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Abstract

Small intestine submucosal (SIS) membrane used in this study is a decellularized, naturally 

occurring nanofibrous scaffold derived from a submucosal layer of porcine small intestine. It is 

predominantly composed of type I collagen fibers. Here we studied the bio-templated growth of 

hydroxylapatite (HAP) bone minerals on the SIS membrane from a modified simulated body fluid 

(1.5 SBF) at the body temperature, namely, under a near-physiological condition, in order to 

evaluate its bone bioactivity, the capability of the membrane in bonding with bone tissue once 

implanted in vivo. Minute HAP crystals were successfully nucleated on the SIS membranes from 

1.5 SBF at the body temperature. The crystals were preferentially nucleated along the collagen 

fibers constituting the SIS membranes. HAP was the major crystalline mineral phase formed 

during the whole period of time and a minor crystalline phase of tricalcium phosphate (TCP) 

appeared after the membranes were incubated for 96 h. We also found that the mineralization for 8 

h most significantly promoted the osteogenic differentiation of rat mesenchymal stem cells 

(MSCs) by evaluating the formation of osteogenic markers in MSCs including alkaline 

phosphatase (early stage marker) as well as osteocalcin and osteopontin (late stage markers). 

Hence, SIS membranes show excellent bone bioactivity and once mineralized, can significantly 

promote the osteogenic differentiation of MSCs.
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 INTRODUCTION

Hydroxyapatite [HAP, Ca10(PO4)6(OH)2] is one of the most important calcium 

orthophosphates in natural environment. It represents the main mineral component in bone 

tissue and exists in the form of minute crystals in bone. Thus HAP has received great 

attention in hard tissue regeneration and has been used worldwide as a bone substitute., Bone 

biomineralization involves the deposition of HAP crystals along the nanoscale type I 

collagen fibers that self-assemble into and constitute an extracellular matrix (ECM). We, 

along with others, have used different nanoscale bio-templates to induce biomimetic 

nucleation and growth of HAP crystals, including chemically modified 2D surfaces such as 

self-assembled monolayers and fiber-like macromolecules such as filamentous phage and 

silk., – Type I collagen is an attractive molecule for manufacturing bone biomaterials because 

it forms the major organic component in bone ECM. Composites made of HAP crystals and 

type I collagen fibers show great promise as biomaterials for bone tissue engineering since 

bone is a natural composite primarily composed of cells and ECM made of these two 

components. Ideally, a scaffold for bone tissue engineering should resemble ECM in bone. 

One approach to this goal is the deposition of HAP crystals on the collagen fibers that are 

already preassembled into a matrix.

Porcine small intestine submucosal (SIS) membrane used in this work is a decellularized, 

naturally occurring tissue matrix composed of collagen fibers and various growth factors. It 

is derived from the porcine jejunum, contains a 3-dimensional (3D) nanofibrous structure, 

and has a complex composition predominantly composed of type I collagen fibers. In SIS 

membranes, collagen fibers are almost parallel to each other (Figs. 1(a)–(b)). In vivo studies 

indicated that SIS membranes could be rapidly absorbed and support early and abundant 

new vessel growth, and thus could be a useful biomaterial for the repair of several tissues 

including large vascular grafts, venous valves and leaflets, ligaments, tendons, abdominal 

wall, skin, urinary bladder and biliary tract.– However, to the best of our knowledge, the use 

of SIS membranes in in vivo bone regeneration has not been demonstrated.

Recently, we found that SIS membranes could induce the HAP mineralization from a 

calcium phosphate solution supersaturated with respect to HAP, which was made by 

dissolving HAP under an acidic condition, at the room temperature. However, the 

biomineralization under such a non-physiological condition resulted in the formation of 

HAP on the SIS membranes partially due to the super-saturation of HAP in the solution. 

Since the previous results of mineralization on the SIS membranes were obtained from the 

non-physiological condition, they do not necessarily indicate that the SIS membranes are 

capable of inducing biomineralization under a physiological condition to promote their 

bonding with bone tissue when implanted in vivo. It is well-known that mineralization from 

a simulated body fluid (SBF) or its modified version at the body temperature is a powerful 

approach for evaluating the bone bioactivity of a biomaterial in vitro (i.e., its ability to bond 

with bone tissue) without animal experiments since SBF or modified SBF at the body 

temperature mimics the physiological condition. Therefore, to evaluate whether SIS 

membranes have excellent bone bioactivity, herein, we studied the biomineralization of HAP 

on the SIS membranes in a modified SBF (1.5 SBF, Table I) at the body temperature, which 

represents a near-physiological condition. Scheme 1 illustrates the nanofibrous collagenous 
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structure of the SIS membranes and the principle of the biomimetic mineralization on the 

membranes. On the other hand, this study also generated biomineralized SIS membranes 

while evaluating the bone bonding capability of the SIS membranes. We expect that the 

biomineralized SIS membranes are better scaffolds than non-mineralized ones for bone 

tissue engineering because they mimic both chemical composition and fibrous architecture 

of the ECM of bone tissue and have the potential to behave as natural bone ECM in bone 

regeneration. In addition, we recently found that HAP mineralization promoted the 

osteogenic differentiation of MSCs., Therefore, we further evaluated whether the 

biomineralized SIS membranes formed under the near-physiological condition could 

promote osteogenic differentiation of MSCs.

 MATERIALS AND METHODS

 Mineralization of SIS Membranes in 1.5 SBF

The modified SBF, 1.5 SBF, was prepared following a reported protocol. Briefly, 700 ml of 

ion-exchanged and distilled water was first added into a 1,000 ml plastic beaker. The beaker 

was then placed in a water bath and heated to 36.5 ± 1.5 °C under magnetic stirring. Then 

the reagents listed in Table I were dissolved into the solution one by one in the order given. 

The pH value of the 1.5 SBF was buffered at 7.4 with 1 M of HCl and tris-(hydroxymethyl)-

aminomethane [(CH2OH)3CNH2] at 36.5 ± 1.5 °C.

Decellularized nanofibrous SIS membranes purchased from Cook Biotech were dehydrated 

in air and cut into small square pieces (1 cm × 1 cm). To initiate biomimetic nucleation and 

growth of HAP crystals, the nanofibrous SIS membranes were placed into the 1.5 SBF and 

incubated for up to 96 h. During the incubation, minerals were formed on the membranes 

due to the preferential nucleation of the minerals on the membranes (Scheme 1). The 

mineralized membranes were taken out of the solution after being incubated for a certain 

period of time, rinsed in the deionized water and then stored in a desiccator before materials 

characterization.

 Materials Characterization

In order to study the morphologies of the crystals that were nucleated and grown on the SIS 

membranes by scanning electron microscopy (SEM), the samples were coated with AuPd 

alloy to increase surface conductivity using a Hummer VI triode sputter coater. SEM images 

were observed with ZEISS DSM-960A scanning electron microscope and taken using IXRF 

software. The phase composition of the crystals grown on the SIS membranes was 

determined by X-ray diffraction (XRD) on a Scintag X2 diffractometer. The pH value of the 

mineralization solution where the SIS membranes were incubated was monitored in situ 
with UltraBASIC UB-10 pH/mV numeric acidity meter.

 Culture of Rat MSCs on Mineralized SIS Membranes

We cultured mesenchymal stem cells (MSCs) isolated from rats in the osteogenic 

differentiation media on the SIS membranes with different mineralization times following 

our published protocols., Briefly, the MSCs were expanded in the primary media, which 

contained Dulbecco’s Modified Eagle Media (DMEM, Gibco), 15% fetal bovine serum 
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(FBS, Gibco) and 1% antibiotics (penicillin 100 U/ml, streptomycin 100 U/ml). When the 

cells reached the passage, they were seeded onto the SIS membranes and then cultured in the 

osteogenic differentiation media (Thermo scientific). The cell culture media was replaced 

twice a week.

 Proliferation of MSCs on Mineralized SIS Membranes

We employed 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay 

to evaluate the proliferation on the SIS membranes at the different time points., Briefly, the 

cell-SIS complex was incubated in the MTT solution (20 µl, 5 mg/ml) at 37 °C in a 5% CO2 

incubator for 4 h. The cell metabolism would produce intense purple formazan derivative, 

which was first eluted and then dissolved in 150 µl of dimethylsulfoxide (DMSO) per well 

of a plate. Finally, the absorbance at 490 nm was measured using a microplate reader.

 Osteogenic Differentiation of MSCs on Mineralized SIS Membranes

Alkaline phosphatase (ALP) as well as osteocalcin (OCN) and osteopontin (OPN) are 

marker proteins specific for the early and late stage of osteogenic differentiation of MSCs, 

respectively., ALP is an enzyme and thus the formation of this marker has been commonly 

evaluated by detecting its activity. Specifically, because ALP could modify a substrate 

(called p-nitrophenol phosphate) to produce a yellow product (called p-nitrophenol), the 

amount of the produced yellow product would indicate the amount of ALP formed due to 

the osteogenic differentiation of MSCs. The ALP assay was carried out following a protocol 

reported by us previously. Moreover, in order to verify the osteogenic differentiation of 

MSCs at late stage, real-time polymerase chain reaction (PCR) analysis was used to 

characterize the gene expression of OCN and OPN by following our published 

protocol., The sequences of the primers designed for PCR could be found in our pervious 

publications as well., 

 Statistical Analysis

The data of cell proliferation and differentiation were presented as mean values ± standard 

deviation. SPSS Statistics software was employed to conduct statistical analysis. Differences 

between two groups were considered significant at p < 0.05.

 RESULTS

 Morphologies of Mineral Crystals Grown on Nanofibrous SIS Scaffolds

After mineralization of the SIS membranes, SEM images (Fig. 1) indicate that the crystals 

were nucleated on the membranes. The crystals were packed densely on the SIS membranes 

mineralized in 1.5 SBF. The nucleation and growth of HAP crystals on the SIS membranes 

were very rapid and most of the crystals were grown in the first half an hour (Figs. 1(c)–(d)). 

The crystals were polygonal with sizes ranging from 1 to 2.5 µm and loosely packed on the 

surface of SIS membranes during the first half hour. The polygonal crystals were packed 

more densely and fused into irregular larger crystals after 8 h (Figs. 1(e)–(f)). After 

incubation for 24 h, the morphologies of the grown crystals changed from more well-defined 

(polygonal) to less defined (Figs. 1(g)–(h)); the sharp corners of the polygons became more 

round, indicating the partial dissolution of the crystals at the corners, which might arise from 
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the higher surface energy state of the corners than other surface areas of the crystals. This 

resulted in the fusion of crystals into a larger aggregate. After mineralization for 96 h, some 

of the crystals were dissolved and the number of crystals was reduced (Figs. 1(i)–(j)).

 Phase Composition of Crystals Grown on SIS Biotemplates

Figure 2 depicts the XRD patterns of the SIS membranes after mineralization. The SIS 

membrane before mineralization did not show any crystalline diffraction peaks (data not 

shown). On the mineralized SIS membranes, HAP was the major crystalline phase present 

during the whole period of mineralization. Typical peaks at 28.6°, 31.7°, and 45.5° were 

observed from all patterns and are corresponding to the crystal planes (210), (211), and 

(203) of HAP, respectively. A comparison of the XRD patterns between different 

mineralization times showed that the SIS membranes mineralized for 8 h presented the 

highest HAP diffraction signals (Fig. 2(B)), indicating that mineralization for 8 h led to the 

highest content of HAP on the SIS membranes. However, under the non-physiological 

condition (in HAP-supersaturated solutions and at room temperature), the HAP formation 

reached the highest content at 24 h, suggesting that the mineralization from 1.5 SBF, namely, 

under the near-physiological condition, is faster. After the SIS membranes were incubated in 

1.5 SBF for 96 h, there appeared an obvious small peak at 27.4° that could be attributed to 

tricalcium phosphate (TCP) crystal structure (Fig. 2(D)), indicating that TCP was a minor 

crystalline phase co-existing with the major phase HAP. This phase was not found in the 

biomineralization under the non-physiological condition. In fact, TCP is a desired mineral 

phase in bone biomaterials and often is used as a component to form a composite with HAP 

as a bone implant because it promotes the bone resorption in vivo and is known as a “bone-

rebuilding material.” In this sense, the mineral structure formed under the physiological 

condition, as reported in this work, is more suitable than that formed under the non-

physiological condition.

 pH Changes of the Mineralization Solutions

By monitoring the pH values of the mineralization solutions as a function of mineralization 

time, we found that the pH value of the 1.5 SBF solution remains nearly unchanged, which 

is due to the buffering capability of 1.5 SBF. However, our earlier studies showed that 

biomineralization from HAP-supersaturated solutions would reduce the pH values over the 

process of HAP formation because HAP formation consumed OH− ions. Even though HAP 

formation will consume OH− ions as well (Scheme 1), the buffering capability of the 1.5 

SBF ensures that the pH value of the mineralization solution will not change significantly. 

This result shows that 1.5 SBF is indeed a good mineralization solution for evaluating the 

biomineralization on the SIS membranes.

 Proliferation of MSCs on the Mineralized Nanofibrous SIS Membranes

We used MTT assay to evaluate the proliferation of MSCs cultured on the SIS membranes 

mineralized for different times (0, 0.5, 8, 24, and 96 h). We found that for each substrate, the 

cell number, reflected by the optical density (OD) at 490 nm, was increased over the time 

(Fig. 3). More importantly, SIS membranes mineralized for 8 h, which presented the highest 

mineral content among all mineralized substrates (Fig. 2), showed the lowest proliferation 

rate (Fig. 3). The difference in the proliferation rate may imply the difference in osteogenic 
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differentiation rate because there seems to be an inverse relationship between the rate of 

proliferation and osteogenic differentiation of MSCs.– This implication was actually 

confirmed by the osteogenic differentiation results described below.

 Osteogenic Differentiation of MSCs on Mineralized Nanofibrous SIS Membranes

The ALP activity, normalized to the cell number of the respective sample, showed that 

biomineralization of SIS membranes in 1.5 SBF elevated the ALP activity and thus 

promoted the osteogenic differentiation of MSCs in comparison to the non-mineralized SIS 

membranes (p < 0.05, Fig. 4(a)). Moreover, as expected from the aforementioned 

proliferation study, ALP activity showed that the SIS membranes mineralized in 1.5 SBF for 

8 h was the best in promoting the osteogenic differentiation (Fig. 4(a)). Our XRD patterns 

showed that mineralization in 1.5 SBF for 8 h resulted in the highest content of HAP (Fig. 

2(B)). Therefore, it is likely that it is the highest content of HAP in the SIS membranes that 

allowed the SIS membranes mineralized for 8 h to achieve the best capability in promoting 

the osteogenic differentiation of MSCs. By considering the slowest proliferation rate for the 

SIS membranes mineralized for 8 h (Fig. 3), our study verified the inverse relationship 

between proliferation and osteogenic differentiation of MSCs, which was in agreement with 

the reported studies.– Real-time PCR analysis also showed that the biomineralization of SIS 

membranes up-regulated the gene expression level of OCN (Fig. 4(b)) and OPN (Fig. 4(c)), 

and thus promoted the osteogenic differentiation of MSCs. It also showed that the SIS 

membranes mineralized for 8 h had the highest level of OCN and OPN expression, 

suggesting that they were most capable of promoting the osteogenic differentiation of MSCs 

among all mineralized substrates (Fig. 4). Therefore, both ALP activity assay and real-time 

PCR analysis consistently verified that the biomineralization of SIS membranes promoted 

the osteogenic differentiation of MSCs when cultured on the SIS membranes. These results 

are in agreement with earlier findings that the addition of bone mineral (HAP) to the 

scaffolds, arising from the biomineralization, could promote the osteogenic differentiation of 

MSCs and bone formation., –

 DISCUSSION

Our previous work showed that the SIS membranes could induce the formation of HAP 

under a non-physiological condition. This study made a further step to explore the 

possibility of HAP mineralization on the SIS membranes under a physiological condition in 

order to predict whether the implantation of the SIS membranes in vivo could induce HAP 

formation on the SIS membranes to achieve the optimal bonding between the membranes 

and the surrounding bone tissues. Namely, the major goal is to test whether the SIS 

membranes can induce biomineralization in body fluid under physiological conditions. By 

using the 1.5 SBF as a mineralization solution mimicking body fluid, instead of the non-

physiological HAP-supersaturated solution, we successfully showed that the SIS membranes 

alone could induce the formation of HAP from a near-physiological media at the body 

temperature, suggesting the excellent bone bioactivity of the SIS membranes. It is well-

accepted that evaluating whether a biomaterial can promote the formation of HAP in SBF or 

modified SBF at the body temperature is a common in vitro approach to predicating the in 
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vivo bone bioactivity of this biomaterial, namely, the ability of the biomaterial to bond with 

bone.

Moreover, this study demonstrated that biomineralization under near-physiological 

conditions on the SIS membranes led to the formation of biomineralized scaffolds. Namely, 

the SIS membranes could serve as a template for the biomimetic nucleation and growth of 

HAP crystals, generating a scaffold for bone tissue engineering with composition and 

structure closely resembling those of natural bone. Our SEM images showed that the 

microstructure of the SIS membranes used in our experiment was composed of collagen 

fibers that were almost parallel to each other (Fig. 1(a)), which is consistent with the 

reported structure., , In the present study, because collagen fibers were densely packed into 

SIS membranes, it was difficult to resolve all of individual fibers on the surface. However, in 

some surface area, individual fibers could be resolved, allowing us to use SEM images to 

show that the grown crystals were preferentially distributed along those fibers (Fig. 1). 

These results are in agreement with the fact that HAP crystals are nucleated and organized 

along the collagen fibers in natural bone, indicating biomimetic nucleation and growth on 

the constituent collagen fibers in our SIS membranes. SEM results obtained from the present 

study demonstrated that the collagen fibers in the SIS membranes could mimic those in bone 

to nucleate HAP crystals in 1.5 SBF. Our results have proved that the nucleation and growth 

of HAP crystals on the SIS membranes under the near-physiological condition can 

effectively mimic the biological mineralization processes due to the templating effect of the 

collagen fibers in the SIS membranes.

Apatite formation is a complex process and nucleation and growth of HAP crystals can be 

affected by several factors such as the concentration of the precursors and the type of 

templates.– It is reported that amorphous calcium phosphate (ACP) will be formed first at a 

highly supersaturated calcium phosphate solution, followed by the conversion of ACP into 

HAP., Since non-mineralized SIS membranes are amorphous, it is difficult to judge the 

formation of ACP at the very beginning of the mineralization by using XRD. However, 

according to the reported theory,, it is likely that the HAP crystals formed on the SIS 

membranes were rapidly converted from ACP formed at the very beginning of the 

biomimetic mineralization. Previous studies, , have also demonstrated that both HAP-

supersaturated solution and 1.5 SBF can induce heterogeneous nucleation when the solution 

is in direct contact with a foreign substrate. Once the apatite nuclei are formed, they grow by 

uptake of calcium and phosphate ions from the solution., 

After a period of mineralization for 24 h, the sharp corners of the polygonal crystals became 

round (Fig. 1), indicating the partial dissolution of crystals at the corners and resulting in the 

fusion of crystals into a larger aggregate. The partial dissolution of the HAP crystals led to 

not only the morphological changes (Figs. 1(g)–(j)) but also the decrease in the intensity of 

diffraction peaks in the XRD patterns (Figs. 2(C)–(D)). It has been demonstrated that HAP 

can be converted to TCP.– The appearance of TCP on the SIS membranes after 96 h in 1.5 

SBF may be due to the conversion of dissolved HAP into TCP.

A variety of biomimetic materials have been shown to promote osteogenic differentiation of 

stem cells.– For example, Leong et al. demonstrated that scaffolds made from materials that 
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were of a close stiffness to bone could favor the osteogenic differentiation of stem cells.–

Although the mineralized SIS membranes are composed of two components (SIS and HAP) 

with proved biocompatibility, whether the composites of SIS membranes and HAP formed 

due to the biomineralization of the SIS membranes in 1.5 SBF could promote the osteogenic 

differentiation of MSCs has never been reported previously. In this work, we statistically 

compared the difference in the osteogenic differentiation of MSCs on five groups, namely, 

the SIS membranes mineralized for 0, 0.5, 8, 24, and 96 h (Fig. 4). Such comparison showed 

that the SIS membranes mineralized in 1.5 SBF showed better capability in promoting the 

osteogenic differentiation of MSCs needed for bone formation than the non-mineralized SIS 

membranes (Fig. 4). In particular, it further proved that among the biomineralized SIS 

membranes, those derived from the biomineralization for 8 h achieved the best capability in 

promoting the osteogenic differentiation of MSCs. Our findings are consistent with our 

recently discovery that the HAP mineralization on natural protein scaffolds can promote the 

osteogenic differentiation of MSCs., Therefore, our work implies that the SIS membranes 

can be mineralized in body fluids under the physiological condition, and once mineralized, 

will further promote in vivo bone formation. Evaluating the use of SIS membranes in in vivo 
bone regeneration is now underway in our group.

 CONCLUSIONS

We have successfully demonstrated that the SIS membranes can induce biomineralization 

from 1.5 SBF at body temperature, namely, under a near-physiological condition. The 

process of biomimetic mineralization from 1.5 SBF is found to be similar to the biological 

mineralization of bone in that HAP tends to be nucleated and grown on the collagen fibers. 

The successful biomineralization under the near-physiological condition further shows that 

the SIS membranes have excellent bone bioactivity and indicate that they will be able to 

bond with bone tissues once implanted in vivo. Our work has also proved that the 

biomineralization under the near-physiological condition can further promote the osteogenic 

differentiation of stem cells, which will promote bone regeneration in vivo. In addition, we 

found that the biomineralization for 8 h is the best for achieving the most efficient 

osteogenic differentiation of the stem cells.
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Figure 1. 
Typical SEM images of the SIS membranes before and after they were incubated in 1.5 SBF 

solution at low magnification (left column) and high magnification (right column) for 

different times. (a, c, e, g) and (i) are typical low magnification images corresponding to the 

SIS membranes after being aged for 0, 0.5, 8, 24 and 96 h, respectively. (b, d, f, h) and (j) are 

high magnification images taken from the same membranes as (a, c, e, g) and (i), 

respectively. The typical SEM images of the surface of a blank SIS membrane (a and b) 
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show that the membrane is primarily made of densely packed nearly parallel type I collagen 

fibers and some collagen fibers are not parallel to each other.
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Figure 2. 
XRD patterns of the surface of the SIS membranes after they were mineralized in 1.5 SBF 

solution for 0.5 h (A), 8 h (B), 24 h (C) and 96 h (D), respectively. A TCP peak is indicated 

by a red arrow in D.
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Figure 3. 
Proliferation of MSCs on SIS membranes mineralized in 1.5 SBF for different times (0, 0.5, 

8, 24, and 96 h) after being cultured for 1 day and 3 days. *, p < 0.05.
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Figure 4. 
Differentiation assay. (a) ALP activity of MSCs on SIS membranes mineralized in 1.5 SBF 

for different times (0, 0.5, 8, 24, and 96 h) after being cultured for 10 days in the osteogenic 

media. (b, c) Gene expression of OCN (b) and OPN (c) in MSCs on the SIS membranes 

mineralized in 1.5 SBF for different times (0, 0.5, 8, 24, and 96 h) after being cultured for 15 

days in the osteogenic media. *, p < 0.05.
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Scheme 1. 
Principle of biomimetic nucleation and growth of hydroxylapatite crystals on the surface of 

SIS membrane from 1.5 SBF solution at the body temperature. The SIS membrane is 

incubated in 1.5 SBF at the body temperature to initiate the nucleation of HAP on the 

constituent collagen fibers. The HAP precursor ions (Ca2+,  and OH−) are deposited on 

the membrane surface to promote the nucleation of HAP.
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Table I

Order, amounts, purities and molecular weights of reagents for preparing 1000 ml of 1.5 SBF.

Order Reagent Amount Purity (%) Molecular weight

1 NaCl 12.0525 g 99.5 58.4430

2 NaHCO3 0.5325 g 99.5 84.0068

3 KCl 0.3375 g 99.5 74.5515

4 K2HPO4 · 3H2O 0.3465 g 99.0 228.2220

5 MgCl2 · 6H2O 0.4665 g 98.0 203.3034

6 1.0 M-HCl 58.5 ml – –

7 CaCl2 0.438 g 95.0 110.9848

8 Na2SO4 0.108 g 99.0 142.0428

9 Tris 9.177 g 99.0 121.1356

10 1.0 M-HCl 0–8 ml – –
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