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Abstract
Inadequate strength at the bone/cement interface is one of the main drawbacks of poly(methylmethacrylate) (PMMA) bone

cement in the current orthopedic surgeries. In the present work, a partially degradable PMMA/Mg composite bone cement

(PMC) was developed for enhancing the bone/cement interfacial strength, which is proposed to be accomplished by

increasing the osteo-conductivity of PMMA and enhancing the mechanical interlocking between bone tissue and the porous

PMMA surface formed by the degradation of Mg on the surface of the cement. PMCs were prepared with various

concentrations of Mg particles with different sizes and alloy compositions. The effects of Mg particle size, composition and

content on the injectability, mechanical and degradation properties, and biocompatibility of PMCs were evaluated. The

results show that these parameters affected the properties of the PMCs simultaneously. The good injectability and com-

pressive strengths of PMMA were preserved, while the compatibility to osteoblasts was enhanced when adding Mg

particles in a proper manner. The PMCs degraded at the surface with time and formed porous surface structures in the

physiological environment, while maintaining the original compressive strengths. This preliminary study shows that the

PMC is promising for minimally invasive orthopedic surgery; however, it still requires to be optimized and evaluated in the

future.
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1 Introduction

Metallic magnesium (Mg) and its alloys have recently been

designed as biodegradable materials, with tunable degra-

dation rate in vivo [1, 2], primarily for orthopedic appli-

cations. The osteo-bioactivity and other biological

activities of Mg have been uncovered [1, 3–6]. For

example, Feng et al. revealed strong antibacterial effects of

pure Mg against Staphylococcus aureus [5]. And the rela-

tively high initial degradation rate of Mg and its alloys

could be controlled by various surface coating strategies

[7–12]. Recent clinical studies have revealed the great

translational potential of Mg and its alloys as screws for

hand-and-wrist fractures [13], or as screws for the fixation

of vascularized bone graft in treatment of osteonecrosis of

the femoral head [14]. In addition to being applied in the

form of bulk devices, Mg alloys could also be used as

additives to develop composite materials with handling,

mechanical, degradation and/or biological properties

superior to Mg and other components of the composite

[15–19]. For example, the addition of AZ31 fibers in the

PLGA matrix effectively improved the tensile strength and

elongation of PLGA, as well as the adherence and prolif-

eration of MC3T3 osteoblasts on the PLGA matrix [17].

The injectable and in situ setting implants own numer-

ous advantages over pre-shaped implants, especially for the

applications in the minimally invasive orthopedic surgery

(MIOS). Poly(methylmethacrylate) (PMMA)-based bone

cements, as a kind of injectable and in situ setting implants,
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have been widely used in current orthopedic surgeries,

including arthroplasty, treatments of femoral head

osteonecrosis and spinal degenerative diseases [20, 21].

Compared with other injectable systems, PMMA has

higher mechanical strength and is more suitable for load-

bearing applications, such as percutaneous kyphoplasty

(PKP). Nevertheless, the need for improving PMMA rises

since the increasing number of clinical cases indicates the

risks of inadequate bone/cement interfacial strength,

causing the instability of the interface or even failure of the

bone bonding to cement [22–25]. The inadequate interfa-

cial strength was attributed to the lack of osseointegration

and biodegrading ability of PMMA [26–28].

The biodegradable Mg is proposed to modify the

PMMA bone cement by preparing partially degradable

PMMA/Mg composite bone cement (PMC), aiming at

improving the osseointegration of PMMA bone cement by

increasing the osteo-conductivity of PMMA, and enhanc-

ing the physical interlocking between the bone tissue and

the porous PMMA surface formed by the degradation of

Mg on the surface. Additionally, the degradation of Mg

would release Mg element in the form of ions, which is

essential for bone development and metabolism [3]. The

antibacterial capabilities would also be enhanced through

Mg degradation, which could reduce the rate of implant-

related infection that would lead to undesirable conse-

quences [29].

In the present work, PMCs were prepared with various

concentrations of Mg particles of different sizes and alloy

compositions. Several properties that strongly influenced

the applications, including the injectability, mechanical

properties, degradation properties and biocompatibility of

the PMCs, were evaluated. The effects of Mg particle size,

composition and content on these properties were revealed

for further optimization of the PMCs.

2 Experimental

2.1 Materials Preparation

MENDEC�Spine (TECRES, Italy) PMMA bone cement

for PKP surgery was used for the study. The PMMA/Mg

composite bone cement (PMC) was prepared by mixing

Mg particles with PMMA powder uniformly, followed by

mixing with MMA monomer. In detail, 0.2 or 0.4 g of Mg

particles was mixed with 2 g of PMMA powder. Then,

1 ml of MMA monomer was added in the mixed powder to

form bone cement. Pure Mg (99.5 wt%) with particle

diameter of 270–550 lm, 150–270 lm and 75 lm and

ZK61 alloy (Zn: 6 wt%, Zr: 1 wt%) with diameter of

150–270 lm were used. The bone cement was designated

as 0.2-Mg-L, 0.4-Mg-L, 0.2-Mg-M, 0.4-Mg-M, 0.2-Mg-S,

0.4-Mg-S and 0.2-ZK61, 0.4-ZK61. The ‘‘Mg-L,’’ ‘‘Mg-

M’’ and ‘‘Mg-S’’ represent the Mg particles with diameter

of 270–550, 150–270 and 75 lm, respectively. Before all

the sample preparation, the Mg particles and MENDEC�-

Spine bone cement were kept at (23 ± 1) �C for 2 h.

2.2 Injectability, Microstructure and Mechanical
Properties

The bone cements were injected out of a disposable syringe

at the dough time with a 50-N constant loading at

(23 ± 1) �C. Injectability was defined as the weight per-

cent of cement injected out of the syringe. For direct

comparison, the injectability values of PMCs were nor-

malized by the value of PMMA. The dough time was

measured according to ISO5833: 2002 standard and

determined by failure of the cement to stick to the surface

of a surgically gloved probing finger.

The microstructure of the PMC was characterized by

scanning electron microscopy (SEM, Quanta 250, FEI).

Before SEM characterization, the samples were succes-

sively polished up to 2000 grit finish and then cleaned. All

samples were coated with a thin 20Å layer of gold before

the SEM observation.

The compressive test was performed according to

ISO5833: 2002 standard with a mechanical tester

(HY10000, HengYi, China) at 20 mm/min displacement

rate. Cement cylinders of 6 mm diameter and 12 mm

height were cast and pre-hardened in stainless-steel molds

for the test.

2.3 In Vitro Degradation Test

Pre-hardened cement cylinders with a diameter of 6 mm

and height of 12 mm were immersed in Hanks’ solution,

with a composition described in a previous work [30] and

with the immersion ratio of 1.25 cm2/mL at 37 �C. The

solution was refreshed every 2 days. The pH of solution

and weight of the samples were monitored. The surface

microstructure and compressive properties of the bone

cement after immersion were characterized by SEM and

compressive test (at displacement rate of 20 mm/min),

respectively.

2.4 Cyto-Compatibility Test on Osteoblasts

MC3T3-E1 osteoblasts from the Type Culture Collection

of Chinese Academy of Sciences (Shanghai, China) were

selected for the cyto-compatibility tests. a-MEM

(HyClone) with 10 vol% FBS (HyClone) and 1 vol%

penicillin–streptomycin solution was used as the cell cul-

ture medium.
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2.4.1 Indirect-Contact Cell Proliferation Test

The compatibility of degradation products of samples to

osteoblasts was evaluated by culturing the osteoblasts with

the sample extracts. For extracts preparation, the samples

(15 mm diameter and 2 mm height) were immersed in 75%

ethanol for 30 min for sterilization and then rinsed by PBS

solution three times to remove the ethanol. After that, the

samples were immersed in the cell culture media at an

extraction ratio of 1.25 cm2/mL at 37 �C for 1 day. The

supernatant was withdrawn and filtrated through a 0.22-lm

membrane filter (Millex-GP, Millipore) for cell tests. The

cell culture media incubated at 37 �C for 1 day were set as

the control group.

Osteoblasts were seeded onto the 96-well plate with

5000 cells/well in the presence of extracts for 1 and 3 days.

After the prescribed times, cell culture mediums in each

well was removed and the well was rinsed by 200 lL PBS

two times. Ten microliter CCK-8 (Dojindo Molecular

Technologies, Inc.) mixed in 100 lL PBS was then added

to each well and incubated at 37 �C for 2 h. Then, the

solution was transferred onto a new 96-well plate. The

optical density (O.D.) of each well was measured on a

micro-plate reader (Power Wave X, BioTek) at 450 nm.

The O.D. value was positively correlated with the cell

number in the well, reflecting the state of cell proliferation.

The pH value of extracts before each cell culture was

measured by a pH meter (Lei-ci, China).

2.4.2 Direct-Contact Cell Test

For direct-contact cell test, samples with a diameter of

15 mm and thickness of 2 mm were used. Before the

experiment, the samples were polished, cleaned and ster-

ilized as described in Sect. 2.4.1. Then, the osteoblasts

were seeded onto the samples at 10000 cells/cm2 with cell

culture media. The osteoblasts were cultured on these

samples for 1 day. After culturing, the samples were gently

rinsed with PBS and then fixed with 2.5% glutaraldehyde

for 4 h and rinsed with PBS again. Then, the samples were

dehydrated with a series of ethanol solutions (30, 50, 70,

80, 95 and 100% ethanol for 15 min each) and finally dried

with the critical point drying equipment (CPD300, Leica)

for SEM observation. All samples were coated with a thin

20 Å layer of gold before the SEM observation.

2.5 Statistical Analysis

Statistical analysis of the cell proliferation results was

conducted by one-way analysis of variance. All the pair-

wise comparisons were made by the post hoc test of

Turkey.

3 Results and Discussion

Previously, several studies on modified PMMA bone

cement by incorporating bioactive or biodegradable addi-

tives (such as bioactive glass, hydroxyapatite, chitosan and

MgO) in order to enhance its osseointegrative properties

have demonstrated promising results [27, 28, 31–33]. Here,

a new composite bone cement combining biodegradable

Mg with PMMA was developed and this type of cement, to

our knowledge, has not been reported before.

Figure 1 shows the microstructures of different PMCs

after setting. The Mg particles were homogenously dis-

tributed within the PMMA substrate for all the PMCs,

which is beneficial for maintaining high mechanical

strength and controlling the degradation behavior. The

increased diameter from ‘‘small’’ Mg particles to ‘‘med-

ium’’ ones (and ZK61 ones) and then to ‘‘large’’ PMCs will

lead to the enlargement of pore size on the PMC surface

formed after degradation of Mg particles. As expected,

higher area fraction of Mg particles was found in the PMCs

with higher Mg particle content.

The injection ratio (Fig. 2a) directly reflects the

injectability of each PMC formulation, which is important

for the PKP operation. Generally, the injectability of all the

PMCs was lower than that of PMMA, which should be due

to the increase in viscosity and setting rate of the cement

paste after particle addition. Among the PMCs with pure

Mg particles, the PMCs with ‘‘large’’ particles showed the

worst injectability, followed by cements with ‘‘small’’

particles and cements with ‘‘medium’’ particles. The best

injectability of PMC with ‘‘medium’’ particles should be

due to its lowest viscosity and/or largest setting time. For

PMCs with ‘‘large’’ and ‘‘medium’’ particles, the concen-

tration of particles within PMCs had slight effect on the

injectability. Differently, the concentration of ‘‘small’’

particles had significant influence on the injectability of

cements. In spite of the similar size for ‘‘medium’’ Mg

particles and ZK61 particles, the PMCs with ZK61 parti-

cles show injectability worse than those with ‘‘medium’’

Mg particles, which should be due to the difference in

the surface physiochemical properties of the two parti-

cles when considering their different composition.

Mechanical strength of bone cement is critical for load-

bearing applications, such as in PKP surgery. Different

from the reported increase in compressive strengths for

PMMA after addition of titania [34], the addition of Mg

particles decreased the compressive strength of PMMA

(Fig. 2b), which is consistent with what found for a

PLLA/magnesium composite [19] and a PMMA/chitosan/

HA composite bone cement [32]. For PMCs with 9 wt%

and PMCs with 17 wt% Mg particles (except for 0.4-

ZK61), there is a 10-MPa and a 20-MPa drop in
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compressive strength, respectively. But the values are still

high enough for most of the MIOSs. However, the 0.4-

ZK61 PMC had a much larger drop in compressive

strength (down to * 60 MPa), which would limit its use

when large load bearing is necessary. The decrease in

compressive strengths is probably due to the relatively low

Fig. 1 SEM images of PMCs with various content of different Mg particles

Fig. 2 Injection ratios a compressive strengths, b of different PMCs. Data are shown in mean ± standard deviation
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strength of Mg and weak bonding between Mg particles

and PMMA substrate, as suggested by a previous work

[19]. And the more significant decrease for 0.4-ZK61 is

most likely due to the high amount of defects formed at the

weakly bonded ZK61/PMMA interface. For the PMCs

containing Mg particles, the compressive strength

decreased with decreasing the size of Mg particle at the

same content level, which should be due to the area

increase in Mg/PMMA interface, which is the mechani-

cally weak site. With increasing Mg content, the com-

pressive strength of PMC decreased slightly for PMCs with

‘‘large’’ and ‘‘medium’’ Mg particles, while increased for

PMC with ‘‘small’’ Mg particles. There should be a com-

petition between the contributive effect of higher

mechanical strength of Mg than PMMA and detrimental

effect of weak Mg/PMMA interface on the overall

mechanical strength of PMCs. When the contributive effect

overwhelms the detrimental effect, the PMC will exhibit an

increase in the mechanical strength, and vice versa.

As partly degradable implant, the degradation behavior

of PMCs after implantation greatly influences their bio-

logical and mechanical properties. The degradation prop-

erties of the PMCs were characterized with a 2-month

in vitro immersion test in Hanks’ solution. Figure 3a shows

the pH variation of Hanks’ solution with PMMA–Mg

composite cements, which reflects the degradation rate of

PMCs at each time point [35, 36]. The pH values of PMC

groups were always higher than those of PMMA group,

indicating that the Mg particles at PMC surface could

degrade for a relatively long time period, releasing

hydroxyl and Mg2? in a controlled manner. For the PMC

samples, the pH value of PMC group with high particle

content was higher than that with low particle content. The

pH increase also varied among PMCs with the same weight

percent of different Mg particles, which should be due to

the variation of degradation rate of each Mg particles and

their surface fraction in PMCs. For all groups, the pH

elevation of solution slowed with prolonged immersion

time, indicating the degradation gradually diminishing,

which is due to the decrease in metallic Mg on the surface

and the protection of degradation products and deposits

from solution [30, 35].

The weight changes of PMCs after immersion were also

measured (Fig. 3b). Interestingly, the PMCs with higher

Mg content showed less weight loss. And the PMCs with

‘‘large’’ pure Mg particles showed the least weight loss,

followed by those with ‘‘medium’’ and ‘‘small’’ pure Mg

particles. Thus apparently, the weight changes are in

reversed trend to the changes of pH value. However, it

should be noted that accompanied with the degradation of

Mg, part of the degradation products will remain on the

samples [37, 38]. Furthermore, CaP products are deposited

on sample surface during degradation of Mg [39, 40]. More

intense Mg degradation would lead to higher increase in

Mg concentration and pH value in the immersion solution,

which further results in more CaP deposition [39, 40].

These contributed to the apparent less decrease or even

increase in weight. A number of holes were formed on the

surface of PMCs (Fig. 3c), which suggests the degradation

or possible detachment of Mg particles. The pore-forming

phenomenon was also shown in other kinds of composite

bone cement [41] and is beneficial for bone ingrowth and

formation of bone/cement physical interlocking. Though

with degradation on surface, no significant decrease in the

compressive strengths of PMCs was shown (Fig. 3d),

which is beneficial for the load-bearing applications.

For biodegradable implant material, the cyto-compati-

bility of degradation products should be evaluated. Fig-

ure 4a shows the O.D. values of MC3T3-E1 pre-

osteoblasts when cultured with different extracts for days

one and three. At day one, the PMMA extracts group

exhibited the best cell growth among the experimental

groups, which was also better than the media. The cell

growth condition of 0.2-ZK61 and 0.4-ZK61 groups was

comparable with the media group, followed by the 0.2-Mg-

M, 0.4-Mg-M groups and 0.2-Mg-S, 0.4-Mg-S groups.

However, toxicity effect was found for the 0.2-Mg-L, 0.4-

Mg-L PMCs (with the O.D. value lower than 75% of the

media group), which were prepared with ‘‘large’’ Mg par-

ticles. At day three, toxicity effect was also shown for the

0.2-Mg-L and 0.4-Mg-L PMC groups. However, the O.D.

values of other PMC groups were larger than those of the

PMMA group and comparable to the control group. No

significant difference was shown among all the ten groups.

Figure 4b shows the pH value of different extracts before

cell culture, which indicates that the pH value was

increased with increasing particle content for all the PMCs.

The samples prepared with ‘‘large’’ Mg particles and ZK61

particles showed the largest and lowest pH increase. Con-

sidering the slight difference of pH values among the PMC

groups, the toxicity of samples prepared with ‘‘large’’ Mg

particles was probably due to the large pH increase and

high content of toxic impurity elements in the particles.

PMCs that exhibit a good cyto-compatibility have the

potential for application in MIOSs.

Figure 5 shows the SEM observation of osteoblast

morphologies on the PMMA bone cement and different

PMCs after cultured for 1 day. The cells and Mg particles

were marked with white and black arrowheads, respec-

tively, while the circular areas with dark color are PMMA

particles. First of all, it is clearly shown that osteoblasts on

PMCs with lower Mg content exhibited better adhesion and

spreading than the cells on PMCs with higher Mg content,

which are likely due to more intense gas generation and pH

increase in the vicinity of PMCs with higher Mg content.

Among the PMCs, samples prepared with ‘‘small’’ Mg

812 X. Lin et al.
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particles showed the best cell adhesion and spreading. The

adhesion and spreading of osteoblasts on 0.2-Mg-L, 0.2-

Mg-M, 0.2-Mg-S, 0.4-Mg-S and 0.2-ZK61 are all better

than those on the PMMA, indicating that the addition of

Mg particles in a proper manner could promote the surface

bioactivity of polymeric materials, which is consistent with

the results reported for PCL/Mg hybrid bone substitute [15]

and PLGA/Mg alloy composite [16], as well as PMMA/Sr-

BG (bioactive glass) [31] and PMMA/quaternized chitosan

[33] composite bone cement.

As an injectable and degradable implant material for

MIOSs, PMCs should have proper setting, mechanical,

degradation and biological properties, all of which are

critical for their operation and therapeutic outcomes

[24, 34, 42]. Collectively, the results demonstrated that the

concentration, particle size and alloy composition of Mg

particles affected the setting, mechanical, degradation and

biological properties of PMCs simultaneously and syner-

gistically. Theoretically and as shown by the results, the

particle size would affect the injectability, mechanical

properties and porous structure after degradation (which is

important for ingrowth of bone tissue) of PMCs by altering

their setting and rheological properties, and microstruc-

tures. Meanwhile, the Mg particles with different sizes may

have different degradation rates, which could affect the

degradation and biological properties of PMCs. The con-

centration of Mg particles also affects the physiological,

degradation and biological properties of PMCs by influ-

encing the interaction between Mg and PMMA, rheological

properties of the mixture during solidification, the

microstructure and PMMA/Mg interface area, and the

active area fracture on the surface of PMCs after solidifi-

cation. The composition of Mg particles could also affect

all three properties of PMCs by altering the interaction

Fig. 3 a pH variation of Hanks’ solution with cements, b percent weight change, c typical surface morphology d compressive strength of

different PMCs after immersion. Data in a are shown in means, b and d are shown in mean ± standard deviation
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Fig. 4 a O.D. values of 96 wells with MC3T3-E1 pre-osteoblasts when cultured with different extracts for one and 3 days. Data are shown in

mean ± standard deviation. One-way analysis of variance was used for statistical analysis. All the pairwise comparisons were made by the post

hoc test of Turkey, and no significance was shown at the 0.05 level; b pH value of extracts before cell culture in the CCK-8 assay

Fig. 5 Morphologies of osteoblasts on the pristine PMMA bone cement and different PMCs after cultured for 1 day. The cells and Mg particles

are marked with white and black arrowheads, respectively. Scale bar = 100 lm
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between Mg and PMMA, the PMMA/Mg interfacial

bonding, and the rate/kind of ion released during degra-

dation. Meanwhile, it should be noticed that the influence

of one parameter is also dependent on other parameters.

For example, the effect of concentration of pure Mg with

medium-sized particles on the compressive strength is

negligible, while the effect of ZK61 is significant even

though they both have the same particles size. Addition-

ally, when increasing the concentration of ‘‘large’’ Mg and

‘‘small’’ Mg within the same range, the compressive

strength of the resulting PMCs changed in opposite trends.

The handling properties, mechanical strength, degrada-

tion behavior and biocompatibility/bioactivity are four

prominent properties of PMC, which are influenced by the

concentration, particle size and alloy composition of Mg

particles in it. Thus, all the above parameters should be

carefully selected to optimize the four properties. Based on

the results, the content and size of Mg particles should be

well controlled to obtain good injectability. For maintain-

ing good mechanical strength and achieving proper

degradation behavior (including proper degradation rate,

released products, and resulting morphology), the compo-

sition, content, and size of Mg should all be considered. To

achieve good biocompatibility/bioactivity, the composition

and content of Mg particles should be primarily considered.

Figure 6 shows the clinical requirements for bone cement

and the corresponding designing strategies of PMCs.

Proper content of Mg particles with a selected diameter,

composition and degradation rate should be added to

achieve good handling, compressive strength and degra-

dation properties Meanwhile, Mg particles alloyed with

bio-functional elements [29, 43–45] should be primarily

considered to endow the PMCs with various bio-functions,

such as osseointegration, osteogenic, angiogenic and

antibacterial capabilities. Future work will focus on the

optimization of PMCs following the strategies proposed in

Fig. 6. In vivo evaluation of the tissue response and

bonding to PMCs will be performed in order to validate the

concept in the future.

4 Conclusion

Partially degradable PMCs were successfully developed

and the PMCs degraded and generated porous structures at

the surface, while maintaining their original compressive

strengths. The injectability, mechanical, degradation and

biological properties of the PMCs could be adjusted by

controlling the size (within 75–550 lm), alloy composition

(pure Mg or ZK61 alloy) and concentration of Mg particles

(9–17 wt%). The osteoblast adhesion was enhanced, while

the good injectability and compressive strengths of

cement were maintained when properly controlling the

above parameters. The samples of 0.2-Mg-M and 0.2-

ZK61 exhibited the best overall properties among all the

PMCs. Collectively, the results showed that the PMCs are

promising for application in MIOSs and worthy to be

further optimized and evaluated.
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