cells were first 

detached from the flasks using 0.25% trypsin-EDTA (Sigma-Aldrich). After 5 min, 5 ml of 

the fresh media were added to neutralize trypsin and the cell suspension was centrifuged at 

400 g. The supernatant was then discarded and the cells were counted using a 

hematocytometer. Then the cell suspension was diluted to a concentration of 20,000 cells 

per half ml. Next, half ml of cell suspension was deposited on the SIS membranes (Fig. 2) 

and a volume of the same supplemented DMEM was added to each well.

Experimental Group Design of MSCs Culture on Mineralized or Non-Mineralized SIS 
Membranes

The study on the attachment, proliferation and osteogenic differentiation of MSCs on the 

SIS membranes was divided into four main groups on the basis of the time of HAP 

nucleation (Table I): Group 1 is the group of cells seeded on the SIS membranes without 

HAP nucleation; Group 2 is the group of cells cultured on the SIS membranes with 12 h of 

HAP nucleation; Group 3 is the group of cells cultured on the SIS membranes nucleated for 

24 h; and Group 4 is the group of cells seeded on the SIS membranes nucleated for 96 h. 

Each main group was divided into two subgroups (A or B) based on the type of media used 

to culture cells, i.e., Dulbecco’s minimal essential media (DMEM) or osteogenic media 

(OST). Each SIS membrane was seeded with 2 × 104 MSCs from the first passage. To 

evaluate the osteogenic capacity of the SIS-HAP scaffolds by themselves, cells were 

cultured in two types of media: DMEM and OST media that was supplemented with 50 

μg/ml of ascorbic acid (Sigma-Aldrich), 10 × 10−3 M Na-β-glycerophosphate (Sigma-

Aldrich) and 1×10−8 M dexamethasone (Sigma-Aldrich). The group of cells seeded on the 

non-mineralized SIS membranes was considered as a control group. For each group, cells 

were cultured for 5, 10 and 15 days. All experiments were conducted in triplicates.
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Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to study the morphologies of the crystals 

nucleated on the SIS membranes and the cells cultured on the SIS membranes. To prepare 

samples for imaging the crystals on the SIS membranes, after each mineralization time point 

(i.e., 0, 12, 24, and 96 h), the SIS membranes were taken out of the mineralization solution 

and rinsed with ddH2O before SEM characterization. To prepare samples for imaging the 

cells on the SIS membranes, the media was suctioned from the 24 well plates; the 

membranes were removed from the tubes and rinsed carefully three times with phosphate 

buffered saline (PBS); finally, they were fixed in 3.7% formaldehyde for 24 h. On the next 

day, the samples were moved to 70% ethanol until the day of processing for SEM. On the 

day of processing, the samples were cut and placed on the cupper boats and dried. All of the 

samples were sputtered with AuPd in a Hummer® VI triode coater to enhance the 

conductivity. SEM images were observed with a Zeiss DSM-960A scanning electron 

microscope and imaged with the IXRF software.

X-Ray Diffraction

After different mineralization times, the SIS membranes were removed from the 

mineralization solution, thoroughly rinsed with ddH2O to remove soluble salts and air dried. 

To evaluate the phase composition of the crystals nucleated on the SIS membranes, X-ray 

diffraction (XRD) was performed on a Scintag X2 diffractometer.

DNA Assay to Quantify the Number of Cells on the SIS-HAP Scaffolds

The number of MSCs on the mineralized SIS membranes (SIS-HAP) after different times of 

culture (5, 10 and 15 days) was measured using the Picogreen dsDNA assay kit from 

Molecular Probes (Eugene, OR). The detailed protocol is available from the kit provider. 

This assay is based on the following principles: (1) The PicoGreen dye is essentially non-

fluorescent and exhibits over 1000-fold fluorescent enhancement upon binding to cellular 

double-stranded (ds) DNA, resulting in an assay that displays a linear correlation between 

dsDNA concentration and fluorescence; (2) The assay is selective for dsDNA over RNA, 

oligonucleotides and single-stranded (ss) DNA; (3) The assay can be assembled in 96 well 

plates and quickly read on a spectrofluorometric microplate reader. The results were 

expressed as the number of cells per scaffold by using the DNA standard curve. The DNA 

extracted from a known number of cells was used to obtain the standard curve.

Osteogenic Differentiation Assay

In vitro bone formation can be evaluated by examining the enzymatic activity of alkaline 

phosphatase (ALP), which is an early marker of osteogenesis and expressed by cells during 

bone formation.45,46 ALP can modify a substrate (called p-nitrophenol phosphate) to 

produce a yellow product (called p-nitrophenol). The amount of this product reflects the 

amount of ALP formed during the osteogenic differentiation.47 The ALP assay was 

performed by following our published protocol.44,48 To further understand the osteogenic 

differentiation of MSCs at late stage, real-time polymerase chain reaction (PCR) analysis 

was used to profile the gene expression of a late-stage osteogenic differentiation marker, 

osteocalcin (OCN), by following our published protocol.44,49
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Histological Analysis of the MSC-Seeded HAP-SIS Membranes

After the constructs were removed from the Eppendorf tubes (Fig. 2) and rinsed with PBS 

for three times, they were fixed in 3.7% paraformaldehyde solution for 24 h. Then they were 

transferred to 70% ethanol and kept for 48 h before being processed for histology. On the 

day of the histological processing, all of the HAP-SIS membranes were dehydrated in 

graded series of ethanol, paraffin embedded and cut into sections with a thickness of 4 μm. 

The sections were stained with hematoxylin and eosin (H & E) and imaged with a light 

microscope.

Statistical Analysis

Statistical analysis was performed with the SPSS Statistics software. Multiple comparisons 

were performed using the Turkey HSD multiple comparison test. Statistical significance was 

considered at a confidence level of 95% (p < 0.05). Quantitative data were shown as mean 

values± standard deviation.

RESULTS

Morphologies and Mineralization of SIS Membranes

XRD patterns show that pure SIS membranes did not contain any HAP crystals (Fig. 3). 

After nucleation for 12 h, HAP crystals were formed. More HAP crystals were formed at 24 

h, as judged by the intensity of (211) peak. Surprisingly, at 96 h the intensity of (211) peak 

was reduced, suggesting the reduction of the amount of HAP crystals. It should be noted that 

no (00l) peaks were found in the XRD patterns of all mineralized samples. This result 

indicates that probably HAP crystals were preferentially oriented with [00l] direction 

parallel to the collagen fibers lying on the surface of the SIS membranes, which will cause 

(00l) plane (perpendicular to the membrane surface) not to be diffracted by X-ray during 

XRD experiment (Fig. 3 inset). Under the SEM, the SIS membranes were composed of 

collagen fibers aligned and packed densely (Figs. 4(a) and (a′)). At 12 h, the HAP crystals 

were found to be aligned along the collagen fibers (Figs. 4(b) and (b′)). Due to the formation 

of more HAP crystals on the surface of the membranes, the individual HAP crystal-coated 

collagen fibers became not well resolved at 24 h (Figs. 4(c) and (c′)). However, at 96 h, the 

individual HAP crystal-coated collagen fibers became well resolved again (Figs. 4(c) and (c

′)). It is likely that the HAP formation caused the mineralization solution to become 

unsaturated with respect to HAP at 96 h and thus HAP crystals not well attached to the 

surface of collagen fibers were dissolved again into the unsaturated solution. Consequently, 

only HAP-coated collagen fibers were visible under SEM. The SEM observation was 

consistent with XRD characterization, which shows a reduced amount of HAP crystals at 96 

h (Fig. 3).

Attachment of MSCs Onto Mineralized SIS Membranes

The SEM micrographs of cells seeded on HAP-SIS membranes after 15 days of in vitro 

culture showed that MSCs adhered to the HAP-SIS membranes and remained attached 

during the whole time of the study (Fig. 5). There was no major difference in cell adhesion 

between MSCs seeded in DMEM and OST media. However, the mineralized SIS scaffolds 
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appeared to favor the adhesion of MSCs onto the scaffolds when compared to the non-

mineralized SIS scaffolds. In fact, it was reported that HAP as a natural bone component 

could promote the adhesion of MSCs to HAP-bearing scaffolds. For example, HAP favored 

the adhesion of MSCs to an HAP-coated poly (lactide-co-glycolide) (PLGA) scaffold in 

comparison to PLGA scaffold alone.31 Thus it is not surprising to see that mineralized 

scaffolds tended to favor the adhesion of MSCs in our study. These results show that HAP-

SIS membranes favor the adhesion of MSCs probably due to the presence of bone mineral, 

biocompatible collagen fibers and growth factors, which is consistent with the earlier reports 

that SIS membranes support the adhesion of other cell types.14

Proliferation of MSCs on Mineralized SIS Membranes

The DNA content in a population of MSCs represents the number of MSCs on a scaffold,50 

and thus was used to quantify the proliferation of MSCs on the SIS-HAP membranes. 

Throughout the culture period, an increase in the cell number was observed on each group. 

This trend was maintained for both mineralized and non-mineralized SIS membranes (Fig. 

6). The control group, Group 1A (i.e., cells seeded on non-mineralized SIS membranes), had 

the maximum rate of proliferation compared to groups 2B, 3A, 3B, 4A and 4B. The smallest 

cell proliferation was observed in Groups 4A and 4B, where cells were cultured on SIS 

membranes mineralized for 96 h in DMEM and OST media, respectively. An attenuated 

proliferation was observed for cells cultured on the biomineralized membranes as the 

mineralization time was increased compared to cells cultured on non-mineralized SIS 

membranes. This observation was visualized for cells cultured on mineralized SIS 

membranes in both DMEM and OST media. Cell proliferation between groups 2B, 3A and 

3B looked very similar and showed no significant differences. Groups 4A and B had 

significantly fewer cells than the other groups. However, those differences were kept just for 

cells cultured for 5 and 10 days because the discrepancy disappeared with cells cultured for 

15 days when compared to groups 2B, 3A and 3B. Interestingly, cells cultured for 10 and 15 

days on constructs mineralized for 96 h in OST media (Group 4B) showed a higher cell 

number than its counterpart cultured in DMEM (Group 4A). The slight attenuation in the 

proliferation rates of cells cultured on mineralized SIS membranes compared to those 

cultured on non-mineralized SIS membranes (Fig. 6) could be explained by the fact that 

cells cultured on mineralized SIS membranes had a better osteogenic differentiation 

potential than non-mineralized SIS membranes as shown in next section (Fig. 7). It has been 

found that when cells started to differentiate very early, they would proliferate at a lower 

rate.50,51 Differentiation of MSCs towards the osteoblastic lineage includes several steps. 

First, when seeded in osteogenic medium, cells have a high proliferation potential and start 

to proliferate and deposit ECM. Then cells exhibit a decreased proliferation rate and start to 

express characteristic bone proteins such as ALP. After this step, no major proliferation will 

be observed and a mature ECM will be formed with calcium deposition.52

Osteogenic Differentiation of MSCs on SIS Membranes

ALP as an enzyme is an early marker for the osteogenic differentiation of MSCs.45,46 The 

ALP activity was measured and normalized to the cell number of the respective sample (Fig. 

7). The ALP assay showed an obvious increase in the enzyme activity on the groups of cells 

cultured with osteogenic supplements (OST) in comparison to those without osteogenic 
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supplements (DMEM). The highest ALP activity was detected in the Group 2B, i.e., cells 

seeded on SIS membranes nucleated with HAP for 12 h and cultured in OST media, which 

showed significant differences compared to the other groups. Groups 3B and 4B, i.e., cells 

seeded on SIS-HAP constructs formed with a mineralization time of 24 h and 96 h, 

respectively, and cultured in OST media, showed the next level of ALP activity. These cells 

also showed significant differences compared to the control group (p < 0.05). The control 

group of cells seeded on the non-mineralized SIS membranes and cultured in OST media 

showed a moderate ALP activity compared to the mineralized SIS membranes. Either a drop 

or a lack of progress in the ALP activity on day 15 was found in all groups of cells seeded 

on the mineralized SIS membranes. A measurable level of ALP activity was found from all 

cells seeded on SIS-HAP membranes but cultured without osteogenic supplements 

(DMEM). These findings are significant for cells cultured for 10 days in group 3A and for 

both 5 and 10 days in group 4A compared to controls. We also used real-time PCR assay to 

verify the gene expression of OCN, which is a marker for the late stage of the osteogenic 

differentiation of MSCs. Our result showed that the OCN gene expression level was the 

highest for the SIS membranes mineralized for 12 h in both OST and DMEM media (Fig. 8). 

This result indicates that mineralization for an adequate period of time is better for 

producing a material capable of promoting the osteogenic differentiation of MSCs, probably 

because there exists an optimal range of the content of the minerals for the SIS membranes 

to achieve the best osteogenic differentiation of MSCs. Overall, our data show that 

biomineralization of SIS membranes could induce the osteogenic differentiation of MSCs in 

DMEM without osteogenic supplements and further promote the osteogenic differentiation 

of MSCs in OST. These results are consistent with earlier findings that HAP could promote 

the osteogenic differentiation of MSCs and bone formation.31–35,49,53–55

Histological Evaluation of MSC-Seeded HAP-SIS Membranes

Histological evaluation showed that cells deposited ECM and were embedded in newly 

deposited ECM, forming several layers of cells on the top of the SIS membrane covering the 

whole scaffold (Figs. 9 and 10). There were no histological differences between constructs 

containing cells on the SIS membranes and those on HAP-SIS membranes, suggesting that 

biomineralized SIS membranes have biocompatibility comparable to SIS alone. Some cells 

were found to migrate towards the nanofibrous porous structure of the membranes, which 

was particularly true for the SIS membranes with 96 h of nucleation (Fig. 9), probably 

because biomineralization for 96 h showed increased cell attachment to the scaffolds (Fig. 

4). This result indicates that biomineralization of the SIS membranes can promote the 

integration between new tissue and the scaffolds for enhanced in vivo bone regeneration.

DISCUSSION

The aim of this study was to evaluate the in vitro performance of HAP-SIS membranes in 

directing the attachment, proliferation and differentiation of MSCs towards the osteoblastic 

lineage. For this purpose, MSCs were seeded on the mineralized SIS membranes and 

cultured for 5, 10 and 15 days in either MEM or OST media (i.e., media supplemented with 

dexamethasone, ascorbic acid and β-glicerophosphate). This preliminary study demonstrates 
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the feasibility of culturing and differentiating bone marrow MSCs toward the osteoblastic 

lineage on the the biomineralized SIS scaffolds.

An ideal material for bone regeneration must comply with several characteristics: (1) 

biocompatible; (2) available in nature; (3) adapting to the natural tissue environment; (4) 

non-immunogenic; (5) biodegradable on a predictable time lapse; and (6) osteoinductive and 

osteoconductive. SIS membranes satisfy most of these premises.14–19 Their high collagen 

content makes it mimic the compositions of bones, particularly after biomineralization to 

form HAP. They can be retrieved very easily from natural tissues and biocompatibility 

studies report a mild inflammatory reaction from their implantation in the body.14–19 Our 

study confirms that SIS membranes with and without mineralization are biocompatible. It 

further indicates that the biomineralization of the SIS membranes promotes the attachment, 

growth and osteogenic differentiation of MSCs as well as the migration of cells into the 

scaffolds, and thus will make the SIS membranes more osteoinductive and osteoconductive.

Mineralized type I collagen fibrils are the basic building block of natural bone’s structure 

and the mineralization of collagen confers the strength to support other structures in the 

body. By mimicking the basic structure of normal bone, biomineralization of scaffolds could 

increase the osteoinductive and osteoconductive potential of the materials for tissue 

engineering applications.56 In the present study, the XRD and SEM data show that HAP 

crystals are aligned along the collagen fibers, mimicking the structure of natural bone ECM. 

It has been described that the method used to mineralize the scaffolds plays a critical role in 

the mineralization process of materials.57 In our approach, we have used a HAP-

supersaturated solution to gradually mineralize the SIS membranes without the 

overwhelming chemical process necessary for HAP synthesis from calcium and phosphate 

ions. On the other hand, the main component of the SIS membranes is type I collagen fibers, 

a natural biomaterial used in many tissue engineering applications and described as an 

important element in the mineralization and cell adhesion processes of bone.58 Therefore, 

the HAP-SIS scaffolds mimic the bone ECM and are expected to promote the bone 

formation.

Demonstrating a biomineralized ECM (i.e., calcium deposition test) has been suggested as 

an indicator for the osteogenic capacity of a material in vitro.59,60 However, our 

biomineralized SIS membranes already contain bone minerals prior to cell seeding. Hence, 

we detected the formation of two osteogenic makers (ALP for early stage differentiation and 

OCN for late stage differentiation) and verified the differentiation of MSCs towards the 

osteoblastic lineage since the formation of these biomarkers indicated the commitment of 

MSCs to become osteoblasts.44 In our study, the ALP activity measurements showed an 

intense differentiation process towards the osteoblastic lineage. ALP activity was detected 

early (day 5) in this study (Fig. 7) and showed the typical pattern described in the 

literature.50,52 OCN gene expression profiling by real-time PCR assay also showed that the 

biomineralization of SIS membranes for a suitable period of time would induce the 

osteogenic differentiation of MSCs in DMEM (Fig. 8). Namely, our study discovered that 

HAP-SIS membranes could induce the differentiation of MSCs in basal DMEM media 

without osteogenic factors. This finding is in accordance with the previous discovery that 

HAP by itself promoted MSC differentiation.35 This finding is a plus in using HAP-SIS 
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membranes for guided bone regeneration since it shows an enhancement of the 

osteoconductive capabilities of the constructs.

CONCLUSIONS

HAP crystals can be nucleated on the SIS membranes from a HAP-supersaturated solution 

to form biocompatible biomineralized scaffolds where HAP crystals are coated on the 

surface of collagen fibers constituting the membranes. The resultant HAP-SIS membranes 

show a good performance for supporting the attachment, proliferation and differentiation of 

MSCs toward the osteoblastic lineage. More importantly, the biomineralized SIS 

membranes can induce osteogenic differentiation of MSCs in DMEM without osteogenic 

supplements due to the presence of bone minerals. These results are predictable since the 

components found in these constructs are mainly made of type I collagen fibers, 

hydroxyapatite and some growth factors, all found in natural bones. These results suggest 

that it is possible to form biomineralized SIS membranes to build constructs for applications 

in bone regeneration.
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Figure 1. 
Schematic illustration of the biomineralization of the SIS membranes. The SIS membranes 

were placed into a HAP-supersaturated solution to induce the biomimetic mineralization for 

12, 24, and 96 h.
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Figure 2. 
Schematic showing the arrangement of the small intestinal submucosa (SIS) membrane 

(mineralized or non-mineralized) on the Eppendorf tube and cells seeded on SIS membrane. 

This setup shows how the cells are cultured to evaluate the performance of SIS membranes 

in directing the attachment, proliferation and osteogenic differentiation of MSCs.
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Figure 3. 
XRD patterns of SIS membranes mineralized for 0, 12, 24 and 96 h. The inset schematically 

illustrates that when HAP has c-axis preferred orientation along the collagen fibers lying on 

the SIS membrane, the (00l) peaks will be absent in the XRD patterns, which is the actual 

case in the XRD patterns shown here.
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Figure 4. 
SEM images of SIS membranes after different mineralization times (0, 12, 24 and 96 h). 

(a)–(d) are typical images of the SIS membranes that were mineralized for 0, 12, 24 and 96 

h, respectively. (a′)–(d′) are typical high magnification images taken from some areas on the 

the same membranes shown in (a)–(d), respectively.
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Figure 5. 
SEM images of cells attached onto the SIS membranes that were mineralized for 0 h ((a), (a

′)), 12 h ((b), (b′)), 24 h ((c), (c′)) and 96 h ((d), (d′)). Top (a)–(d): cells on the scaffolds 

were cultured in the osteogenic media (OST). Bottom ((a)′ –(d)′): cells on the scaffolds were 

cultured in DMEM.
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Figure 6. 
Cell number determined from DNA assay (by using PicoGreen dye) from all of the samples 

shown in Table I. Group 1: cells on non-mineralized SIS membranes; Group 2: cells on SIS 

membranes mineralized for 12 h; Group 3: cells on SIS membranes mineralized for 24 h; 

Group 4: cells on SIS membranes mineralized for 96 h. A: cultured in DMEM media; B: 

cultured in OST media.
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Figure 7. 
ALP assay results from all of the samples shown in Table I. Group 1: cells on non-

mineralized SIS membranes; Group 2: cells on SIS membranes mineralized for 12 h; Group 

3: cells on SIS membranes mineralized for 24 h; Group 4: cells on SIS membranes 

mineralized for 96 h. A: cultured in DMEM media; B: cultured in OST media.
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Figure 8. 
Real-time PCR analysis showing the level of osteocalcin gene expression of cells cultured 

on different substrates in DMEM (Group A) and OST (Group B) media for 15 days. Group 

1: non-mineralized SIS membranes; Group 2: SIS membranes mineralized for 12 h; Group 

3: SIS membranes mineralized for 24 h; Group 4: SIS membranes mineralized for 96 h.
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Figure 9. 
Histological images of the SIS membranes mineralized for 0 h ((a), (a′)), 12 h ((b), (b′)), 24 

h ((c), (c′)) and 96 h ((d), (d′)) after MSCs were cultured on the membranes for 15 days. Top 

(a–d): images from scaffolds with cells cultured in OST. Bottom ((a)′–(d)′): images from 

scaffolds with cells cultured in DMEM. The explanation of the image is shown in Figure 10.
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Figure 10. 
Schematic illustration of the histological images shown in Figure 9. The left side is the SIS 

membrane and the right side contains the cells and newly secreted ECM. Some cells 

migrated into the SIS membranes in Figure 9.
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Table I

Experimental design based on mineralization time and cell culture media.

MSCs culture media

Groups/mineralization time (hours)

Group 1/0 h Group 2/12 h Group 3/24 h Group 4/96 h

DMEM (A) Culture time: 5, 10, 15 
days

Culture time: 5, 10, 15 
days

Culture time: 5, 10, 15 
days

Culture time: 5, 10, 15 
days

OST (B) Culture time: 5, 10, 15 
days

Culture time: 5, 10, 15 
days

Culture time: 5, 10, 15 
days

Culture time: 5, 10, 15 
days

Notes: DMEM: Dulbecco’s minimal essential media; OST: Osteogenic Media, made of DMEM supplemented with dexamethasone, ascorbic acid, 
and β-glycerophosphate.
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