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Abstract: In this study, bioactive scaffold of nano magnesium phosphate (nMP)/wheat protein 

(WP) composite (MWC) was fabricated. The results revealed that the MWC scaffolds had 

interconnected not only macropores (sized 400–600 μm) but also micropores (sized 10–20 μm) 

on the walls of macropores. The MWC scaffolds containing 40 w% nMP had an appropriate 

degradability in phosphate-buffered saline and produced a weak alkaline microenvironment. 

In cell culture experiments, the results revealed that the MWC scaffolds significantly promoted 

the MC3T3-E1 cell proliferation, differentiation, and growth into the scaffolds. The results of 

synchrotron radiation microcomputed tomography and analysis of the histological sections of 

the in vivo implantation revealed that the MWC scaffolds evidently improved the new bone 

formation and bone defects repair as compared with WP scaffolds. Moreover, it was found 

that newly formed bone tissue continued to increase with the gradual reduction of materi-

als residual in the MWC scaffolds. Furthermore, the immunohistochemical analysis further 

offered the evidence of the stimulatory effects of MWC scaffolds on osteogenic-related cell 

differentiation and new bone regeneration. The results indicated that MWC scaffolds with 

good biocompability and degradability could promote osteogenesis in vivo, which would have 

potential for bone tissue repair.

Keywords: nano magnesium phosphate, wheat protein, composite scaffolds, degradation, 

bone regeneration

Introduction
Divalent cation of Mg plays critical roles in bone remodeling and skeletal tissue 

development of the human body, and in calcified tissues, Mg is involved in the cal-

cification process.1,2 Mg may improve bone mineral density and affect bone fragility, 

and lack of magnesium can affect all the stages of skeletal metabolism, leading to 

decreased bone growth and osteoporosis.3,4 Over the past few years, Mg-containing 

bioactive materials have received increased attention for bone tissue repair, and 

several magnesium-based biomaterials were reported, such as Mg and its alloys, 

magnesium-containing bioactive glasses and coatings, and Mg-substituted calcium 

phosphate bioceramics/biocements, and so on.5–8 These studies have shown that Mg 

as an important element in the bioactive materials can have some special effects on 

the material properties.9–11

Natural polymers (such as collagen, chitosan, plant protein, etc) are the most 

important raw materials for the development of biomedical materials.12 Wheat 
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protein (WP) as an interesting natural polymer with excellent 

properties (good biocompatibility, degradability, etc) has 

been applied in many areas such as coating, encapsulation, 

and other medical applications.13,14 It was reported that the 

attachment and proliferation of osteoblasts on WP were 

better than poly(lactic acid) (PLA), and WP has been mixed 

with PLA and electrospun for biomedical applications.15,16 

The potential of using WP-based composite with bioactive 

inorganic materials as scaffolds for bone tissue regeneration 

has not been studied. Calcium phosphate has been applied 

as biomedical material for bone regeneration for many 

years, whereas magnesium phosphate (MP) has not been 

applied so far. Therefore, in this study, nano magnesium 

phosphate (nMP) was fabricated and the bioactive scaffold 

of nMP/WP composite (MWC) was prepared. In addition, 

the in vitro degradability and cell growth on the MWC 

scaffolds were investigated. Furthermore, the in vivo osteo-

genesis and degradation properties of MWC scaffolds were 

also studied.

Materials and methods
Fabrication and characterization of 
MWc scaffolds
nMP was synthesized by a chemical precipitation method. 

Magnesium nitrate (Mg(NO
3
)

2
⋅6H

2
O) and ammonium dihy-

drogen phosphate (NH
4
H

2
PO

4
) were dissolved in deionized 

water. Mg(NO
3
)

2
⋅6H

2
O solution was added dropwise to 

the NH
4
H

2
PO

4
 solution, while stirring, to produce a white 

precipitate; during the process, pH value was controlled 

around 9 with NH
3
⋅H

2
O solution. After stirring for 12 hours, 

the precipitate was filtered and washed with distilled water 

for three times, and the precipitate was vacuum freeze 

dried at -50°C for 16 hours. The resulting powder prod-

ucts were nMP. WP was purchased from Tokyo Chemical 

Industry Co., Ltd (Fujimi, Japan).

MWC scaffolds with nMP content of 40 w% were fabri-

cated by solution casting–particle leaching method. Briefly, 

The WP powders were dissolved into absolute ethyl alcohol 

(CH
3
CH

2
OH) with the WP mass-to-solvent volume ratio of 

20% (w/v), and the mixture was stirred to obtain a homoge-

neous WP solution. The nMP powder was added into WP 

solution and sonicated for 1 hour to improve the dispersion 

of the nMP particles. After homogenization, the mixture was 

cast into the molds (Φ12×2 and Φ6×6 mm). The obtained 

samples were dried at 37°C for 48 hours to remove the sol-

vent. After that, the samples were immersed into water for 

48 hours at 37°C to leach out the NaCl particulates (water 

refreshed every 12 hours), and then the samples were dried 

at 37°C for 12 hours to obtain the MWC scaffolds. The WP 

scaffolds were prepared by the same method, which were 

used as controls. The phase compositions of the scaffolds 

were characterized by X-ray diffraction (Geigerflex; Rigaku 

Co. Ltd., Tokyo, Japan), and the surface morphology and 

microstructure of the scaffolds were observed by using scan-

ning electron microscopy (S-4800N; Hitachi, Tokyo, Japan) 

and synchrotron radiation microcomputed tomography 

(SRmCT). The compressive strength of both the MWC and 

WP scaffolds was tested using a mechanical testing machine 

(HY-0230; Hanghai Heng Wing Precision Instrument Co., 

Ltd., Shanghai, People’s Republic of China). Cylindrical 

scaffolds (Φ6×6 mm) were loaded with a 1 kN cell load at the 

speed of 1 mm/min until crush, and the compressive strength 

was obtained from the peak of the stress–strain curve.

In vitro degradability of the scaffolds
The in vitro degradability of the MWC and WP scaffolds was 

determined by testing the weight loss ratio of the samples in 

phosphate-buffered saline (PBS). Briefly, the samples were 

weighed (Wi), immersed into PBS solution (pH =7.4) in 

sealed polyethylene bottles with a solid/liquid mass ratio of 

0.1 g/20 mL, and incubated at 37°C with constant shaking at 

100 rpm for 12 weeks. The PBS solution was refreshed every 

week. At preselected time point, the samples were removed 

from the solution and rinsed gently with deionized water. 

The samples were dried at 37°C until the water volatilized 

totally and were then weighed (Wf). The weight loss was 

calculated according to the following equation:

 
Weight loss (%)  

Wi Wf

Wi
100= ×

−

 
(1)

The pH value of the PBS solution containing the scaffolds 

was measured using a pH meter (FE20K; Mettler Toledo, 

Küsnacht, Switzerland) at different time intervals.

cell proliferation, alkaline phosphatase 
activity, and morphology on the scaffolds
The MC3T3-E1 cells were cultured in Dulbecco’s Modified 

Eagle’s Medium (HyClone; Thermo Fisher Scientific Inc., 

Waltham, MA, USA) supplemented with 10% fetal bovine 

serum (GibcoBRL, Grand Island, NY, USA), 1% penicillin 

(100 U/mL), and streptomycin sulfate (100 mg/mL) 

(GibcoBRL). The cells were cultured at 37°C in a humidified 

atmosphere of 5% CO
2
 in air, and the culture medium was 

replaced every 2 days.
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The cell proliferation was determined using cell counting 

kit-8 (CCK-8) assay at 1, 3, and 7 days of culture using a 

standard procedure. Briefly, both MWC and WP scaffolds 

(Φ12×2 mm) were sonicated in ethanol and sterilized using 

ultraviolet light. MC3T3-E1 cells with a density of 3×104 

cells/mL were seeded on the samples, which were placed 

into a 24-well plate. At each time point, the samples were 

gently rinsed with PBS (pH =7.4) three times and then trans-

ferred to a new 24-well plate. A total of 50 μL of CCK-8 

solution (Dojindo Molecular Technologies Inc., Kumamoto, 

Japan) was added to each well, and empty wells contain-

ing Dulbecco’s Modified Eagle’s Medium were set up as 

a blank control. After incubated for 3 hours, 10 μL of the 

supernatant was transferred into a 96-well plate and read at 

450 nm using a microplate reader (Synergy HT; Bio-tek, 

Winooski, VT, USA) with 620 nm as a reference wavelength. 

The mean absorbance values/optical density (OD) obtained 

from the blank control were subtracted from the ODs of 

the test groups.

Alkaline phosphatase activity of the MC3T3-E1 cells (den-

sity of 4×104 cells/mL) cultured on both the MWC and WP 

scaffolds (Φ12×2 mm) was tested after 10 days. After incuba-

tion in a 24-well plate for 24 hours, the culture medium was 

refreshed to the osteogenic induction medium: the minimum 

essential medium alpha modified culture medium was supple-

mented with 10% fetal bovine serum, 0.1 μM dexamethasone 

(Sigma-Aldrich Co., St Louis, MO, USA), 50 μM ascorbate 

acid (Sigma-Aldrich Co.), and 10 μM β-glycerophosphate 

sodium (Sigma-Aldrich Co.). After cultured for 10 days, the 

scaffolds were washed three times with PBS, and lysed in 

a 0.2% TritonX-100 solution for four standard freeze-thaw 

cycles. The cell suspension was sonicated for 10 minutes and 

centrifuged at 2,000 rpm, and the p-nitrophenyl phosphate 

assay was carried out to obtain the OD value at 405 nm using 

microplate reader (SPECTR Amax 384; Molecular Devices 

LLC, Sunnyvale, CA, USA). Total protein content was 

determined using the bicinchoninic acid protein assay kits 

(Sigma-Aldrich Co.), and the ALP activity was expressed by 

OD value per total protein content.

The cell morphology was observed by detecting the 

filamentous actin of the cytoskeleton of MC3T3-E1 cells 

on scaffolds. After 24-hour incubation, the specimens 

were washed gently with PBS to remove the unattached 

cells. Then the cells on specimens were fixed with 4% 

paraformaldehyde for 15 minutes at room temperature and 

were permeabilized with 0.1% TritonX-100 in PBS for 10 

minutes. After washed with PBS for three times, the cells 

were stained with 4,6-diamidino-2-phenylindole (DAPI; 

Sigma-Aldrich Co.) and fluorescein isothiocyanate (FITC; 

Sigma-Aldrich Co.). The cell morphology was visualized 

using a confocal laser scanning microscopy (Nikon A1R; 

Nikon, Tokyo, Japan).

Implantation of MWc scaffolds into 
femoral defects of rabbits
animal experiments
This study was approved by the Research Center for Labora-

tory Animal of Shanghai University of Traditional Chinese 

Medicine and followed the Chinese guidelines for animal 

care. Approximately 24 New Zealand white rabbits (male, 

~2.0 kg) were chosen for surgery, in which 12 rabbits were 

used for MWC and WP scaffolds and four rabbits for each 

time point of 4, 8, and 12 weeks, respectively. Systemic 

anesthesia was achieved with 30 mg/kg pentobarbital 

sodium and local infiltration with articaine with 1:100,000 

noradrenaline. A median incision was made on the left leg of 

the rabbit, and then a 6-mm radial defect was introduced in 

the thighbone of the rabbits. The bone defects were filled with 

the scaffold samples with the size of Φ6×6 mm. Penicillin 

(4,000 units per body) and streptomycin (200 mg per body) 

were administrated subcutaneously for the prevention of 

infection. After being implanted for 4, 8, and 12 weeks, 

rabbits were sacrificed with 3 mL intravenous pentobarbital 

solution, and bone samples were taken out and placed into 

4% neutral buffered formalin.

srmcT analysis
In order to evaluate the process of bone defect repair after 

the scaffold implantation, SRmCT measurements were 

performed at beam line BL13W of SSRF (Shanghai, People’s 

Republic of China) using a monochromatic beam with an 

energy of 30 keV and a sample-to-detector distance of 1.5 m. 

In the current study, a 4,000×2,500 charge coupled device 

detector with the pixel size set to 6 μm was used to record 

images. Approximately 1,500 projections within an angular 

range of 180° were taken, and the exposure time amounted 

to 4 seconds per projection. Two-dimensional images were 

taken within a view of 6 mm in height, and the samples 

were scanned from top to bottom successively. Finally, the 

two-dimensional images of the whole samples were inte-

grated by Adobe Photoshop CS5 Software (Adobe Systems 

Incorporated, San Jose, CA, USA). Three-dimensional (3D) 

images of the samples were reconstructed using a filtered 

back-projection algorithm. The images were converted into 

an eight-bit data format, proportional to the measured attenu-

ation coefficients of the voxels.
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histological elevation
After SRmCT scanning, the bone samples were decalcified in 

10% ethylenediaminetetraaceticacid, pH =7.0, for ~30 days 

at room temperature, and then washed with double-distilled 

water gently, dehydrated in ascending grades of alcohol, and 

embedded in paraffin. Serial section of all samples was made 

into a thickness of 20 μm by a microtome and then frozen 

at -20°C. One section was selected for every ten sections, 

and hematoxylin and eosin (H&E) staining was performed 

in ~15 sections of each sample. The new bone formation 

within scaffolds was observed under a light microscope 

(TE2000U; Nikon). In addition, the decalcified sections were 

also stained with Masson trichrome and then observed with 

a light microscope.

Statistical analysis of the histological sections was per-

formed to quantitatively determine the amount of newly 

formed bone at 4, 8, and 12 weeks. Three pieces of histologi-

cal sections were randomly selected from both the MWC 

and WP scaffolds. After H&E staining or Masson trichrome 

staining, each section was observed under light microscope 

at 10× and 20× magnifications, and at least six images were 

randomly obtained in the same section. Using image analyti-

cal software Image-ProPlus (Media Cybernetics, Rockville, 

MD, USA), new bone area was expressed as percentage of 

newly formed bone area within the original bone defect area. 

Furthermore, by Masson trichrome staining, quantitative 

analysis was performed by using the same image analytical 

software Image-ProPlus to determine the mature bone ratio 

and material residual ratio after the scaffold implantation 

for 4, 8, and 12 weeks (at least six images were randomly 

obtained in the same histological section).

Immunohistochemical analysis
Decalcified histological sections were mounted on amino-

propyl-triethoxy-silane-coated slides. These sections were 

then dewaxed in descending concentrations of alcohol and 

rehydrated. The slides were immersed in 3% hydrogen per-

oxide to block endogenous peroxidases and rinsed in PBS. 

Then they were immersed in 0.1% TritonX-100 in PBS for 

20 minutes in order to allow the membrane to penetrate. 

Antigen retrieval was carried out in a 10 mM at 60°C warm 

citrate buffer for 15 minutes at pH 6.0. Afterward, the slides 

were rinsed gently with PBS. Specific sites were saturated 

with normal goat serum for 40 minutes at 37°C. The sections 

were incubated with the specific antisera (all diluted 1:100) 

overnight at 4°C.

The histological sections were deparaffinized 

and incubated with primary antibodies against bone 

morphogenetic protein-2 (BMP-2, 1:25 dilution; Abcam, 

Inc., Cambridge, UK) to identify osteogenesis before 

applying fluorescent donkey polyclonal second anti-

body IgG (diluted 1:200; Thermo Fisher Scientific) for 

30 minutes at room temperature. Thereafter, the sections 

were incubated for 30 minutes with DAPI for counter-

staining. The slides were then examined microscopically 

(TE2000U; Nikon).

statistical analysis
All quantitative data expressed as the mean ± standard devia-

tion (M ± SD) were analyzed with Origin 8.0 (Origin Lab 

Corporation, Northampton, MA, USA). Statistical compari-

sons were carried out using analyses of variance. A minimum 

of three samples per group was tested for degradability in 

vitro, and five parallel samples per group were tested for 

the cell experiments. Statistical significance was attained 

with .95% confidence level (P,0.05).

Results
characterization of MWc scaffolds
Figure 1A illustrates the transmission electron microscope 

of nMP, showing that the nMPs were spherical-like particles 

with the size of ~100 nm. Figure 1B shows the photos of 

MWC scaffolds. Figure 1C shows the 3D reconstructed 

image of SRmCT for MWC scaffold, and it can be seen that 

the MWC scaffold exhibited a well-interconnected porous 

structure. Figure 1D shows the X-ray diffraction of MWC 

scaffold. The X-ray diffraction of WP, was used as a control). 

It can be seen that the peaks at 2θ =12.2°, 13.5°, 21.1°, 23.2°, 

29.6°, 31.4°, 34.7°, 36.4°, and 40.8° are attributed to nMP, 

and a wide peak at around 2θ =20° belongs to WP. The results 

indicated that the nMP was weak crystalline while WP was 

an amorphous material (no sharp peak).

Figure 2 shows the scanning electron microscopy 

images of surface morphology of the MWC and WP scaf-

folds. It can be seen that both the MWC and WP scaffolds 

showed well-interconnected macroporous structures with 

the macropores of size ranging from 400 to 600 μm, and 

micropores of size ranging from 10 to 20 μm on the walls 

of the macropores. The surface morphology of MWC 

scaffolds showed slightly coarse because of the introduc-

tion of nMP particles, while the WP scaffolds exhibited 

a smooth surface. Moreover, the compressive strength 

of the MWC and WP scaffolds were 1.8 and 1.1 MPa, 

respectively. The results indicated that the addition of 

nMP into WP improved the compressive strength of the 

MWC scaffolds.
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Figure 2 seM images of MWc scaffolds (A and B) and WP scaffolds (C and D) with different magnifications.
Abbreviations: MWc, nano magnesium phosphate/wheat protein composite; seM, scanning electron microscopy; WP, wheat protein.

Figure 1 Nano magnesium phosphate (magnification 200,000) (A), photographs of MWc scaffold (B) and srmcT 3D reconstruction image of MWc scaffold (C), and XrD 
of MWc scaffolds (D) (WP as a control).
Abbreviations: MWc, nano magnesium phosphate/wheat protein composite; srmcT, synchrotron radiation microcomputed tomography; WP, wheat protein; XrD, X-ray 
diffraction; 3D, three dimensional.

θ
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In vitro degradability and ph change of  
MWc scaffolds
Figure 3A shows the weight loss ratio of the MWC scaffolds 

after immersion into PBS solution for different time intervals. 

It is found that the weight loss ratio of MWC scaffolds 

increased with the time. In addition, the weight loss ratio of 

MWC scaffolds reached 46.34 w%, while WP scaffolds was 

67.32 w% after soaking for 12 weeks. The results indicated 

that the MWC scaffolds containing nMP had a slower deg-

radation rate than WP scaffolds.

Figure 3B shows the pH change of the solution after 

MWC scaffolds immersed into PBS for different time 

intervals. It is found that the pH of the solution for MWC 

scaffolds increased from 7.40 (initial) to 7.76 (at 300 hours) 

while the pH for WP scaffolds reduced from 7.40 (initial) to 

7.10 (at 300 hours). The results indicated that MWC scaffolds 

contained MP increased the pH of the solution while WP 

scaffolds slightly decreased the pH after being immersed into 

PBS for 300 hours as compared with the initial pH of PBS.

cell proliferation, alkaline phosphatase 
activity, and morphology on MWc 
scaffolds
Figure 4 shows the cell proliferation of MC3T3-E1 cells on 

both the MWC and WP scaffolds elevated by CCK-8 assay. 

The relative proliferation rate of cells on the two scaffolds 

increased with time. There was no obvious difference in cell 

proliferation between MWC and WP scaffolds after 1 and 

3 days. However, the relative proliferation rate of cells on 

MWC scaffolds was obviously higher than WP scaffolds 

after 7 days (P,0.05). The result indicated that the MWC 

scaffolds promoted cell proliferation.

The ALP activities of the cells on scaffolds after 10 days 

are shown in Figure 5. It could be observed that the ALP 

activity of cells on the MWC showed significantly higher 

than that on WP scaffolds at 10 days. The results revealed 

that the MWC scaffolds promoted cell differentiation.

Figure 6 illustrates the confocal laser scanning micros-

copy images of the MC3T3-E1 cell growth into the scaffolds 

stained by fluorescein isothiocyanate and DAPI, which 

displayed limpid F-actin including microfilaments after 

incubation for 24 hours. The results revealed that the cells 

exhibited a typical fibroblastic morphology with more and 

apparent cytoplasmic extensions and filopodial attachments 

in the scaffolds, and the cell numbers in the MWC scaffolds 

were more than those in WP scaffolds. However, the actin 

cytoskeleton formation in the WP scaffolds distributed 

irregularly and in short fiber concentration.

Figure 3 Weight loss (A) of the MWc and WP scaffolds immersed in PBs solution, and ph change (B) of the solution after MWc and WP scaffolds immersed in PBs 
solution with time.
Abbreviations: MWc, nano magnesium phosphate/wheat protein composite; PBs, phosphate-buffered saline; WP, wheat protein.

Figure 4 Proliferation of Mc3T3-e1 cells cultured on MWc and WP scaffolds at 
different time intervals. 
Note: *P,0.05.
Abbreviations: MWc, nano magnesium phosphate/wheat protein composite; 
WP, wheat protein.
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Implantation of MWc scaffolds into 
femoral defects of rabbits
Macro observation and srmcT analysis
No postoperative inflammation or complications were 

observed after the MWC scaffolds implanted into the femo-

ral defects of rabbits. Figure 7 shows the photographs of the 

appearance of the bone defects implanted with MWC scaffolds 

at 4, 8, and 12 weeks. It can be seen that the bone defects were 

gradually restored with time. After 12 weeks, the bone defects 

were renovated by MWC scaffolds while the bone defects were 

not completely renovated by WP scaffolds. Figure 8 shows 

the SRmCT slice images of the MWC scaffolds implanted 

into the bone defects for 4, 8, and 12 weeks and WP scaffolds 

implanted for 12 weeks. It can be seen that the bone defect area 

gradually diminished after the MWC scaffolds implanted for 4 

and 8 weeks. After implanted for 12 weeks, the bone defects 

were completely disappeared. However, the bone defects were 

not completely repaired after implantation of WP scaffolds. 

Figure 8E and F shows the SRmCT 3D reconstructed images 

of MWC scaffolds implanted into bone defects for 12 weeks. 

It can be seen that the effectiveness of bone defects repair by 

MWC scaffolds was better than WP scaffolds, indicating that 

the MWC scaffolds exhibited favorable bone regeneration 

ability as compared with WP scaffolds.

histological elevation
Figure 9A shows the images of histological sections (H&E 

staining) of MWC scaffolds implanted into the femoral 

defects of rabbits for 4, 8, and 12 weeks and WP scaffolds 

implanted for 12 weeks. After 4-week postimplantation, a few 

newly formed bone tissues were found in the MWC scaffolds. 

After implantation for 8 weeks, the newly formed bone 

tissue gradually increased. After implantation for 12 weeks, 

a large amount of newly formed bone tissues were observed 

in the MWC scaffolds, and bone marrow was also observed. 

Meanwhile, after 12-week postimplantation, some newly 

formed bone tissues were also found in the WP scaffolds.

Figure 9B shows the change of ratio of new bone area in 

both the MWC and WP scaffolds at different time intervals. 

It is found that the new bone area increased with the implan-

tation time for the two scaffolds. At 4 weeks, there was no 

obvious difference in the new bone area between the MWC 

and WP scaffolds. However, at 8 and 12 weeks, the new bone 

area for MWC scaffolds (58.5% and 92.8%, respectively) 

were obviously higher than that for WP scaffolds (32.3% 

and 55.6%, respectively) (P,0.05).

Figure 10A shows the images of histological sections 

(Masson trichrome staining) of MWC scaffolds implanted 

in vivo for 4, 8, and 12 weeks and WP scaffolds implanted 

Figure 5 alkaline phosphatase (alP) activity of Mc3T3-e1 cells cultured on MWc 
and WP scaffolds at 10 days. 
Note: *P,0.05.
Abbreviations: MWc, nano magnesium phosphate/wheat protein composite; 
WP, wheat protein; OD, optical density.

Figure 6 clsM of cytoskeleton stained by FITc and DaPI after Mc3T3-e1 cells were cultured on MWc (A) and WP (B) scaffolds at 24 hours. 
Abbreviations: CLSM, confocal laser scanning microscopy; DAPI, 4,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; MWC, nano magnesium phosphate/wheat 
protein composite; WP, wheat protein.
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in vivo for 12 weeks, which provided the supplementary infor-

mation for H&E staining. At 4 weeks, only a few new bone 

tissues were found, and a large amount of materials were 

observed for the MWC scaffolds. At 8 weeks, new bone 

tissue gradually increased and the materials obviously 

decreased as compared with 4-week postimplantation. At 

12 weeks, a large amount of new bone tissue and mature 

bone were found and the materials almost disappeared for 

the MWP scaffolds. Meanwhile, some new bone tissues were 

also found for the WP scaffolds, but there was no mature 

bone, and the materials nearly disappeared.

Figure10B shows the change of ratio of new bone, 

mature bone, and material residual (based on Masson 

trichrome staining) with time after the MWC and WP scaf-

folds implanted in vivo. It is found that the new bone ratio 

and mature bone ratio increased with time while the mate-

rial residual ratio decreased with time. After implanted for 

12 weeks, the osteogenesis ratio, mature bone ratio, and 

residual ratio for the MWC scaffolds were 86%, 8%, and 

0% while for the WP scaffolds were 61%, 2%, and 0%, 

respectively. The results indicated that the new bone ratio and 

mature bone ratio for the MWC scaffolds were significantly 

higher than WP scaffolds, and both the MWC and WP scaf-

folds degraded completely in vivo at 12 weeks.

Immunohistochemical analysis
Figure 11A shows the histological section of immunohis-

tochemical staining of BMP-2 after the MWC scaffolds 

implanted in vivo for 4, 8, and 12 weeks. It is found that 

the BMP-2 staining intensity (brown) increased with time, 

indicating that the positive expression of BMP-2 gradually 

increased with the time. At 12 weeks, the positive expression 

of BMP-2 for MWC scaffolds was obviously higher than WP 

scaffolds, indicating that the osteogenesis properties for the 

MWC scaffolds was significantly better than those for the 

WP scaffolds.

Figure 11B shows the change of positive expression ratio 

of BMP-2 for both the MWC and WP scaffolds with time. The 

positive expression ratios for the MWC scaffolds were 7.9%, 

36.3%, and 62.7% while for the WP scaffolds were 7.1%, 

22.5%, and 36.1% at 4, 8, and 12 weeks, respectively. The 

results indicated that the positive expression ratio of BMP-2 

Figure 7 Photos of MWc scaffolds implanted into the femoral defects (yellow circle) of rabbits for 4 (A), 8 (B), and 12 (C) weeks and WP scaffolds implantation for 12 
(D) weeks. 
Abbreviations: MWc, nano magnesium phosphate/wheat protein composite; WP, wheat protein.
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Figure 8 srmcT images of central virtual slice of MWc and WP scaffolds and cross-section of 3D reconstruction srmcT images of MWc and WP scaffolds.
Notes: srmcT images of central virtual slice of MWc scaffolds implanted into the femoral defects (yellow circle) of rabbits for 4 (A), 8 (B), and 12 (C) weeks and WP 
scaffolds implantation for 12 (D) weeks. cross-section of 3D reconstruction srmcT images of MWc scaffolds (E) and WP (F) scaffolds implanted into the femoral defects 
of rabbits for 12 weeks, and the red circles describe the defects.
Abbreviations: 3D, three dimensional; MWc, nano magnesium phosphate/wheat protein composite; srmcT, synchrotron radiation microcomputed tomography; 
WP, wheat protein.
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for both the MWC and WP scaffolds increased with time, 

and no obvious difference was found for two scaffolds at 

4 weeks. However, the positive expression ratio of BMP-2 

for the MWC scaffolds was obviously higher than that for 

the WP scaffolds at 8 and 12 weeks.

Discussion
In the past few years, Mg-containing bioactive materials have 

attracted significant attention for bone repair and bone tissue 

engineering applications due to their excellent bioactivity 

and osteostimulation.17 It is known that scaffolds for bone 

tissue regenerations play an important role in influencing the 

biological responses of cells (including attachment, prolifera-

tion, differentiation, etc) and the following new bone tissue 

formation (scaffolds entirely degraded) in vivo.18,19 In this 

study, MWC scaffolds were fabricated using solution cast-

ing–particle leaching method. The results revealed that the 

MWC scaffolds exhibited a well-interconnected macroporous 

structure, and some micropores were found on the wall of 

the macropores. The micropore/macropore structures might 

improve the surface area of the scaffolds, which would be 

suitable for bone tissue ingrowth.18

Figure 9 histological section of bone regeneration area.
Notes: (A) histological section (h&e staining) of new bone formation and material degradation after MWc scaffolds implanted into the femoral defects of rabbits for 4 (a), 
8 (b), and 12 (c) weeks and WP scaffolds implantation for 12 (d) weeks. NB represents new bone, M represents materials, and # represents bone marrow (magnification 
100×). (B) Quantitative comparison of the percentage of new bone formation after MWc scaffolds and WP scaffolds implanted in vivo for 4, 8, and 12 weeks. *P,0.05.
Abbreviations: h&e, hematoxylin and eosin; MWc, nano magnesium phosphate/wheat protein composite; WP, wheat protein.
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In designing a scaffold for bone tissue regeneration 

applications, appropriate degradation is a significant factor 

that must be taken into consideration.20 Ideally, the scaffolds 

should have the degradation rate matching the new bone tissue 

growth and gradually replaced by new bone tissue around 

3 months.21 In this study, it was found that the weight loss 

of MWC scaffolds was 46.34 w% after immersion into PBS 

for 12 weeks, indicating that the degradability of the MWC 

scaffolds might be suitable for new bone tissue formation. 

However, the weight loss of WP scaffolds was 67.32 w%, 

indicating that the degradation rate of the WP scaffolds might 

be too fast to match the new bone tissue formation and repair 

Figure 10 Masson trichrome staining of new bone area.
Notes: (A) histological section (Masson trichrome staining) of new bone formation and materials degradation after MWc scaffolds implanted in the femoral defects of 
rabbits for 4 (a), 8 (b), and 12 (c) weeks and WP scaffolds implantation for 12 (d) weeks. NB represents new bone, M represents materials (magnification 100×). (B) change 
of ratio of mature bone, new bone, and material residual with time after MWc scaffolds and WP scaffolds implanted in vivo for 4, 8, and 12 weeks.
Abbreviations: MWc, nano magnesium phosphate/wheat protein composite; WP, wheat protein.
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Figure 11 Immunohistochemical analysis of new bone tissue.
Notes: (A) histological sections of immunohistochemical staining of positive expression of BMP-2 after MWc scaffolds implanted in vivo for 4 (a), 8 (b), and 12 (c) weeks 
and WP scaffolds implanted in vivo for 12 (d) weeks, # brown areas represent positive expression of BMP-2 (magnification 100×). (B) change of positive expression ratio 
with time after MWc scaffolds and WP scaffolds implanted in vivo for 4, 8, and 12 weeks. *P,0.05.
Abbreviations: BMP-2, bone morphogenetic protein-2; MWc, nano magnesium phosphate/wheat protein composite; WP, wheat protein.

bone defects. The results also suggested that altering the nMP 

content in the MWC scaffolds could adjust the degradability 

rate of the scaffolds, which was highly significant for bone 

tissue ingrowth and new bone formation.22

It is known that the release of acidic degradation by-prod-

ucts from some degradable polymers could lead to inflam-

matory responses in vivo, and many methods have been tried 

to control the pH decrease during the degradation of these 
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polymers.23,24 In this study, it was found that there was gradu-

ally a decrease of pH in the solution containing WP (from 7.40 

to 7.10), indicating that some acidic products (amino acids) 

might be produced from WP degradation during the soak-

ing process. However, the pH for MWC scaffolds showed a 

slight increase from the initial value of 7.40 to 7.76 during 

the soaking process. The results indicated that MWC scaf-

folds containing nMP could neutralize the acidic degradation 

products from WP and thus compensated for the decrease of 

pH value. The increasing pH of the solution containing MWC 

scaffolds might be correlated to the dissolution of alkaline 

ions (Mg2+) from the nMP that locally compensated for the 

acidification of the solution due to the acidic products from 

WP degradation.25 Moreover, a study has shown that weak 

alkaline condition provided a better microenvironment for cell 

proliferation and subsequently differentiation.26 Therefore, 

the MWC scaffolds may supply a good microenvironment 

for cell ingrowth both in vitro and in vivo.

The cellular responses to the biomaterials, such as 

attachment and proliferation, depend not only on sur-

face morphology but also on surface chemistry.27 In this 

study, the proliferation of MC3T3-E1 cells on the MWC 

scaffolds increased with time, and the proliferation of the 

cells on the MWC scaffolds was significantly higher than 

that on the WP scaffolds. In addition, the ALP activity of cells 

on the MWC scaffolds showed significantly higher than that 

on the WP scaffolds, revealing that the addition of nMP into 

WP promoted cell differentiation. Furthermore, the confocal 

laser scanning microscopy images showed that the cells grew 

into the scaffolds, and the cell numbers in the MWC scaf-

folds were more than those in the WP scaffolds. The results 

suggested that the MWC scaffolds showed better cytocom-

patibility for cell adhesion, proliferation, differentiation, 

and ingrowth as compared with the WP scaffolds. Previous 

studies have shown that the Mg ion dissolution products from 

bioactive glasses and bioceramics could stimulate osteoblasts 

proliferation and differentiation.28 In this study, the continu-

ous degradation of the MWC scaffolds might produce a Mg 

ion-rich microenvironment that might be responsible for 

stimulating cell proliferation and differentiation.

Since MWC scaffolds showed excellent in vitro degrad-

ability and cytocompatibility, we further investigated in vivo 

osteogenesis and biocompatibility of MWC scaffolds 

implanted into femur defects of rabbits for different time 

intervals. The SRmCT results demonstrated that the bone 

defects were gradually repaired by the MWC scaffolds, and 

the effectiveness of bone defect healing for MWC scaffolds 

were obviously better than that for WP scaffolds, indicating 

that the MWC scaffolds could promote the restoration of 

bone defects.

The histological elevation of H&E staining confirmed 

that more new bone tissues could be formed in the MWC 

scaffolds as compared with WP scaffolds, indicating that 

the MWC scaffolds could promote the new bone regen-

eration. Masson trichrome staining of histological sections 

could provide the supplementary information of the in vivo 

osteogenesis and scaffolds degradation as compared with 

H&E staining.29 The results showed that the percentage 

ratio of new bone and mature bone increased with time for 

the MWC scaffolds while the percentage ratio of material 

residual decreased with time. At 12 weeks, the percentage 

ratio of new bone, mature bone, and residual for the MWC 

scaffolds were 86%, 8%, and 0% while for the WP scaffolds 

were 61%, 2%, and 0%, respectively. The results indicated 

that the percentage ratio of new bone and mature bone for the 

MWC scaffolds was significantly higher than WP scaffolds. 

The Masson trichrome staining further offered the evidence 

of the promoted effects of MWC scaffolds on new bone 

formation and material degradation in vivo.

The histomorphometry analysis based on the H&E and 

Masson trichrome staining suggested that the MWC scaffolds 

could stimulate a more effective new bone tissue growth, 

which increased the speed and quality of bone regeneration 

and remodeling.30 To represent the osteogenic progression, 

immunohistochemistry was performed to detect the expres-

sion of BMP-2, which is secreted at the beginning of osteoid 

matrix deposition.31 The immunohistochemical staining 

results showed that the BMP-2 staining intensity for the 

MWC scaffolds increased with time and exhibited obviously 

high intensity as compared with WP scaffolds at 12 weeks. 

Furthermore, the positive expression ratio of BMP-2 for the 

MWC scaffolds was significantly higher than WP scaffolds 

at 8 and 12 weeks. The immunohistochemical analysis fur-

ther offered the direct evidence of the stimulatory effects of 

MWC scaffolds on osteogenic-related cell differentiation 

and new bone formation.

Magnesium is an attractive element in biomaterials for 

bone tissue engineering applications because its incorpora-

tion in material compositions may stimulate new bone for-

mation and improve bone healing.32 In this study, the results 

of SRmCT, histomorphometric, and immunohistochemical 

analyses showed that both in early- and late-stage implan-

tations, MWC scaffolds promoted more osteogenesis than 

WP scaffolds, and in late-stage implantations, the rate of 

new bone formation was faster in MWC scaffolds than WP 

scaffolds. These results revealed that the MWC scaffolds 
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containing MP significantly promoted new bone formation, 

and the MWC scaffolds had better osteogenic properties than 

WP scaffolds. It can be suggested that during the bone repair 

process, magnesium ion and inorganic phosphate (MWC 

degradation) are gradually released into the surrounding 

microenvironment, which could be benefit for the bone regen-

eration and improve bone defect healing. In summary, the 

MWC scaffolds with good biocompatibility, osteogenesis, 

and degradability could be a promising bioactive scaffold 

for bone repair.

Conclusion
Bioactive scaffolds of MWCs were fabricated in this study. The 

results showed that MWC scaffolds were well-interconnected 

macroporous structures and some micropores were found on 

the walls of the macroporores. The MWC scaffolds could 

be degradable in PBS and produced a weak alkaline envi-

ronment, which might be benefit for the cell growth. In cell 

culture experiments, the results showed that the MWC scaf-

folds significantly promoted cell proliferation, differentiation, 

and growth into the scaffolds. The results showed that the 

MWC scaffolds significantly promoted new bone forma-

tion, and the degradation of the MWC scaffolds remarkably 

enhanced the new bone ingrowth in vivo. Furthermore, the 

immunohistochemistry results further offered the evidence 

of the stimulatory effects of MWC scaffolds on osteogenic-

related cell differentiation and in vivo osteogenesis. In short, 

the MWC scaffolds with good biocompability and degrad-

ability promoted new bone regeneration.
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