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Abstract: Mesoporous magnesium silicate (m-MS) and poly(ε-caprolactone)-poly(ethylene 

glycol)-poly(ε-caprolactone) (PCL-PEG-PCL) composite (m-MPC) was synthesized by solvent 

casting method. The results suggest that the mechanical properties of compressive strength and 

elastic modulus, as well as hydrophilicity, of the m-MPC increased with increase of m-MS content 

in the composites. In addition, the weight loss of the m-MPC improved significantly with the 

increase of m-MS content during composite soaking in phosphate-buffered saline for 10 weeks, 

indicating that incorporation of m-MS into PCL-PEG-PCL could enhance the degradability of 

the m-MPC. Moreover, the m-MPC with 40 w% m-MS could induce a dense and continuous 

apatite layer on its surface after soaking in simulated body fluid for 5 days, which was better 

than m-MPC 20 w% m-MS, exhibiting excellent in vitro bioactivity. In cell cultural experi-

ments, the results showed that the attachment and viability ratio of MG63 cells on m-MPC 

increased significantly with the increase of m-MS content, showing that the addition of m-MS 

into PCL-PEG-PCL could promote cell attachment and proliferation. The results suggest that the 

incorporation of m-MS into PCL-PEG-PCL could produce bioactive composites with improved 

hydrophilicity, degradability, bioactivity, and cytocompatibility.

Keywords: PCL-PEG-PCL, degradation, cytocompatibility, cell attachment, cell 

proliferation

Introduction
Mesoporous material with pore size ranging from 2–50 nm has tunable pore size, 

which, together with its large specific surface area and pore volume, should enable 

it to be used in a variety of biomedical and biotechnological applications, such as 

drug delivery and enzyme immobilization.1,2 As the mesoporous material has unique 

structural characteristics, it is reasonable to assume that mesoporous material may 

possess special physico-chemical and biological performances. The use of mesoporous 

material in bone tissue regeneration has been proposed because of its large specific 

surface area and pore volume, which may improve its bioactivity and allow it to be 

loaded with osteogenic agents and promote new bone formation.3–5

The biocompatible and bioactive mesoporous material will favor cellular growth 

and bone regeneration, which is very useful for building macroporous devices to be 

applied in bone tissue engineering.6,7 Poly(ε-caprolactone)-poly(ethylene glycol)-

poly(ε-caprolactone) (PCL-PEG-PCL), a linear polyester copolymer composed of a 

hydrophobic PCL block and a hydrophilic PEG block, possesses good biocompatibility 
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and suitable degradability.8 PCL and PEG are both US Food 

and Drug Administration-approved biomaterials and they 

have been widely used in the biomedical field. PCL-PEG-

PCL copolymer was used as drug-loaded nanoparticles or 

thermosensitive hydrogel, and their drug delivery behaviors 

were extensively investigated.9,10

Studies have focused on the bioactive composites created 

by combining biodegradable polymers and bioactive inor-

ganic materials such as bioglass, calcium phosphate, and 

silicate.11,12 However, to our knowledge, there has been no 

report about the preparation of mesoporous magnesium 

silicate (m-MS) and PCL-PEG-PCL bioactive composite for 

use as bone repair material. It is expected that the biological 

performance of polymer-based bioactive composite should 

be improved if m-MS were incorporated into PCL-PEG-PCL. 

Therefore, in this study, m-MS/PCL-PEG-PCL bioactive 

composite (m-MPC) was prepared, and the effects of m-MS 

content on hydrophilicity, degradability, and apatite forma-

tion in vitro and cell attachment and proliferation on the 

bioactive composite were investigated.

Materials and methods
Preparation of m-Ms and Pcl-Peg-Pcl
Six  g r ams  o f  EO20PO70EO20  (po lye thy l ene 

oxide)20(polypropylene oxide)70(polyethylene oxide)20 

(EO20PO70EO20 [P123]) was dissolved in 240 mL of 

2 M hydrochloric acid and 60 mL of water while stirring 

at 37°C in water bath until the solution became clear. 

Seventeen grams of tetraethyl orthosilicate and 19.28 g 

of Mg(NO
3
)

2
 ⋅ 4H

2
O was then added into the solution. The 

mixture was stirred at room temperature for 24 hours, and 

the resulting product was dried at 50°C for 24 hours. After 

that, the product was calcined at 600°C for 3 hours and 

the final product of m-MS powder was obtained. Nitrogen 

adsorption–desorption isotherms of m-MS were obtained 

on a TriStar 3000 porosimeter (Micromeritics, Norcross, 

GA USA) at 77 K under a continuous adsorption condition. 

Specific surface area and pore size were calculated by 

Brunauer–Emmett–Teller and Barrett–Joyner–Halenda 

methods, respectively. The m-MS was characterized by 

using scanning electron microscopy ([SEM] S-3400N; 

Hitachi, Tokyo, Japan); transmission electron microscopy 

([TEM] JEM2010; JEOL, Tokyo, Japan); wide angle X-ray 

diffraction ([XRD] D/max 2550 V; Rigaku, Tokyo, Japan); 

and Fourier transform infrared spectroscopy ([FTIR] 6700; 

Thermo Scientific, Waltham, MA, USA).

PCL-PEG-PCL with both hydrophobic PCL and 

hydrophilic PEG was synthesized as the raw material for 

fabricating composite. A three-necked flask was purged by 

nitrogen and heated to 90°C. Then, PEG methyl ether and a 

catalyst, stannous 2-ethylhexanoate, were introduced to the 

flask for 30 minutes. Then, CL (caprolactone) was added to 

the flask to start the ring-opening polymerization at 120°C 

for 24 hours. In the purification process, the product was 

first dissolved in dichloromethane and then precipitated in a 

mixture of n-hexane and ethyl ether at a volumetric ratio of 

3:7. This step was done several times to purify the product 

(PCL-PEG-PCL). The molecular weight (Mw) of the block 

copolymer (PCL-PEG-PCL) was 66,000 g/mol, which was 

determined by a gel permeation chromatography test.13

Preparation of m-Ms/ 
Pcl-Peg-Pcl composite
PCL-PEG-PCL was dissolved into chloroform at a concentration 

of 10% (w/v) and m-MS powder was added to produce com-

posites with m-MS content of 20 w%, 40 w%, and 60 w%. The 

mixture was stirred continuously for 2 hours, and the mixture 

was cast into 12×12×2 mm PTEF (polytetrafluoro ethylene) 

molds. The obtained m-MPC was air-dried in a fume hood for 

24 hours and subsequently vacuum-dried at 50°C for 24 hours 

to remove any remaining solvent. The 12×12×2 mm PCL-

PEG-PCL samples were synthesized as a control in the same 

way. The surface morphology of the composite was examined 

by SEM. The mechanical properties of compressive strength 

and elastic modulus of the composite samples (Φ6×12 mm) 

were measured at room temperature using a compression test 

at a constant displacement rate of 2 mm/minute, and a Bionix 

858.20 servohydraulic testing system (MTS Systems Corp, Eden 

Prairie, MN, USA) was used to conduct tests.

hydrophilicity and degradability
The water contact angle of the m-MPC samples (size 

12×12×2 mm) with 0 w%, 20 w%, and 40 w% m-MS con-

tent was determined by using a DropMeter A-200  contact 

angle system (MAIST Vision Inspection and Measurement 

Ltd, Co, Ningbo City, People’s Republic of China). The in 

vitro degradation behavior of m-MPC was determined by 

testing the weight loss ratio of the samples with 0 w%, 20 

w%, and 40 w% m-MS (size 12×12×2 mm) after soaking in 

 phosphate-buffered saline (PBS) separately, and the buffer 

was refreshed every 3 days. After soaking, the specimens 

were removed from the liquid, rinsed with distilled water, 

and dried in a vacuum oven for 12 hours. Weight loss was 

computed according to the following equation:

 Weight loss (%) = 100 × (W
0
 - W)/W

0
, [1]
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where W
0
 is the starting dry weight and W is the dry weight 

at time t.

In vitro bioactivity
The in vitro bioactivity of m-MPC with 0 w%, 20 w%, 

and 40 w% m-MS was evaluated by examining the  apatite 

 formation on their surfaces into simulated body fluid (SBF). 

SBF was prepared by dissolving reagent-grade NaCl, 

NaHCO
3
, KCl, K

2
HPO

4
 ⋅ 3H

2
O, MgCl

2
 ⋅ 6H

2
O, CaCl

2
, and 

Na
2
SO

4
 in deionized water; the ion concentrations were 

similar to those in human blood plasma.14 The solution was 

buffered at pH 7.4 with tris(hydroxymethyl) aminomethane 

([CH
2
OH]

3
CNH

2
) and 1 M hydrochloric acid at 37°C.

The 12×12×2 mm m-MPC samples were then soaked in 

40 mL SBF at 37°C for 1, 2, 3, 4, and 5 days without shaking, 

with a change of solution during soaking for each sample. 

After soaking, specimens were removed from the SBF solu-

tion, gently rinsed with deionized water, and dried at room 

temperature. Field-emission SEM (FE-SEM S-4300SE) and 

energy-dispersive X-ray spectrometry (EDS) (Hitachi) were 

used to monitor the surface morphology and composition 

of these samples. At each time point (6, 12, 24, 48, and 96 

hours), the samples were taken out and the ion concentra-

tions of calcium, phosphorus, magnesium, and silicon in 

the SBF solution were measured using inductively coupled 

plasma atomic emission spectroscopy (ICP-AES; IRIS 1000, 

Thermo Scientific).

cell attachment
The m-MPC with 0 w%, 20 w%, and 40 w% m-MS samples 

(size 12×12×2 mm) were used to examine the cell adhesion 

on the samples (tissue culture plate [TCP] used as a control). 

MG63 cells with a density of 2×104 were seeded on the samples 

located on 24-well tissue culture plates. MG63 osteoblast-like 

cells (Cambrex Corporation, East Rutherford, NJ, USA) were 

cultured in α-Modified Eagle’s Medium (Life Technologies, 

Carlsbad, CA, USA) containing 10% fetal calf serum (Life 

Technologies), 100 µg/mL streptomycin (AMRESCO, Solon, 

OH, USA) and 100 µg/mL penicillin (Amresco) at 37°C in a 

humidified atmosphere of 5% (v/v) CO
2
. The cell-seed samples 

were cultured for 4 hours, and then the culture medium was 

removed. Thereafter, the residual cultured medium and unat-

tached cells were removed by washing with PBS three times. 

After the attached cells on the samples were digested by trypsin, 

the adherent cells were counted with a hemocytometer (Shang-

hai All-Time Commercial Co., Ltd, Shanghai, People’s Republic 

of China), and the cell attachment efficiency was determined 

by counting the number of cells remaining in the wells.

cell proliferation
The m-MPC with 0 w%, 20 w%, and 40 w% m-MS samples 

(size 12×12×2 mm) were sonicated in ethanol and sterilized 

using ultraviolet light. Cell proliferation was evaluated after 

seeding MG63 cells with a density of 2.5×104 on the samples 

(TCP used as a control), followed by incubation for 1, 4, and 

7 days, with the medium replaced every day. Cell proliferation 

on the substrate was assessed quantitatively using the 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay. In brief, sample-cell constructs were placed in 

culture medium containing MTT and incubated in a humidi-

fied atmosphere at 37°C for 4 hours. After the supernatants 

were removed, dimethyl sulfoxide (Sinopharm Foreign Trade 

Co., Ltd, Shanghai, People’s Republic of China) was added 

to each well to completely dissolve the MTT reagent. The 

optical density (OD) of each well was measured at 590 nm 

using a microplate reader (ELx800™; BioTek, Winooski, VT, 

USA) at a reference wavelength of 620 nm, and the results 

are reported as OD units.

cell morphology
Approximately 50 mL of culture medium containing 

5×104 MG63 cells was seeded on the top of the m-MPC that 

had previously been placed in 24-well culture plates. Cells 

were allowed to attach to substrates for 4 hours, and then 

1 mL of fresh culture medium was added to each well. Cells 

were incubated for different lengths of time in a humidified 

atmosphere at 37°C and 5% CO
2
. After the various culture 

times, the samples were washed twice with PBS solution and 

fixed with 4% formalin in PBS (pH 7.4) for 20 minutes. The 

samples were subsequently washed twice with PBS solution 

and dehydrated in a series of graded ethanol (50%, 60%, 

70%, 80%, 90%, and 100% v/v) for 3 minutes each time. 

Finally, samples were air-dried in a desiccator overnight. Cell 

morphology on the samples was observed by SEM.

statistical analysis
Statistical analysis was performed using one-way analysis of 

variance with post hoc tests. All results are expressed as the 

mean ± standard deviation of six samples. Difference was 

considered statistically significant at P,0.05.

Results
Microstructure and morphology  
of m-Ms and m-MPc
The N

2
 adsorption–desorption isotherms and pore size 

distribution of m-MS are shown in Figure 1A and B, 

respectively. The results indicated that the m-MS displayed 
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Figure 1 N2 adsorption–desorption isotherms (A) and pore size distribution (B) of mesoporous magnesium silicate.

Figure 2 scanning electron microscope (A) and transmission electron microscope (B) images of mesoporous magnesium silicate.
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a very narrow pore size distribution with a pore size of 

approximately 3 nm, a relatively high specific surface area 

of 428.0 m2/g, and a single-point adsorption total pore 

volume of 0.40 cm3/g.

Figure 2 presents the SEM and TEM images of the 

morphology and microstructure of the m-MS powder 

samples. It can be seen that the m-MS particles gathered into 

irregular ball-like particles (Figure 2A). The TEM image 

shows that the sphere-like m-MS particles had a uniform 

mesoporous structure with a pore size of approximately 3 nm 

(mesoporous diameter) (Figure 2B).

Figure 3A shows that the fabricated m-MS could be well 

identified as pure magnesium silicate phase according to the 

Joint Committee on Powder Diffraction Standards, and no 

other phases were observed. FTIR was applied to further 

evaluate the surface properties of materials. Figure 3B pres-

ents the FTIR spectra of the m-MS. The peak of 461 cm-1 was 

assigned to the Mg-O vibrations, the intense peaks between 

963 and 1,078 cm-1 were assigned to the absorption peaks 

for silicate, and the peaks at 803, 1,641, 3,448 cm-1 were 

assigned to the silicate bending mode.

Figure 4 shows the surface morphology of SEM images 

of PCL-PEG-PCL and m-MPC with 20 w% and 40 w% 

m-MS. It was found that the m-MS was entrapped by the 

PCL-PEG-PCL polymer matrix for the m-MPC with 20 w%, 

while it was difficult to distinguish m-MS particles and 

PCL-PEG-PCL for the m-MPC with 40 w%. It can be seen 

that the surface of the m-MPC with 40 w% m-MS had more 

m-MS particles than m-MPC with 20 w% m-MS.

Mechanical properties  
and hydrophilicity of m-MPc
The mechanical properties of compressive strength and 

elastic modulus of composites increased with the increasing 

m-MS content (P,0.05) (Table 1). The composite containing 

40 w% m-MS resulted in the highest compressive strength 

(48 MPa) and elastic modulus (548 MPa), indicating that the 

addition of m-MS into PCL-PEG-PCL improved the mechan-

ical properties. The highest m-MS content (60 w%) yielded 

a lower compressive strength (34 MPa) and elastic modu-

lus (350 MPa) than did the composite with 40 w% m-MS 

(P,0.05), indicating that there was a critical concentration 

beyond which additional m-MS diminished the mechanical 

properties of the composite.

Table 1 shows the results of the measurements of water con-

tact angles of the composite surfaces. The results revealed that the 
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Figure 3 X-ray diffraction (A) and Fourier transform infrared spectroscopy (B) of mesoporous magnesium silicate.
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water contact angles on the m-MPC reduced significantly with 

increasing m-MS content, indicating improved hydrophilicity. 

The results show that the water contact angle of PCL-PEG-PCL 

was 56˚; after adding 20 w% m-MS, the composite was 21.8˚, 

and after adding 40 w% MS into the polymer, the composite 

contact angle was 0, indicating that the addition of m-MS into 

PCL-PEG-PCL improved the hydrophilicity of m-MPC.

Degradability of m-MPc in PBs solution
The in vitro degradation behavior of m-MPC was 

 determined by testing weight loss ratio after soaking in PBS. 

 Figure 5 presents the weight loss ratio of the m-MPC with 

0, 20 w%, and 40 w% m-MS after immersion in PBS as a 

function of incubation time. The results revealed that the 

weight loss ratio of all the samples increased with incuba-

tion time, and the weight loss ratios of m-MPC increased 

with the increase of the m-MS content. It was found that 

the weight loss ratio of m-MPC with 40 w% m-MS was 

75.6 w%, while m-MPC with 20 w% m-MS was 50.3 w% 

and PCL-PEG-PCL was 26.7 w% at the end of 10 weeks. The 

results show that the m-MPC with high m-MS content had 

a faster degradation rate, and that m-MS not only degraded 

completely in m-MPC, but also promoted the degradation of 

PCL-PEG-PCL after 10 weeks.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2014:9

Table 1 Mechanical properties and water contact angle of the 
composites with different m-Ms contents

m-MPC Compressive 
strength  
(MPa)

Elastic 
modulus  
(MPa)

Water contact 
angle (°)

0 w% m-Ms 
(Pcl-Peg-Pcl)

28±1 173±3 56*+1.2

20 w% m-Ms 36±1.5 312±4 21.8±1.5
40 w% m-Ms 48*±2 548*±4 0
60 w% m-Ms 34±1 350±3 0

Note: *Significant difference (P,0.05).
Abbreviations: m-MPc, m-Ms and Pcl-Peg-Pcl composite; m-Ms, mesoporous 
magnesium silicate; Pcl-Peg-Pcl, poly(ε-caprolactone)-poly(ethylene glycol)-
poly(ε-caprolactone).
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apatite formation in sBF
After soaking in SBF for 5 days, it was found that spherical 

apatite granules were formed on the surfaces of m-MPC with 

20 w% and 40 w% m-MS. No apatite formation was found on 

the PCL-PEG-PCL surface (Figure 6A). Only a few spherical 

apatite granules were found on the m-MPC surface with 20 w% 

m-MS (Figure 6B), while spherical granules were found in a 

densely packed apatite layer on m-MPC with 40 w% m-MS 

(Figure 6C). The EDS spectra were used to examine the apatite 

formation on the surface of m-MPC with 20 w% and 40 w% 

m-MS after soaking in SBF for 5 days (Figure 6D). Calcium 

and phosphorous peaks were detected and the calcium/ 

phosphorous ratios of the apatites on the m-MPC with 20 w% 

and 40 w% m-MS were found to be 1.5 and 1.52, respectively, 

which were both less than the calcium/ phosphorous ratio of 

1.67 in hydroxyapatite. This indicates that the apatite formation 

on m-MPC was calcium deficient.

changes of ion concentrations  
in sBF solution
We examined the changes in the concentrations of calcium, 

phosphorus, magnesium, and silicon after soaking the 

m-MPC with 40 w% m-MS in SBF solution for various 

periods of time (Figure 7). Magnesium and silicon concen-

trations increased rapidly up to 6 hours in the specimens, 

and, thereafter, continued to increase at a slower rate up to 

96 hours. In contrast to the increasing magnesium and silicon 

concentrations, calcium and phosphorous ion concentrations 

decreased gradually throughout the soaking period.

cell attachment
Cell attachment was assessed using MG63 cells cultured on 

m-MPC with 0 w%, 20 w%, and 40 w% m-MS, and TCP was 

used as a control. The results of cell attachment efficiency are 

profiled in Figure 8. In a period of 4 hours, it was found that 

the cell attachment ratio of the m-MPC with 40 w% m-MS 

(131%) was significantly higher than that of m-MPC with 20 

w% m-MS (114%). Moreover, the cell attachment ratio of 

the PCL-PEG-PCL was only 91%, which was lower than that 

of the TCP control (100%). The results show improved cell 

attachment relative to the m-MPC with higher m-MS content, 

suggesting that the addition of m-MS into PCL-PEG-PCL 

facilitated cell adhesion.

cell proliferation
Proliferation of MG63 cells cultured on the m-MPC was 

assessed using the MTT assay because OD values could 

provide an indication of cell growth. Figure 9 reveals that 

the OD value for all the samples increased with time, and no 

significant differences were found among the samples at day 1. 

The OD values for m-MPC with 20 w% and 40 w% m-MS 

were significantly higher than that of PCL-PEG-PCL at 4 and 

7 days (P,0.05); no significant differences appeared between 

m-MPC with 20 w% and 40 w% m-MS at 4 and 7 days. The 

results indicate that cell growth and viability in m-MPC were 

superior to those in PCL-PEG-PCL, suggesting that m-MPC 

facilitates cell growth and can promote cell viability.

cell morphology
Figure 10 presents SEM images showing the morphology of 

MG63 cells cultured on the m-MPC with 0 w%, 20 w%, and 

40 w% m-MS, respectively, for 4 days. At 4 days, the MG63 

cells extended and spread better on the m-MPC surfaces 

with 20 w% and 40 w% m-MS than on the PCL-PEG-PCL 

surfaces.

Discussion
Over the past few years, considerable efforts have been made 

in studying inorganic/organic bioactive composites for bone 

regeneration.15,16 Mesoporous material with large specific 

0
7 14 21 28 35 42 49 56 63 70

20

40

60

80

100

Time (days)

W
ei

g
h

t 
lo

ss
 (

%
) PCL-PEG-PCL

m-MPC with 20 w% m-MS
m-MPC with 40 w% m-MS

Figure 5 Weight loss ratio of Pcl-Peg-Pcl and m-MPc with 20 w% and 40 w% 
m-Ms after immersion in phosphate-buffered saline over time.
Abbreviations: m-MPc, m-Ms and Pcl-Peg-Pcl composite; m-Ms, mesoporous 
magnesium silicate; Pcl-Peg-Pcl, poly(ε-caprolactone)-poly(ethylene glycol)-
poly(ε-caprolactone).

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2014:9 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2671

Mesoporous magnesium silicate/Pcl-Peg-Pcl and osteoblast behaviors

surface area and pore volume may have enhanced bioactiv-

ity, be conducive to the cellular growth, and promote new 

bone formation, and it has also been proposed to be used in 

mesoporous/macroporous scaffolds that can be used in bone 

tissue engineering.17,18 In this study, m-MS with a specific 

surface area of 428.0 m2/g and pore volume of 0.40 cm3/g 

was prepared, and its composites with PCL-PEG-PCL 

were fabricated.

The results showed that the mechanical properties of com-

pressive strength and elastic modulus of the m-MPC increased 

significantly with the increase of the m-MS in PCL-PEG-PCL. 

In the composite system, the mechanical properties of the 

compressive strength and elastic modulus of m-MPC with 

40 w% m-MS were significantly higher than those of m-MPC 

with 20 w% and 60 w% m-MS, indicating that a weight ratio 

of approximately 40 w% is optimal.  Composites containing 

high m-MS content, for example 60 w%, may result in a 

dramatic reduction in the structural integrity and mechani-

cal strength of the composite. The results suggest that the 

content of m-MS in PCL-PEG-PCL had obvious effects on 

the mechanical properties of the composite.

It is well known that surface property greatly affects the 

bioperformance of the implanted biomaterial. The hydrophi-

licity of the biomaterial is an important factor for cell adhe-

sion, and thus improved surface hydrophilicity is beneficial 

to the interactions between biomaterials and cells.19 For the 

m-MPC, the results showed that the water contact angle of 

the m-MPC decreased from 56° to 0° with the increase of 

m-MS from 0 w% to 40 w% in the composite, indicating 

that the m-MS content had significant effects on the hydro-

philicity of the m-MPC. The remarkable improvement in 

hydrophilicity of the m-MPC through incorporation of m-MS 

into PCL-PEG-PCL suggests that the addition of inorganic 

bioactive material into polymer is a good way to enhance 

the hydrophilicity.
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The in vitro degradation behavior was determined by 

testing weight loss ratio of the m-MPC after soaking in 

PBS.20 The results showed that the weight loss ratio of the 

m-MPC with different m-MS content in the PBS increased 

with the incubation time, and that the weight loss ratio of the 

m-MPC with 40 w% m-MS was significantly higher than that 

of either m-MPC with 20 w% and PCL-PEG-PCL. At the 

end of 10 weeks, the m-MPC with 20 w% and that with 40 

w% m-MS lost 50.3 w% and 75.6 w%, respectively, of their 

initial weight, while PCL-PEG-PCL lost 26.7 w%. Clearly, 

the m-MS degraded completely in both m-MPC with 20 

w% and that with 40 w% m-MS, and the degradation ratio 

of PCL-PEG-PCL in each m-MPC was 30.3 w% and 35.6 

w%, respectively, suggesting that m-MS with a huge specific 

surface area and pore volume promoted the degradation of 

PCL-PEG-PCL in the two composites. The results suggest 

that incorporation of m-MS into PCL-PEG-PCL could regu-

late the degradability of m-MPC.

Bioactive materials can bond to living bone tissue through 

the apatite layer formed on their surfaces when in contact 

with body fluid, and the apatite formation on the implant 

 surface plays an essential role in the formation of the tissue– 

biomaterial interface.21–23 In this study, the m-MS as filler was 

added into PCL-PEG-PCL to form bioactive m-MPC, which 

could form the apatite layer on the composite surfaces upon 

soaking in SBF. In addition, the apatite formation rate on 

m-MPC with 40 w% m-MS was significantly faster than that 

on m-MPC with 20 w% m-MS, indicating that the m-MPC 

with high m-MS content possessed better in vitro bioactivity. 

The results suggest that the m-MPC had excellent bioac-

tivity when m-MS was added into PCL-PEG-PCL, which 

could form bone-bonding with bone tissue when implanted 

in vivo. However, apatite could not form on the surface of 

PCL-PEG-PCL after soaking in SBF for 5 days, indicating 

that PCL-PEG-PCL was not a bioactive material.

After the m-MPC was immersed in SBF, the magnesium 

and silicon ion concentrations in SBF increased with time, 

which was attributed to the dissolution of magnesium and 

silicon ions from m-MPC. However, the calcium and phos-

phorous ion concentrations in SBF gradually decreased with 

time, which was attributed to calcium and phosphorous ion 

precipitation forming amorphous calcium phosphate and the 

subsequent formation of apatite by incorporating OH- ions 

from the SBF, which provided an indirect indication that the 

apatite precipitation reaction had occurred.

The EDS results showed that the calcium/phosphorous 

molar ratios of the apatite formation on the m-MPC with 

20 w% and 40 w% m-MS were found to be 1.5 and 1.52, 

respectively, indicating that the formed apatite was calcium 

deficient. The mechanism of apatite formation on m-MPC 

in SBF was Mg2+ release from m-MPC surface and ionic 
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interchange of Mg2+ for 2H+, resulting in the formation of 

an amorphous silica layer on the m-MPC surface and provid-

ing a favorable site for apatite nucleation. The dissolution of 

m-MS increased the ionic activity of apatite in SBF, thereby 

promoting the nucleation of apatite. Apatite formation on the 

implant surface may promote cell adhesion, proliferation, 

and function, which would build a strong bond between the 

implant and the surrounding bone tissue.24,25

Bioactive biomaterials need to interact actively with 

cells and stimulate cell growth.26 In the present study, the 

results showed that MG63 cells adhered better to m-MPC 

with 40 w% m-MS than to that with 20 w% m-MS and 

PCL-PEG-PCL within the first 4 hours of culture due to 

the presence of m-MS. The m-MS exposed on the m-MPC 

surfaces might have had additional special surface properties 

that promoted cell attachment. It could be concluded that the 

composite surface features (m-MS on the m-MPC surfaces) 

were responsible for promoting cell attachment. In addition, 

the MG63 cells were able to grow on the m-MPC, and the cell 

viability on the m-MPC was  significantly higher than that on 

PCL-PEG-PCL. The results revealed that m-MPC with m-MS 

could stimulate MG63 cell viability. The  superior  ability of 

MG63 cell responses (such as  attachment, spreading, and 

viability) on the m-MPC was probably associated with dif-

fering material surface features between the m-MPC and 

PCL-PEG-PCL.

Cellular responses to the biomaterial, such as attachment, 

spreading, and proliferation, not only depend on the surface 

morphology of the biomaterial, but also its chemical com-

position.27 The chemical compositions of the biomaterials 

might play crucial roles in determining cell behaviors, which 

influence the quantity of ions released from the materials 

and consequent cell–material interaction.28 A previous study 

has confirmed that the ion dissolution products containing 

silicon and magnesium from bioactive glasses and ceramics 

could stimulate osteoblast proliferation and differentiation.29 

In this study, magnesium and silicon ions were able to be 

released from the m-MPC. Moreover, MTT assay showed 

that the m-MPC had obviously stimulated cell proliferation. 

It can be suggested that the improved cell responses might 

have resulted from the release of magnesium and silicon 

ions from m-MPC.

Cytocompatibility is very closely associated with cell 

behavior, such as cell spread on the substrate surface.27 In this 

study, the results revealed that the MG63 cells with normal 

phenotype extended and spread well on the composite sur-

face and intimately attached to substrate at 4 days of culture, 

indicating that the composite had no negative effects on cell 
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Figure 10 scanning electron micrscope images of Mg63 cells cultured on m-MPc with 20 w% (A) and 40 w% (B) m-Ms and on Pcl-Peg-Pcl (C) for 4 days.
Abbreviations: m-MPc, m-Ms and Pcl-Peg-Pcl composite; m-Ms, mesoporous magnesium silicate; Pcl-Peg-Pcl, poly(ε-caprolactone)-poly(ethylene glycol)-poly 
(ε-caprolactone).
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morphology and viability. The process of cell spread on the 

composite surface was influenced by the underlying substrate. 

Therefore, the results suggested that the composite surface 

was favorable for cell attachment, growth, and spread, dis-

closing good cytocompatibility. In short, enhancing m-MPC 

bioactivity by inducing apatite formation on its surface, which 

is beneficial to osteoblast proliferation and promotes new 

bone formation when implanted in vivo, therefore accelerates 

the healing process. 

Conclusion
m-MPC was synthesized by solvent casting method. The 

addition of m-MS into PCL-PEG-PCL could improve the 

mechanical properties and hydrophilicity of the m-MPC, 

which increased with the increase of m-MS content in the 

m-MPC. Moreover, addition of m-MS into PCL-PEG-PCL 

could improve the degradability of the m-MPC, and the 

degradation ratio of the m-MPC increased with the increase 

of m-MS content. The m-MPC had good in vitro bioactiv-

ity because the apatite layer could form on the surface after 

immersion in SBF, and the m-MS content had obvious 

effects on the apatite formation rate of the composites. The 

m-MPC could enhance the cell attachment, and attachment 

rate of the cells increased with the increase of the m-MS 

content in the m-MPC. The viability ratio of MG63 cells on 

the m-MPC was significantly higher than that on PCL-PEG-

PCL, demonstrating that m-MPC with m-MS in the polymer 

could stimulate cell viability. The results demonstrate that 

m-MPC had good in vitro bioactivity and cytocompatibility. 

The bioactive m-MPC shows promise in the biomedical field 

as a candidate for use as a new-generation biomaterial that 

promotes bone regeneration.
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