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Background: Successful bone tissue engineering using scaffolds is primarily dependent on 

the properties of the scaffold, including biocompatibility, highly interconnected porosity, and 

mechanical integrity. 

Methods: In this study, we propose new composite scaffolds consisting of mesoporous magne-

sium silicate (m_MS), polycaprolactone (PCL), and wheat protein (WP) manufactured by a rapid 

prototyping technique to provide a micro/macro porous structure. Experimental groups were set 

based on the component ratio: (1) WP0% (m_MS:PCL:WP =30:70:0 weight per weight; w/w); (2) 

WP15% (m_MS:PCL:WP =30:55:15 w/w); (3) WP30% (m_MS:PCL:WP =30:40:30 w/w). 

Results: Evaluation of the properties of fabricated scaffolds indicated that increasing the amount 

of WP improved the surface hydrophilicity and biodegradability of m_MS/PCL/WP composites, 

while reducing the mechanical strength. Moreover, experiments were performed to confirm 

the biocompatibility and osteogenic differentiation of human mesenchymal stem cells (MSCs) 

according to the component ratio of the scaffold. The results confirmed that the content of WP 

affects proliferation and osteogenic differentiation of MSCs. Based on the last day of the experi-

ment, ie, the 14th day, the proliferation based on the amount of DNA was the best in the WP30% 

group, but all of the markers measured by PCR were the most expressed in the WP15% group. 

Conclusion: These results suggest that the m_MS/PCL/WP composite is a promising candidate 

for use as a scaffold in cell-based bone regeneration.

Keywords: mesoporous magnesium silicate, wheat protein, scaffold, bone tissue engineering, 

osteogenic differentiation

Introduction
Bone tissue engineering is aimed at treating injured bone tissues by inducing 

regeneration. Three major factors should be considered in tissue engineering: cell 

sources, scaffolds, and environmental factors, including physical and secreted factors.1.2 

Effective induction of tissue regeneration requires the development and combination 

of these three elements.

Scaffolds must fulfill various physical and biological requirements to provide a 

platform for cell adhesion, function, and transplantation. Scaffolds are prepared with 

their physical properties taken into consideration, including chemical properties, such 

as surface molecules and degradation patterns, as well as structural properties, such 

as pore size, orientation, and strength.2–4 Rapid prototyping techniques have attracted 

a great deal of attention with regard to overcoming the drawbacks of conventional 
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techniques, such as particulate leaching,5 gas foaming,6 phase 

separation,7 and freeze drying,8 which do not provide control-

lable pore size, pore geometry, and pore interconnectivity.

With regard to materials for 3-dimensional (3-D) plotting, 

polycaprolactone (PCL) is a commonly used material in bone 

tissue engineering.9 PCL is biodegradable, with a relatively 

long degradation time depending on its molecular weight, 

and is relatively easy to handle. However, the hydrophobic 

nature of the surface is known to interfere with initial attach-

ment of the cells and subsequent growth.10

Various modification techniques have been developed 

to overcome these surface characteristics of PCL scaffolds, 

including coating or blending PCL with other biocompatible 

materials, such hydroxyapatite.11 Moreover, to overcome 

the limitations of classical biodegradable polymers, various 

natural polymers have been developed from agricultural 

products, such as starches and plant oils.12,13 Wheat protein 

(WP) is one of the most promising polymer materials, and is 

relatively abundant in various amino acids (eg, glycine, ser-

ine, and proline) that are similar to those in collagen proteins 

in natural bone.14–16 Kim and Kim17 used WP for surface mod-

ification to increase the hydrophilicity of the polymer. Owing 

to its abundant nutrients and chemical properties, WP is a 

good candidate material for use in bone tissue engineering.

Magnesium has been shown to be a suitable biomaterial for 

orthopedic applications, eg, in biodegradable magnesium alloy 

and magnesium-containing bioactive glasses.18–20 Magnesium 

degrades without toxicity in the body and increases osteocon-

ductivity in vivo, enabling complete bone regeneration at the 

implant site.21 In addition, the proliferation and gene expres-

sion of osteogenic markers have been shown to be increased 

in cells exposed to magnesium in vitro.22 Magnesium silicate 

(MS) bioceramics have been used in bone tissue engineering 

because of their osteogenic properties, significant bone-like 

apatite formation ability, and excellent bioactivity.23,24 In addi-

tion, the application of mesoporous materials with a pore size 

of 2–50 nm in bone tissue regeneration has increased sig-

nificantly due to the characteristics of the material, including 

uniform pore size and high specific surface area.14,25,26

Although the benefits of each material are well under-

stood, there have been few studies on WP-based composites 

for application of biomaterials to bone regeneration. More-

over, there have been no reports regarding the possibility of 

bone tissue regeneration according to the combination of WP, 

PCL, and MS. To address some of these unresolved prob-

lems, this study proposes a novel porous composite scaffold 

composed of PCL, WP, and mesoporous magnesium silicate 

(m_MS). In addition, we investigated the influence of WP 

content on the properties of m_MS/PCL/WP composites. 

We used the rapid prototyping technique to provide a 3-D 

lattice structure with well-interconnected macropores, and to 

provide a mesoporous structure using m-MS. We performed 

a number of analyses to characterize the proposed scaffolds, 

such as examinations of morphology, mechanical stiffness, 

hydrophilicity, and degradability of composite scaffolds. 

In addition, cell proliferation and osteogenic differentiation 

using human mesenchymal stem cells (MSCs) were inves-

tigated to demonstrate further the cytocompatibility of the 

novel m_MS/PCL/WP composite scaffolds.

Materials and methods
Fabrication of scaffolds
Amorphous m_MS was synthesized by the sol-gel technique 

and was provided by East China University of Science and 

Technology (Shanghai, China).14 PCL (MW 43,000–50,000) 

and WP were purchased from Polyscience, Inc. (Warrington, 

PA, USA) and Tokyo Chemical Industry Co. Ltd (Tokyo, 

Japan), respectively. Each material was mixed according 

to the component ratio (weight per weight; w/w) of each 

group, and scaffolds were fabricated by a rapid prototyping 

technique. The experimental groups were divided into 

3 groups according to the weight ratio of PCL and WP, 

except for m-MS containing the same amount in all groups 

as follows: (1) WP0% (m_MS:PCL:WP =30:70:0 w/w); 

(2) WP15% (m_MS:PCL:WP =30:55:15 w/w); (3) WP30% 

(m_MS:PCL:WP =30:40:30 w/w).

Characterization of m-MS/PCL/WP 
scaffolds
The surfaces of scaffolds were examined by scanning elec-

tron microscopy (SEM) (S3500N; Hitachi, Tokyo, Japan). 

The scaffolds were sputter coated with gold (Au).

In addition, the contact angle of each scaffold was mea-

sured using a contact angle analyzer (Phoenix 250; Surface & 

Electro Optics, Gyeonggi-do, Korea) and Image Pro 300 

software (Surface & Electro Optics) to confirm the hydro-

philicity. Briefly, they were measured at 60 s after dropping 

water droplets at three different spots on each sample.

To evaluate mechanical stiffness, compression tests were 

performed on the scaffolds using a Micro-load System (R & B 

Inc., Daejeon, Korea) at room temperature (n=5 for each 

group). Each fabricated scaffold was cut to dimensions of 

6×6×5.5 mm3. The displacement rate was set as 1 mm/min.

In vitro degradability of m_MS/PCL/WP 
scaffolds
The in vitro degradation behaviors of scaffolds were assessed 

by measuring weight loss. Each sample was soaked in PBS 
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(pH =7.4) at 37°C. The solution was set to 200 mL/g of 

sample. The bottle containing scaffold with PBS solution was 

placed in a shaking water bath (37°C, 80 rpm). The specimens 

were taken out at the designated point of times (1, 3, 7, 14, 

21, and 28 days). After wiping off the surface moisture, the 

specimens were weighed while wet. After measurement, they 

were washed again with distilled water, dried in an oven at 

37°C for 24 h, and weighed again. Based on all measure-

ments, the weight loss ratio and water absorption ratio were 

calculated according to the following equation:

	

Weight loss ratio (%) d=
−W W

W
0

0

100×
�

	

Water absorption ratio (%) w 0=
−W W

W
0

100×
�

where W
0
 is the initial weight, W

d
 is the dried sample weight, 

and W
w
 is the wet sample weight. The value of weight loss 

ratio indicates how much the sample has degraded within a 

given time. The water absorption ratio indicates the amount 

of PBS contained in the sample, indicating the degree of 

hydrophilicity.

In vitro bioactivity of m_MS/PCL/WP 
scaffolds in simulated body fluid
The in vitro bioactivity of each scaffold was determined by 

soaking the samples in simulated body fluid (SBF, pH =7.4; 

Biosesang, Gyeonggi-do, Korea) at 37°C for 7 days. The 

solution volume/specimen weight ratio was 20 mL/g. After 

soaking for 7 days, the surface morphology of the samples 

before and after immersion in SBF were confirmed by SEM.

Cytotoxicity test
Before cytotoxicity test, each scaffold (6 × 6 × 5.5 mm3) 

was sterilized in 70% ethanol for 3 h, washed in deionized 

water, and then irradiated with ultraviolet (UV) for 30 min. 

Each scaffold was immersed in culture medium (100 mg/mL) 

consisting of DMEM (Thermo Fisher Scientific, Waltham, 

MA, USA) supplemented with 10% fetal bovine serum (FBS; 

Thermo Fisher Scientific), 100 U/mL penicillin (Thermo 

Fisher Scientific), and 100 mg/mL streptomycin (Thermo 

Fisher Scientific) at 37°C for 24 h. The extracts were 

collected for cytotoxicity test. Phenol (1%) was used as 

positive control and PCL and DMEM as negative control, 

respectively.

Mouse fibroblast-like cells (L929 cells; Korean Cell Line 

Bank, Seoul, Korea) were seeded in 48-well culture plate 

(5×104 cells/cm2) and cultured for 24 h with each extract. 

Then a MTT (Roche Applied Science, Indianapolis, IN, 

USA) assay was carried out to quantify the amount of viable 

cells. Briefly, MTT labeling reagent was added to each well 

and the plates were incubated for 4 h at 37°C. Solubilization 

solution was then added and incubated overnight at 37°C. 

The OD of each well was measured at 570 nm in a microplate 

reader (Multiskan EX; Thermo Fisher Scientific).

MSC culture and seeding
Before seeding MSCs on the scaffold, the surface of sterilized 

scaffolds was treated with 10 µg/mL fibronectin (Sigma-

Aldrich Co, St Louis, MO, USA) in PBS with 0.1% gelatin 

(Sigma-Aldrich Co) for 2 h to promote cell adhesion.

Human bone marrow-derived MSCs were purchased 

from Lonza (Walkersville, MD, USA) and cultured 

according to the manufacturer’s protocol up to passage 

#4. MSCs were seeded onto each fibronectin-coated scaf-

fold at a concentration of 1×106 cells/mL using infiltration 

methods. Osteogenic differentiation of MSCs was induced 

in DMEM with low glucose (Thermo Fisher Scientific) 

containing 50 µg/mL l-ascorbic acid (Sigma-Aldrich Co), 

10 mM β-glycerophosphate (Sigma-Aldrich Co), 10-7 M 

dexamethasone (Sigma-Aldrich Co), 10% FBS (Thermo 

Fisher Scientific), 100 U/mL penicillin (Thermo Fisher 

Scientific), and 100 mg/mL streptomycin (Thermo Fisher 

Scientific).

Cell viability and morphology analysis
To visualize cell viability and alignment, a live/dead viability 

assay (Thermo Fisher Scientific) was performed according 

to the manufacturer’s instructions on day 7. A 1 mL aliquot 

of the assay solution containing 2 μL EthD-1 (ethidium 

homodimer-1) and 0.5 μL calcein AM was pipetted onto 

each cell-scaffold construct. After 30 min incubation at room 

temperature, the stained cells were observed using a confocal 

laser scanning microscope (LSM 510 META; Carl Zeiss, 

Jena, Germany). The excitation/emission filters were set at 

488/530 nm to observe live (green) cells and at 530/580 nm 

to detect dead (red) cells.

Cell proliferation
To evaluate the proliferation of MSCs, DNA content was 

measured using a Quanti-iT PicoGreen® dsDNA Kit (Thermo 

Fisher Scientific). PicoGreen® dye binds to nucleic acids and 

then DNA concentration can be measured by determining the 

fluorescent activity. Triton X-100 (0.1%) was added to the 

samples followed by centrifugation at 13,000 rpm for 5 min at 

4°C. PicoGreen® reagent was added to each sample in 96-well 

plates, and samples were incubated for 5 min in the dark. 
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The fluorescent emission intensity was measured at 520 nm 

using a multidetection microplate reader, Synergy HT 

(BioTek Instruments, Winooski, VT, USA).

Alkaline phosphatase (ALP) activity
The ALP activity was measured to study early differentia-

tion of cells. Triton X-100 (0.1%) was added to the samples, 

followed by centrifugation at 13,000 rpm for 5 min at 4°C. 

The substrate solution (Sigma-Aldrich Co) and alkaline buf-

fer solution (Sigma-Aldrich Co) were added to each sample 

at 37°C for 30 min. After the reaction stopped, 1 N NaOH 

solution was added to each sample. The samples were then 

transferred into 96-well plates, and the absorbance at 405 nm 

was measured using a microplate reader (Multiskan EX; 

Thermo Fisher Scientific).

Quantitative real-time polymerase chain 
reaction (qRT-PCR)
Quantitative real-time polymerase chain reaction (qRT-PCR) 

was conducted to detect the expression of bone-related 

genes (BMP2, BSP, COL1A1, RUNX2, and OPN) and ACTB 

in the MSCs (Table 1). The housekeeping gene ACTB was 

used as an internal control. Total RNA was purified using an 

RNeasy Mini Kit (Qiagen, Hilden, Germany) according to 

the manufacturer’s instructions. RNA was preincubated with 

DNase I (Thermo Fisher Scientific), and reverse transcrip-

tion was performed with a high-capacity RNA to cDNA kit 

(Thermo Fisher Scientific) according to the manufacturer’s 

instructions. qRT-PCR was performed on cDNA using 

Power SYBR Green PCR Master Mix (Thermo Fisher 

Scientific). Data analysis was performed using a QuantStudio 

3 Real-Time PCR System (Thermo Fisher Scientific) accord-

ing to the 2-ΔΔCt method. qRT-PCR analyses were performed 

three times for each sample.

Statistical analyses
The significance of differences was assessed by one-

way analysis of variance (ANOVA) using SPSS (PASW 

Statistics 23; SPSS Inc., Chicago, IL, USA). When ANOVA 

indicated a significant difference among groups, the differ-

ence was evaluated using the least-significant difference 

(LSD) test. All data are presented as mean ± SD, with P,0.05 

taken to indicate significance.

Results and discussion
Structural and surface characteristics
The SEM images presented in Figure 1 show the structure and 

surface of the 3-D composite scaffolds fabricated by the rapid 

prototyping technique according to changes in the amounts 

of WP. As expected, the structural interconnectivity of pores 

was confirmed along with uniform strands. The pores were 

rectangular in shape and approximately 450 μm in width. 

Pore structure is an essential consideration in tissue engi-

neering scaffold development because it affects cell growth, 

migration, and nutrient flow.27 In addition to the intercon-

nectivity of each pore, pore size is also very important in the 

pore structure. Many reports have suggested that the optimal 

pore size for bone ingrowth, cell penetration, proliferation, 

and differentiation is about 200–500 μm in diameter.28–30 

Accordingly, the m_MS/PCL/WP scaffold with its well-

interconnected pores of about 450 µm in width is suitable as 

a bone substitute. In addition, the scaffolds proposed in this 

study contained m_MS, which is known to have mesoporous 

characteristics, and is used in the fabrication of scaffolds to 

provide a hierarchical structure along with macro-scale pores. 

The micro- and mesoporous structures of composite scaf-

folds enhance the surface area and surface roughness, both 

of which affect cell attachment.31 As shown in Figure 1, as 

the content of WP increased, the surface roughness of the 

strands of each scaffold became coarse. This may also affect 

cell adhesion.

Hydrophilicity and mechanical stiffness
It is generally required that scaffolds used in tissue engi-

neering are biodegradable and biocompatible. The rate of 

biodegradation depends on the tissue in which it is applied. 

In the case of hard tissue, polymers with low degrada-

tion rates are preferred. Therefore, PCL has been widely 

studied. However, overcoming its hydrophobicity is one 

of the challenges related to use of this material. Various 

techniques have been introduced, such as plasma treatment 

Table 1 Primers used for quantitative real-time polymerase 
chain reaction

Gene Forward (F) and reverse (R) primer
(5′→3′)

Accession no

BMP2 (F) GCTGGTCACAGATAAGGCCA
(R) CAGCATCGAGATAGCACTGAGTTC

NM_001200.3

BSP (F) CAGAGGCAGAAAACGGCAAC
(R) TTGTTGTCTTCGAGGTGCCC

NM_004967.3

COL1A1 (F) CTGCACGAGTCACACCGGA
(R) AAGCCGAATTCCTGGTCTGG

NM_000088.3

RUNX2 (F) TGAGATTTGTGGGCCGGAGTGG
(R) TCTGTGCCTTCTGGGTTCCCGA

NM_001024630.3

OPN (F) GGAAAGCGAGGAGTTGAATGGTGC
(R) GGACTGCTTGTGGCTGTGGGTTTC

NM_000582.2

ACTB (F) CCAAAGTTCACAATGTGGC
(R) GATGGCAAGGGACTTCCTGT

NM_001101.3

Abbreviations: BMP2, bone morphogenetic protein 2; BSP, bone sialoprotein; 
COL1A1, collagen type I alpha I chain; RUNX2, runt-related transcription factor 2; 
OPN, osteopontin; ACTB, actin beta. 
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or biomacromolecule immobilization, for surface 

modification.32,33

In this study, we attempted to increase the hydrophilicity 

by adding WP rather than by modifying the surface charac-

teristics. WP is a polypeptide, and such natural polymers 

are generally known to be temperature-sensitive but 

hydrophilic.14 Contact angles were measured to evaluate the 

effect of WP on hydrophilicity. Specimens with higher WP 

content showed lower contact angles, indicating that addi-

tion of WP increased hydrophilicity (Figure 2A). First, the 

Figure 1 SEM images of composite scaffolds (WP0%, m_MS:PCL:WP =30:70:0 w/w; WP15%, m_MS:PCL:WP =30:55:15 w/w; WP30%, m_MS:PCL:WP =30:40:30 w/w) at 
different magnifications (×50, ×100, and ×300).
Abbreviations: SEM, scanning electron microscopy; m_MS:PCL:WP, mesoporous magnesium/polycaprolactone/wheat protein; WP, wheat protein; w/w, weight per weight.

Figure 2 (A) Contact angle and (B) compressive modulus of scaffolds (n$3).
Note: *P,0.05.
Abbreviations: PCL, polycaprolactone; WP, wheat protein.

°
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contact angle was measured on the PCL scaffold as control 

and found 74.17° in average, which was consistent with 

previously reported values of 74°–78° for PCL.34 The contact 

angle measured on the surface of the scaffolds added with 

m_MS and WP was significantly lower than that on the scaf-

fold made only with PCL regardless of the added amounts 

of WP. In the groups containing m_MS and WP added, the 

contact angle tended to decrease as the addition amount of 

WP increased. Especially, the contact angle of the WP30% 

group was significantly smaller than that without addition. 

In other words, specimens with higher WP content showed 

lower contact angles, indicating that addition of WP increased 

hydrophilicity. Therefore, it was confirmed that the m_MS 

affects the hydrophilicity of PCL, and addition of a certain 

amount of WP can increase the hydrophilicity.

Mechanical strength is also important for scaffolds used 

in bone tissue engineering. Compressive modulus values 

obtained from compression testing of the three types of 

scaffold and scaffolds made only with PCL are shown in 

Figure 2B. Both types of scaffold with PCL alone and m_MS, 

but without addition of WP (WP0%), showed almost the same 

compressive modulus indicating that the amounts of m_MS 

added in this study did not affect the mechanical strength. 

However, as the amount of WP increased, the mechanical 

strength decreased markedly. The mechanical properties of 

the ideal scaffold for bone regeneration should be comparable 

to those of the host bone in tissue engineering to prevent 

any possible undesirable outcomes such as non-uniform 

load transfer and consequent biological outcomes due to 

so-called stress shielding. The mechanical properties of 

bone vary from cancellous bone to cortical bone. The com-

pression modulus is known to be 100–200 MPa for cortical 

bone and 2 to 20 MPa for cancellous bone.35 As shown in 

Figure 2B, the scaffolds containing some amounts of WP 

(15% or 30%) showed comparable mechanical strength to 

cancellous bone. However, we did not perform the flexural 

tests in this study because the scaffolds suggested here were 

aimed for small defect in bones not for long defect, or longer 

than critical defect.

Water absorption and in vitro 
degradation properties of PCL/m-MS/WP 
scaffolds
Water absorption capacity measurements can provide 

another indicator of hydrophilicity. As shown in Figure 3A, 

the WP30% group showed the highest water absorption 

capacity, continuously, from the first day of measurement. 

This was consistent with the contact angle measurement 

results (Figure 2A), which showed that hydrophilicity was 

significantly increased compared to the case where WP is not 

added when the WP is added more than a certain proportion 

(WP30% in this study) in the scaffolds.

Weight loss was measured during the same period as 

the water absorption test (Figure 3B), and the differences in 

degradation among the groups were examined. The WP30% 

group showed significantly greater weight loss than the other 

two groups throughout the experiment. WP15%, although 

containing WP, did not show any difference over the entire 

duration of the experiment compared to the group without 

any WP.

Liu et al36 reported that degradation is closely related to 

water absorption and/or pore distribution. The results of the 

water absorption test and weight loss amount, indicating 

degradation, were correlated. Interestingly, in both cases, 

the WP content had to exceed a certain amount (30% in this 

study) to show a significant difference.

As described, the scaffolds proposed in this study were 

prepared by varying the amount of WP added to the complex 

of PCL and m-MS. PCL is known to have a considerably 

long degradation period of about 24 months.37 Sun et al38 

Figure 3 (A) Water absorption and (B) weight loss of m_MS/PCL/WP scaffolds soaked in PBS for different periods (n=3).
Note: *P,0.05.
Abbreviation: m_MS/PCL/WP, mesoporous magnesium/polycaprolactone/wheat protein.
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reported the in vivo degradation of PCL for 3 years in rats. 

The results showed that the PCL having a molecular weight 

of 8,000 degraded in 30 months, and the PCL with MW 

66,000 retained its shape for 2 years. In this study, PCL (MW 

43,000–50,000) was used. Therefore, the degradation over 

4 weeks in this study was mainly due to decomposition of 

WP on the surface, rather than to degradation of PCL.

Figures 1 and 4 show SEM images of WP0%, WP15%, 

and WP30% before and after soaking in SBF for 7 days, 

respectively. The ability to form apatite and the amount of 

apatite are very important for bone tissue regeneration, which 

can be assessed by soaking in SBF in vitro.39,40 Before soaking 

in SBF, the degree of roughness differed due to m_MS and 

WP, but scaffolds were generally smooth and homogenous. 

However, after soaking in SBF for 7 days, small particles 

were found on the surfaces in all groups, and it was confirmed 

that the surface became rougher with increasing WP content. 

To investigate the ability of forming apatite we ran energy 

dispersive spectrometry (EDS) analyses. Two major compo-

nents, Ca and P, were detected along with C, O, Mg, and Si. 

The ratio of Ca to P was ranged from 1.2–1.6, where higher 

value was obtained in WP30% (data not shown). This range 

wash was somewhat different from the theoretical value of 

1.67. However, considering that this process is going on, 

it is believed that the proposed scaffolds are capable of 

apatite formation.

Figure 4 SEM images of the surface morphology of each scaffold (WP0%, WP15%, and WP30%) after soaking in SBF solution for 7 days at different magnifications 
(×100 and ×1500).
Abbreviations: SEM, scanning electron microscopy; WP, wheat protein; SBF, simulated body fluid.
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Cytotoxicity of PCL/m-MS/WP scaffolds
In order to confirm the cytotoxicity of each material, test for 

in vitro cytotoxicity tests according to ISO 10993-12 and 

ISO 10993-5 were conducted. Figure 5 shows the absor-

bance obtained from a MTT assay of L929 cells which were 

cultured with each extract media in comparison with those 

cultured with phenol (positive control), DMEM, and PCL 

(negative control). The MTT results showed that the group 

cultured with the extracts of m_MS/PCL (WP0% group) 

or m_MS/PCL/WP (WP30% group) showed no significant 

difference from the negative controls (PCL and DMEM). 

As expected, the positive control (1% phenol) showed sig-

nificantly lower OD values than the other groups (P,0.05, 

n$4). All of the obtained results clearly suggested that 

scaffolds composed of m_MS, PCL, and WP were non-toxic 

to cells.

Viability, proliferation and osteogenic 
differentiation of MSCs on scaffolds
Live/dead viability assay was performed to confirm the 

viability and alignment of MSCs on each scaffold (Figure 6). 

As expected, it was confirmed that MSCs were evenly distrib-

uted and aligned to the scaffold lattice. In addition, the number 

of dead cells was extremely small compared to the number of 

live cells, and the ratio was not significantly different in all 

groups. From these results, it was confirmed once again that 

the material of each scaffold was non-toxic to cells.

The proliferation of cells cultured in each scaffold for 

14 days was confirmed as shown in Figure 7. Cell prolifera-

tion gradually increased in all groups until 7 days, but there 

were no significant differences between the groups. However, 

the amount of DNA in the WP30% group was significantly 

increased on day 14 compared to the other groups. These 

results suggested that the hydrophilic surface of WP30% was 

favorable for cell adhesion and proliferation. Webb et al41 

suggested that hydrophilic materials are better than hydro-

phobic materials for cell attachment and proliferation. These 

results also tended to agree with those of previous studies 

indicating that cell attachment and proliferation increased 

with increasing amounts of WP.14

ALP activity is known to be an early marker of osteo-

genic differentiation.14,28 Figure 8 shows ALP normalized 

with each DNA of MSCs on WP0%, WP15%, and WP30% 

for 7 and 14 days. Over time, ALP activity increased in all 

Figure 5 Cytotoxic evaluation of each scaffold with L929 mouse fibroblast-like cells 
in comparison with negative control (PCL extracts and DMEM alone) and positive 
control (dilute phenol) for 24 h (n$4).
Note: *P,0.05.
Abbreviation: PCL, polycaprolactone.

Figure 6 Confirmation of viability and cell alignment of MSCs on each scaffold using live (green)/dead (red) assay on day 7.
Notes: Magnification ×100; scale bar =100 μm.
Abbreviations: MSCs, mesenchymal stem cells; WP, wheat protein.
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Figure 7 DNA content reflecting the proliferation of MSCs cultured on each 
scaffold for up to 14 days (n=5).
Note: *P,0.05.
Abbreviations: MSCs, mesenchymal stem cells; WP, wheat protein.

groups. More specifically, ALP activity tended to increase 

with the WP content at day 7, but the difference was not sig-

nificant. ALP activity on day 14 was significantly increased 

in the WP-containing groups (ie, WP15% and WP30%) 

compared to the WP-free group (WP0%), but there was 

no significant difference between the former two groups 

according to content.

To evaluate further the osteogenic differentiation of 

MSCs according to the component ratio of composite mate-

rials, we performed qRT-PCR to investigate the relative 

gene expression of osteogenic markers, such as bone 

Figure 8 ALP activity of MSCs after cultivating for 7 and 14 days on each scaffold 
(n=5).
Note: *P,0.05.
Abbreviations: ALP, alkaline phosphatase; MSCs, mesenchymal stem cells; WP, 
wheat protein.

morphogenetic protein 2 (BMP2), bone sialoprotein (BSP), 

collagen type 1 alpha 1 chain (COL1A1), runt-related tran-

scription factor 2 (RUNX2), and osteopontin (OPN).42 After 

14 days in culture, MSCs cultured on each scaffold were 

harvested and examined for their relative gene expression 

levels (Figure 9). We used MSCs (passage #3) cultured on 

polystyrene tissue culture dishes with the same medium as 

a control group. The results indicated significantly higher 

expression levels of all osteogenic markers in cells cultured 

on composite scaffolds (WP0%, WP15%, and WP30%) 

compared to monolayer controls on day 14 of cultivation. 

Kale et al43 reported that 3-D culture improves the osteogenic 

differentiation of human MSCs by upregulation of several 

bone-related proteins, such as ALP and COL1A1. In par-

ticular, the gene expression level of all osteogenic markers 

was significantly increased in the groups containing WP (ie, 

WP15% and WP30%) compared to the group without WP 

(ie, WP0%) and, surprisingly, the gene expression levels of 

most osteogenic markers were significantly higher in the 

WP15% group than the WP30% group. These results were 

consistent with those of previous studies indicating that the 

addition of WP affects the hydrophilicity and degradability 

of scaffolds and also affects cell attachment and proliferation 

of cell lines.14 In addition, we confirmed that the addition of 

WP and composition of composite material also affect the 

osteogenic differentiation of human MSCs.

Conclusion
This in vitro study was performed using a rapid prototyping 

technique that combined m_MS, a mineral known to pro-

vide mesopores to PCL, which are candidates for use in 

bone tissue engineering. Changes in physical properties and 

biological responses associated with the addition of a certain 

amount of the natural polymer, WP, were evaluated. The addi-

tion of WP increased the surface roughness and improved both 

hydrophilicity and degradability. However, WP was shown to 

decrease the mechanical strength. In cell culture experiments 

using MSCs, the addition of WP promoted proliferation and 

osteogenic differentiation of MSCs. However, further stud-

ies are needed to confirm the optimal composition ratio for 

obtaining good mechanical properties and osteogenic dif-

ferentiation control. These data indicated that the osteogenic 

differentiation and bioactivity, as well as mechanical proper-

ties, hydrophilicity, and degradability by human MSCs, can be 

tailored through controlling the composition of m_MS/PCL/

WP. The m_MS/PCL/WP composite is a promising candidate 

scaffold for cell-based bone regeneration.
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Figure 9 Gene expression levels of osteogenic markers, such as BMP2, BSP, COL1A1, RUNX2, and OPN, in MSCs cultured for 14 days (n=3, *P,0.05).
Abbreviations: BMP2, bone morphogenetic protein 2; BSP, bone sialoprotein; COL1A1, collagen type I alpha I chain; RUNX2, runt-related transcription factor 2; OPN, 
osteopontin; MSC, mesenchymal stem cells; WP, wheat protein.
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