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ABSTRACT 
The effect of laminin on hard tissue formation using 
rat bone marrow cells was assessed. Rat bone marrow 
cells were obtained from femora of 6-week-old male 
Fischer 344 rats. In this in vivo examination, porous 
cylindrical hydroxyapatite scaffolds with a hollow 
center were immersed in 100 µg/ml laminin solution 
and air-dried. Rat bone marrow cells in 200 µl cul- 
ture medium at 1 × 106 cells/ml were seeded in the 
scaffolds. The scaffolds were implanted into the dor- 
sal subcutis of 7-week-old male Fischer 344 rats for 6 
weeks. The scaffolds were then removed and exam- 
ined histologically. For in vitro examinations, 1 × 105 
rat bone marrow cells in 2 ml culture medium were 
then cultured with the addition of dexamethasone and 
laminin. Rat bone marrow cells were also cultured in 
laminin-coated culture plates. In vitro examinations 
showed the effectiveness of laminin for hard tissue 
formation from the results of biochemical and im- 
munochemical analysis. From the in vivo examination, 
laminin coating of the scaffolds induced hard tissue in 
the pores with the cells. It is concluded that laminin is 
useful for bone formation, as in an in vitro culture 
study using bone marrow cells, in hydroxyapatite 
scaffolds in vivo. 
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1. INTRODUCTION 
It has recently been stated that undifferentiated mesen- 
chymal stem cells in bone marrow and periosteum can 
subsequently exhibit the characteristics of vascular en- 
dothelial cells, nerve cells, smooth muscle cells and car- 

diac muscle cells [1]. In addition, stem cells could dif- 
ferentiate into chondrocytes, fat cells or osteoblasts [2]. 
Among these cells, multi-potent progenitor cells derived 
from mesenchymal bone marrow stem cells (BMCs) 
have been applied for bone regeneration [3-5]. Previ- 
ously, porous HA scaffolds with laminin coating were 
prepared and used in an in vivo examination [6]. To cul- 
ture rat BMCs (rBMCs), laminin solution was added to 
the culture medium as a supplement. In this study, con- 
firmation of the effect of laminin on the possibility of 
osteogenesis by BMCs in vivo and in vitro was attempted. 
Culture plates with laminin-coated wells were used for 
rBMC culture. Effects of laminin on rBMC differentia- 
tion and hard tissue formation in vivo and in vitro were 
assessed. 

For tooth regeneration or restoration in dentistry, stem 
cells could be used to create a dentin-pulp complex by 
using a porous scaffold. It is desirable for the regenera- 
tion of this complex that the stem cells originate from a 
tooth. However, it may be difficult to achieve this. It is 
known that dentition occurs twice in the human life span. 
The numbers of human deciduous teeth and permanent 
teeth are 20 and 28 - 32, respectively. The volume of 
dental pulp cavity in teeth is small. The number of cells 
in dental pulp may thus also be small. In addition, it may 
be impossible to obtain dental pulp from sound teeth. For 
these reasons, it would be difficult to obtain stem cells 
derived from autologous dental pulp for use in the re- 
generation of dentin-pulp complex. It is also considered 
that the effects on the body of the extraction of stem cells 
from bone marrow for tooth regeneration may be too 
severe. Therefore, more studies and active discussion to 
establish the optimal technique are necessary. The major 
problems for tooth regeneration might be establishment 
of means to achieve effective proliferation of the cells in 
order to obtain them in high numbers and the definition 
of sources of mesenchymal stem cells that can be used 
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without surgical stress on the body. 
It was considered that the use of porous hydroxyapa- 

tite with hard tissue regenerated by autologous stem cells 
in the pores might be useful as a practical method for the 
restoration or regeneration of a tooth root or tooth crown 
instead of dentin [6]. For in vivo osteogenesis in porous 
HA scaffold without subculture, bone marrow cell sus- 
pension should generally be prepared at 1 × 107 cells/ml 
or more [7]. In dentistry, it is considered that the source 
of stem cells should be tooth pulp or oral mucosa [8]. 
However, the number of stem cells obtained from these 
tissues may be too small to be seeded in the scaffold for 
osteogenesis or odontogenesis. To increase the number 
of stem cells obtained from oral tissues, promotion of the 
proliferation of the cells is important for odontogenesis 
or osteogenesis. Moreover, bone formation must also be 
attempted using a smaller number of BMCs. To promote 
hard tissue formation using a small number of stem cells, 
various supplements [9,10] might be useful. It is consid- 
ered that laminin may be suitable for hard tissue forma- 
tion. In this study, the potential effect of laminin on the 
formation of hard tissue was assessed using a small 
number of rBMCs in vivo and in vitro. 

As undifferentiated mesenchymal stem cells and 
odontoblasts in dental pulp actually induce secondary 
dentin [11], the cells from dental pulp may be appropri- 
ate for the regeneration of dentin or dentin-pulp complex 
by seeding in porous HA scaffolds. However, dental pulp 
has important functions to provide tooth nutrition via 
blood vessels [12] and to form reparative dentin [13]. 
Thus, extirpation of the pulp from a normal tooth must 
be avoided to maintain the soundness of the tooth. 
Moreover, the total number of pulp cells obtained from 
one permanent tooth would be insufficient for tooth gen- 
eration. A long period is needed for pulp cell prolifera- 
tion and differentiation to osteoblasts and/or odontoblasts 
[14]. Under the present conditions, stem cells of dental 
origin were not available in this study. Therefore, instead 
of tooth pulp cells, bone marrow cells of rats (rBMCs) 
were used in these in vivo and in vitro studies. It was 
considered that laminin might be a cofactor to promote 
cell differentiation and bone formation in pores of the 
scaffold. The potential of laminin to form hard tissue was 
examined using rBMCs in the pores of the HA scaffold. 
As there is a hollow with dental pulp surrounded by hard 
tissue in a tooth, it was considered that an HA scaffold 
with a hollow center would be suitable for tooth regen- 
eration.  

2. MATERIALS AND METHODS 
2.1. Isolation of rBMCs and Preparation of the 

Cell Suspension 
The Animal Welfare Committee of Osaka Dental Uni- 

versity approved the experimental procedures on the use 
and care of animals. This study was performed in the 
Laboratory Animal Facilities in the Institute of Dental 
Research under the Guidelines for Animal Experimenta- 
tion of Osaka Dental University. 

rBMC plugs were obtained from the bone shaft of fe- 
murs of 6-week-old male Fischer 344/N Slc rats (Japan 
SLC Inc., Shizuoka, Japan) after euthanasia by halothane 
suffocation. Primary culture of rBMCs was performed as 
described previously [6]. Briefly, primary culture of 
rBMCs was performed in a cell culture flask (T75; BD 
Biosciences, MA, USA) containing 15 ml minimum es- 
sential medium (MEM; Nacalai Tesque, Inc., Kyoto, 
Japan) supplemented with fetal bovine serum (FBS; 
SAFC Biosciences, KS, USA) and antibiotics (100 U/ml 
penicillin, 100 mg/ml streptomycin and 0.25 mg/ml am- 
photericin B; Sigma-Aldrich Co., MO, USA) in an incu- 
bator at 5% CO2 and 95% relative humidity at 37˚C for 7 
days. The prepared culture medium was changed to re- 
move non-adherent cells and subsequently renewed 2 
times during the period. After the primary culture, con- 
fluent rBMCs were released from their culture substra-
tum with trypsin-EDTA solution (0.5 mg/ml trypsin, 
0.53 M/ml EDTA; Nacalai Tesque, Inc.). The cells were 
centrifuged at 900 rpm for 5 minutes at room tempera- 
ture and re-suspended at 1 × 106 cells/ml in the culture 
medium for in vivo and 1 × 105 cells/ml in the medium 
for in vitro examination. 

2.2. Preparation of Porous HA Scaffolds for Use 
in Vivo Examination 

Porous columnar HA scaffolds with a hollow center had 
been designed for our studies (Figure 1(a)). The macro 
and scanning electron microscopic images of the scaffold 
were identical to those in our previous study [6]. The 
scaffolds were manufactured by HOYA CORPORA- 
TION (Tokyo, Japan). Total porosity was 55% and the 
scaffolds were 8 mm diameter and 10 mm height with a 
hollow center of 2 mm diameter. The surface and inner 
micro-structure of the HA scaffolds were observed under 
a scanning electron microscope (SEM; S-4000; Hitachi, 
Ltd., Tokyo, Japan). The diameter of apertures on the 
surface of the HA scaffold (Figure 1(b)) was approxi- 
mately 350 µm. In the internal structure of the scaffold 
(Figure 1(c)), the interconnected pores were 200 - 250 
µm in diameter. All pores connected with neighbouring 
pores. The scaffolds were divided into four groups with 6 
scaffolds each. The HA scaffolds were sterilized with 
ethylene oxide gas. 

Immersion in 100 µg/ml laminin (from mouse sar- 
coma; Merck-Millipore Corp., Chemicon, MA, USA) 
solution of 6 HA scaffolds was performed to coat the 
surface of pores, which were then air-dried. Laminin-  
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(a)                                    (b)                                       (c) 

Figure 1. (a) Macro photographic image of porous hydroxyapatite (HA) scaffold with a hollow center used in this study. 
Apertures of pores are seen on the surface of the scaffold. The scaffolds were 8 mm diameter and 10 mm high with 55% total 
porosity. Diameter of the hollow center was 2 mm. (b) SEM image of surface of porous HA scaffold. Apertures of pores are 
shown. They are connected with other pores. (c) SEM image of internal structure on split surface of the porous HA scaffold. 
Each pore is mutually connected with its neighbors through apertures. Interconnected pores of 70 to 310 µm diameter are 
shown. 

 
treated scaffolds had been immersed in 2 ml suspension 
with rBMCs of 1 × 106 cells/ml in our previous study [6]. 
However, in this study, 0.3 ml rBMC suspension with 1 
× 106 cells/ml was poured to each scaffold to seed 
rBMCs in accurate quantity (Group 1). As a control, the 
other 6 scaffolds were immersed in the culture medium 
and then received 0.3 ml suspension (Group 2), the same 
as those of Group 1. The other two groups of 6 scaffolds 
each were soaked in laminin solution (Group 3) or the 
medium (Group 4) and did not receive rBMCs seeding. 
All scaffolds were kept in 5% CO2 at 99% relative hu- 
midity for 3 hours at 37˚C before experimental use. The 
concentration of laminin solution used in this study was 
1/5-fold that in our previous study [6]. 

2.3. In Vivo Examination of Bone Formation in 
Subcutaneously Implanted Laminin-Coated 
Porous HA Scaffolds by rBMCs  

This in vivo study was performed as mentioned in our 
previous study using 7-week-old male Fischer 344 rats 
[6]. All procedures were performed under general anaes- 
thesia by intra-peritoneal injection of sodium pentobar- 
bital (DS Pharma Biomedical Co., Ltd, Osaka, Japan) at 
a rate of 4 mg per 100 g body weight. The backs of the 
rats were shaved and disinfected with povidone iodide 
solution (ISODINE solution 10%; Meiji Seika Pharma 
Co., Ltd., Tokyo, Japan). On the back, subfascial pockets 
were made alongside the vertebrae. All rats received 2 
scaffolds. A scaffold with laminin coating and rBMC 
seeding was inserted into the left subcutaneous pocket 
and a scaffold without laminin coating but with rBMCs 
was inserted into the right pocket. A scaffold with or 
without laminin coating and with no rBMCs was also 

inserted into each side of the subcutaneous pocket, re- 
spectively, of the other rats. The incised wound was su- 
tured, and then adhesive (Aron alpha; Toagosei Co., Ltd., 
Tokyo, Japan) was applied over the wound. 

The scaffolds were removed from the backs of animals 
6 weeks postoperatively after euthanasia by intra-peri- 
toneal injection of an excess dose of sodium pentobarbi-
tal. Three of 6 specimens in each group were fixed in 10% 
buffered formalin solution and decalcified in 10% formic 
acid solution. After dehydration by ethanol, they were 
permeated with xylene for embedding in paraffin. The 
paraffin-embedded specimens were serially cut into 8- 
µm-thick sections. The sections were stained with he- 
matoxylin-eosin for histological examination under an 
optical microscope. 

2.4. Calculation of the Ratio of the Pores with 
Bone to the Total Number of Pores  
in a Section of Porous HA Scaffolds 

To show the effect of laminin on bone formation objec- 
tively, the ratio of pores including bone to the total pores 
was calculated to compare the level of bone formation in 
the scaffolds with or without immersion in laminin solu- 
tion. Ten sections per scaffold were randomly selected 
from Groups 1 and 2. The number of total pores and that 
of those containing bone were counted in the sections 
under an optical microscope. Data are presented as the 
mean ± standard deviation. Statistical comparisons be- 
tween the mean values for implanted scaffolds in each 
group were performed using two-way unrepeated 
ANOVA followed by post hoc analysis using the Tukey- 
Kramer test. Differences of p < 0.01 were considered 
significant. 
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2.5. Quantitative Examination of ALP Level and 
Osteocalcin in Subcutaneously Implanted 
Porous HA Scaffolds 

The quantity of ALP in the porous HA scaffolds was 
measured biochemically in this study. The supernatant 
was reacted with p-nitro-phenylphosphate (Zymed La- 
boratories Inc., CA, USA) as a substrate at 37˚C for 30 
minutes. Absorbance of the reactant was measured at 405 
nm. The value of ALP activity is presented per scaffold 
as µM of p-nitrophenol released after 30 minutes of in-
cubation at 37˚C.  

Three scaffolds in each group with or without laminin 
coating and with or without rBMC seeding were used for 
quantitative analysis of osteocalcin immunochemically. 
After removal of the scaffolds, they were immediately 
frozen in liquid nitrogen. Then, they were crushed using 
a Mixer Mill (MM 301; Retsch Co., Ltd., Tokyo, Japan) 
and homogenized in 1 ml of a 10-fold concentration of 
TNE solution (pH 7.4; 10 mM Tris-HCl, 1 mM EDTA, 
100 mM NaCl) using a Mixer Mill (MM 301; Retsch Co., 
Ltd., Tokyo, Japan) and sonicated using BIORUPTOR 
(UCW-201; Tosho Denki Co., Ltd., Yokohama, Japan). 
The homogenized samples were sonicated for 30 seconds 
at 3˚C. The emulsified sample was passed through a 
column (PD-10 desalting column; GE Healthcare UK 
Ltd., Buckinghamshire, UK) to collect the osteocalcin 
adhered to HA. Then, each emulsion was centrifuged for 
1 minute at 16,000 × g. The supernatants were used for 
quantitative analysis of osteocalcin using Rat Osteocal- 
cin ELISA kit DS (DS Pharma Biomedical Co., Ltd., 
Osaka, Japan). 

Data are presented as the mean ± standard deviation. 
Statistical comparisons between the mean values in im- 
planted scaffolds in each group were performed using 
two-way unrepeated ANOVA followed by post hoc 
analysis using the Tukey-Kramer test. Differences of p < 
0.01 were considered significant.  

2.6. In Vitro Assessment of Effects on Laminin 
for Calcified Nodule Formation by rBMCs 

2.6.1. rBMCs Culture in Culture Plate with  
Laminin-Coated Bottom 

For laminin coating of wells in culture plates (6-well 
culture plate: Bio coat; BD Biosciences, MA, USA), 2 
ml laminin solution at 100 µg/ml concentration was 
poured to each well and left for 1 hour at room tempera- 
ture. The wells were air dried after suctioning out of the 
solution. In each well of both laminin-coated 6-well cul- 
ture plates and uncoated 6-well culture plates as a control, 
rBMC suspension in 2 ml MEM at 1 × 105 cells/ml was 
seeded and cultured for 2 weeks in MEM supplemented 
with FBS and ABs in an incubator at 5% CO2 and 95% 
relative humidity at 37˚C. To assess rBMC differentia- 
tion and calcified nodule formation in the well with and 

without laminin coating on the bottom of the culture 
plate, 10 nM dexamethasone (Dex; Sigma-Aldrich Co.), 
1 mM β-glycerophosphate (β-GP; EMD Biosciences, 
Inc., CA, USA) and 82 µg/ml ascorbic acid (Vc; Sigma- 
Aldrich Co.) were also added to the culture medium. 
Only β-GP was added to the medium for rBMC culture 
as a control. The medium was replaced 3 times each 
week.  

2.6.2. rBMCs Culture in the Medium with  
Laminin Supplementation  

The effect of laminin addition to the culture medium on 
calcified nodule formation by rBMCs was assessed. 
rBMCs in 2 ml culture medium at 5 × 104 cells/ml were 
seeded in the wells (Multi-well culture plate, 6-well; BD 
Biosciences,) and cultured for 2 weeks as secondary cul- 
ture in the culture medium. The medium was replaced 3 
times each week. Each time, 20 µl laminin solution at 
500 µg/ml was also added to each well. As a positive 
control, Dex, β-GP and Vc without laminin solution 
were added to the medium for rBMC culture. As a nega- 
tive control, rBMCs were cultured with β-GP and Vc in 
the medium.  

2.7. Assessment of Nodule Formation by rBMCs 
in Vitro  

2.7.1. Phase Contrast Inverted Microscopic  
Examination and Von Kossa’s Staining 

Calcified nodule formation was examined under a phase 
contrast inverted microscope after subculture for 2 weeks. 
To confirm the presence of calcified product on the well 
bottom, von Kossa’s staining was performed. After fixa- 
tion using paraformaldehyde solution, the cells were 
immersed in acetone-ethanol equivalent compound liquid 
for 1 minute. The cells were then reacted with 5% nitric 
acid silver solution for 60 minutes, followed by rapid 
exposure to 5% sodium thiosulfate solution. Then, the 
stained calcium deposition was observed macroscopical- 
ly. 

2.7.2. Immunochemical and Histochemical  
Examination of Calcified Deposition  
by rBMCs in Culture Plates 

The supernatant in each well of all culture plates was 
collected and the quantity of osteocalcin was measured 
immunochemically using Rat Osteocalcin ELISA kit DS 
(DS Pharma Biomedical Co., Ltd.). Each 15 µl superna- 
tant from the culture media was poured into wells of a 
96-well micro-plate, the bottom of which was coated 
with anti-rat osteocalcin antibody. Peroxidase-conjugated 
anti-rat osteocalcin polyclonal antibody was added to 
each well. An equivalent mixture of peroxidase substrate 
and hydrogen peroxide water was then added, followed 
by incubation in the dark. Absorbance at 450 nm was 
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measured using a spectrophotometer (SPECTRA max 
PLUS; Nihon Molecular Devices Corporation, Tokyo, 
Japan). 

Then, the layer was scraped off in 1 ml of 0.05 M so- 
dium phosphate buffer including 2 mM EDTA and 2 M 
NaCl and washed three times with phosphate-buffered 
saline solution without Ca2+ and Mg2+ (PBS(-); Nacalai 
Tesque, Inc.) in centrifuge tubes. The cells in 1.0 ml of 
PBS(-) were sonicated and 0.1 ml of supernatant was 
used for DNA measurement. Salmon sperm DNA (Life 
Technologies Corp., Invitrogen, CA, USA) was used as 
the standard. The quantity of DNA was measured by 
fluorescence emission at 460 nm in the presence of 0.5 
µg/ml Hoechst 33258 (Wako Pure Chemical Industries 
Ltd.). The other sonicated cell suspension was centri- 
fuged at 16,000 × g to measure ALP activity. To 0.1 ml 
of the supernatant, p-nitrophenylphosphate was added as 
a substrate. ALP activity, as the ALP/DNA ratio, is pre- 
sented as µM of p-nitrophenol released after 30 minutes 
of incubation at 37˚C. The results are expressed as the 
mean ± standard deviation. Statistical comparisons be- 
tween the mean values in geometrically different im- 
planted scaffolds were performed using two-way unre- 
peated ANOVA followed by post hoc analysis using the 
Tukey-Kramer test. Differences of p < 0.01 were consi- 
dered significant. 

3. RESULTS 
3.1. Hard Tissue Formation in Porous HA  

Scaffolds in Vivo  
In the porous scaffolds immersed in laminin that re- 
ceived rBMC seeding before implantation (Group 1), 
bone-like tissue was identified in many pores 6 weeks 
postoperatively (Figure 2). In the scaffold without im- 
mersion in laminin but that received rBMC seeding be- 
fore implantation (Group 2), hard tissue was found in a 
smaller number of pores than in Group 1. Without bone 
marrow cell seeding, no hard tissue was found in the 
pores of scaffolds that had been immersed in laminin 
solution (Group 3) or in MEM (Group 4). Infiltration of 
viable connective tissue into the pores was observed in 
both Group 3 and Group 4. 

3.2. Calculation of the Ratio of Pores with Hard 
Tissue to the Total Number of Pores in a 
Section of Porous HA Scaffolds 

Using serial paraffin sections of implanted HA scaffold, 
the average ratio of pores with hard tissue to the total 
number of pores in a serial section was calculated. The 
total number of pores observed on a section was ap- 
proximately 250 on average in each group. There were 
no statistically significant differences in the number of 
pores in each section between the scaffolds in the groups. 

The ratio of pores with hard tissue to the total number of 
pores in a section is shown in Figure 3. In Group 1, the 
ratio of pores with hard tissue to total pores was 26.7%. 
This showed a statistically significant difference from the 
ratio calculated in Group 2 (p < 0.01). In Groups 3 and 4, 
the ratio of pores with hard tissue to total pores could not 
be shown because of the absence of hard tissue in the 
pores. 
 

 
Figure 2. Optical microscopic image of a histologi- 
cal section of a porous hydroxyapatite (HA) scaffold 
implanted in the dorsal subcutis of rat 6 weeks 
postoperatively. The HA scaffold was immersed in 
laminin solution followed by seeding with rat bone 
marrow cells. Many pores are filled with newly 
formed bone-like hard tissue (B). In some pores, in- 
filtration of connective tissue (c) is observed. F: 
Fibrous connective tissue around the HA scaffold. 
(Bar: 200 μm) 

 

 
Figure 3. Effect of laminin on bone formation in 
porous HA scaffolds with rat bone marrow cells 
(rBMCs) in vivo. Ratio of pores with new bone-like 
hard tissue to total pores in the HA scaffold im- 
planted in the dorsal subcutis of rats is shown. There 
is no significant difference in the average total 
number of pores in each section (n = 10, ‡ vs. †). 
Many pores with bone-like tissue was observed in 
sections of porous HA scaffold with immersion in 
laminin solution. The number of pores with bone- 
like tissue is statistically different in the sections of 
the scaffold without immersion in laminin solution 
(n = 10, ∗p < 0.01 vs. ∗∗). 

BHA

B
B

B

B

c
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3.3. ALP Level and Quantity of Osteocalcin in 
the Scaffolds Implanted in Subcutis of Rats 

The level of ALP activity in subcutaneously implanted 
HA scaffolds in each group due to hard tissue formation 
in the pores was analyzed biochemically. The results are 
shown in Figure 4. With rBMC seeding, the level of 
ALP activity in subcutaneously implanted HA scaffolds 
immersed in laminin solution was 149 ± 28 µM/scaffold 
(n = 3). It was significantly higher than the activity of 
subcutaneously implanted scaffolds immersed in MEM 
(n = 3, p < 0.01). The level of ALP activity in the scaf- 
folds without rBMCs was significantly lower as shown 
in Figure 4. 

In subcutaneously implanted HA scaffolds in each 
group, the quantity of osteocalcin in the pores was meas- 
ured immunochemically. The laminin-treated porous 
scaffolds with rBMC seeding showed a significant dif- 
ference in the quantity of osteocalcin in the scaffolds 
compared with the other scaffolds in vivo (n = 3, p < 
0.01). The results are shown in Figure 5. The quantity of 
osteocalcin produced by rBMCs in HA scaffolds with 
immersion in laminin solution (Group 1) was 0.32 ± 0.01 
ng/scaffold. The data showed a significant difference in 
comparison with the quantity in HA scaffolds in other 
groups (p < 0.01). The scaffolds with rBMCs but not 
laminin immersion (Group 2) showed a statistically low- 
er level than those in Group 1 (p < 0.01). In HA scaffolds 
implanted in subcutis without receiving rBMCs, osteo- 
calcin was scarcely produced (Groups 3 and 4). 

3.4. Effect of Laminin on Calcified Nodule  
Formation by rBMCs in Vitro 

Two weeks later, many mineralized areas in the cultured  
 

 
Figure 4. ALP activity in scaffold implanted subcuta- 
neously Immersion in laminin solution of porous HA 
scaffolds with rBMCs shows a significant difference in 
the level of ALP activity of the scaffolds immersed in 
MEM. The activity of cells in the connective tissue 
shows no significant difference. Immersion in laminin 
solution of HA scaffolds without rBMCs shows no 
significant difference in the level of ALP activity from 
the scaffolds immersed in MEM (n = 10). 

 
Figure 5. Quantity of osteocalcin in scaffold implanted 
subcutaneously. The quantity of osteocalcin in the scaffolds 
immersed in laminin followed by rBMC seeding showed a 
significant difference from that of scaffolds without im- 
mersion in laminin followed by cell seeding (n = 3, p < 
0.01). There is a significant difference in the quantity of 
osteocalcin in the scaffolds with rBMCs compared with 
those without cell seeding (n = 6, p < 0.01). 

 
rBMCs were observed on laminin-coated and uncoated 
plates with Vc, β-GP and Dex (Figure 6).  

The results of biochemical analysis for the level of 
ALP activity, as the ALP/DNA ratio after 2 weeks of 
rBMC culture in wells with or without laminin coating, 
are shown in Figure 7. In the wells with laminin coating, 
rBMCs cultured in the medium with Vc, β-GP and Dex 
showed a significantly high level of ALP activity. 
rBMCs cultured in laminin-coated well without Vc and 
Dex showed no significant difference in the level of ALP 
activity compared with that of such cells cultured in la- 
minin-added medium with no Vc and Dex or that of cells 
cultured in the medium with addition of Vc, β-GP and 
Dex but not laminin. The level of ALP activity of rBMCs 
cultured in the medium with addition of laminin, Vc, 
β-GP and Dex was lower than that of those cultured in 
the medium without addition of Vc and Dex. 

4. DISCUSSION 
The effect of laminin coating on HA scaffolds for osteo- 
genesis in the pores was described in our previous report 
from optical microscopic findings [6]. This study was 
performed to show the potential of laminin objectively 
on bone formation in HA scaffolds in vivo. The number 
of pores with bone was counted to culture the ratio of the 
pores containing bone in the section in this study. An 
osteogenic effect on the scaffold by laminin was also 
examined by the quantitative analysis of osteocalcin. The 
quantity of osteocalcin in the scaffolds measured in this 
study was the same as the results obtained in the pre- 
vious study [6]. However, in this study, the emulsified 
samples of the HA apatites were passed through a col- 
umn to collect the osteocalcin adhered to HA, so the 
amount of osteocalcin was measured accurately in this  

Copyright © 2014 SciRes.                                                                       OPEN ACCESS 



M. Yoshikawa et al. / J. Biomedical Science and Engineering 7 (2014) 15-23 21 

 
Figure 6. Microscopic image of nodule in culture plate. In 
the laminin-coated culture plate, 2 weeks of subculture of 
rBMCs with dexamethasone in culture medium was per- 
formed. Nodules of calcium deposition are shown (×40). 

 

 
Figure 7. ALP activities in vitro as ALP (µM)/DNA (µg) 
ratio of rBMCs. After 2 weeks of rBMC culture, laminin 
coating of plate in wells showed significantly high level of 
ALP with addition of Dex and Vc. Addition of laminin 
showed no significant difference to the level of ALP activ- 
ity (∗∗p < 0. 01 vs. ∗, ∗p < 0.01 vs.♦, ♦p < 0.01 vs. §). 

 
study.  

ALP activity was not measured in our previous study. 
The value in the scaffolds in this study revealed clearly 
that laminin promoted osteogenesis in the pores of the 
scaffolds. rBMCs was cultured in a culture plate with the 
laminin coat by the bottom and produced calcium depo- 
sition. In this study, the effect of laminin was confirmed 
from the result of measured ALP activity. However, the 
addition of laminin solution as a culture supplement by 
adding to the culture medium induced little deposition of 
calcium by rBMCs. The effect of laminin was to adhere 
the stem cells to the bottom of the culture plate. It is 
therefore clear that laminin contributes to the prolifera- 
tion and differentiation of stem cells. The formation of 

calcium deposition might be promoted by the effect of 
laminin. 

It is well known that laminin is a glycoprotein that 
contributes to the proliferation of osteoblast-like cells 
[15]. It was reported that, in a cell suspension, 1 × 107 
cells/ml or more is needed for in vivo examination in a 
porous scaffold for hard tissue formation by bone mar- 
row cell seeding [7]. However, hard tissue formation was 
found in the pores of HA scaffolds with a smaller number 
of rBMCs in this in vivo examination. It was also sug- 
gested that laminin promotes osteogenesis by bone mar- 
row cells in the HA scaffold. Adhesion of the cells to a 
substrate might be essential for the growth and differen- 
tiation of the cells [16,17]. Tissue fluid infiltrates the 
pores in the scaffold implanted in subcutaneous tissue. 
rBMCs seeded in the pores of the HA scaffold may be 
released from the pores by the flow of tissue fluid before 
adherence of the cells to the pore wall. Seeded rBMCs 
attached to the pore wall of the scaffold by the effects of 
laminin in this study. Many cells could therefore remain 
in the pores and could differentiate to osteoblastic pro- 
genitor cells or osteoblasts in the pores. As it is said that 
mesenchymal stem cells in the bone marrow and perio- 
steum are multipotent cells [2], they might differentiate 
into chondrogenic, adipogenic or osteogenic lineages [1]. 
Bone marrow mesenchymal stem cells might be used for 
osseous regeneration [3-5]. Specifically, the cells could 
be used for bone repair [18]. The effect of laminin was 
examined in this study as a factor that may promote the 
differentiation of stem cells in rBMCs and hard tissue 
formation in the pores of a scaffold in vivo. In addition, 
the potential of laminin for hard tissue formation was 
investigated using a small number of rBMCs in the pores 
of HA scaffolds pre-treated by immersion in laminin 
solution.  

Porous HA structures with a hollow center have been 
designed and manufactured as scaffolds for the regenera- 
tion of dentin-pulp complex [6]. In vivo examination of 
osteogenesis showed that an appropriate number of bone 
marrow cells in suspension might be 1 × 107 cells/ml or 
more [7,19]. However, in this study, rBMCs in the sus- 
pension at 1 × 106 cells/ml were seeded into a porous HA 
scaffold with a hollow center after immersion in laminin 
or MEM. The results from this in vivo study indicated 
that the effect of laminin might induce hard tissue forma- 
tion in the pores of the scaffold with a smaller number of 
rBMCs. Adherence to the substrate and development of 
focal adhesions are essential for cellular growth and dif- 
ferentiation [16]. Active differentiation of rBMCs might 
form hard tissue in the pores of scaffolds. A previous 
study showed that laminin isoforms in bone marrow are 
adhesive substrates to bone marrow stem and progenitor 
cells and influence progenitor cell migration in vitro [17]. 
The effects of laminin on calcified nodule formation by 
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bone marrow cells were also confirmed in an in vitro 
examination by conspicuous calcified nodule deposition 
in a laminin-coated plate [6]. However, the results were 
only macroscopic observation of deposited calcified 
nodules. In this in vitro study, osteocalcin and ALP activ- 
ity were measured quantitatively and the results were 
assessed objectively. 

Laminin should well support osteogenic differentiation 
of bone marrow cells in vitro. It was reported that contact 
with laminin-5 is sufficient to stimulate osteogenic dif- 
ferentiation in human mesenchymal stem cells [20]. This 
previous report supports the results obtained in this study. 
The results in this study showed high ALP activity of 
rBMCs in the laminin-coated culture plates. It is clearly 
suggested that rBMCs cultured in laminin-coated plates 
were stimulated and differentiated into cells acting as 
osteoblast-like cells. Laminin may promote cellular at- 
tachment for differentiation and bone regeneration of 
bone marrow stem cells. It is considered that laminin 
must directly stimulate the osteogenic differentiation of 
mesenchymal stem cells. 

Laminin might be an adhesive substrate for bone 
marrow stem cells and progenitor cells, according to 
previous research [17]. rBMCs cultured in this in vitro 
study with or without Dex showed significantly higher 
ALP activity in a laminin-coated plate than in an un- 
coated plate. It was reported that human mesenchymal 
stem cells were stimulated to differentiate into osteo- 
genic cells by contact with laminin [20]. Therefore, the 
results in this study suggest the possibility that ALP ac- 
tivity of rBMCs increased due to laminin. High ALP ac- 
tivity of the rBMCs suggested that differentiation to os- 
teogenic cells from bone marrow was promoted by 
laminin on the culture plate. Laminin added to MEM 
would cover the surface of rBMCs and contribute to at- 
tachment of the cells on the bottom of wells and might 
act as a substrate for the growth and differentiation of 
cells. Moreover, the results of this study indicated that 
the interaction of laminin and Dex improves hard tissue 
formation of rBMCs. 

5. CONCLUSION 
As a supplement for rBMC differentiation and hard tis- 
sue formation by the cells, it was confirmed that laminin 
might be effective for hard tissue formation in the porous 
scaffold by seeding with mesenchymal stem cells. In 
subcutaneous implantation of a porous HA scaffold after 
immersion in laminin solution and seeding of bone mar- 
row cells at 1 × 106 cells/ml, new hard tissue was formed 
in many pores of the scaffold. It was shown by the result 
of monolayer culture of rBMCs in vitro that rBMC dif- 
ferentiation and hard tissue formation would be pro- 
moted by the effects of laminin. In addition, laminin is 

useful as a co-factor of Dex and β-GP to promote cell 
differentiation and bone formation in the pores of a scaf- 
fold. 
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