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Abstract

Magnesium-based biomaterials are attracting increasingly more attention for orthopedic

applications based on their appropriate mechanical properties, biodegradability, and favor-

able biocompatibility. However, the high corrosion rate of these materials remains to be

addressed. In this study, porous β-Ca3(PO4)2/Mg-Zn (β-TCP/Mg-Zn) composites were

fabricated via a powder metallurgy method. The β-TCP/Mg-Zn composites with 6% poros-

ity exhibited optimal mechanical properties, and thus, they were selected for surface modi-

fication. A novel dopamine/gelatin/recombinant human bone morphogenetic protein-2

(rhBMP-2) coating with demonstrated stability was prepared to further improve the corro-

sion resistance of the composite and enhance early osteoinductivity. The homogeneo-

usly coated β-TCP/Mg-Zn composite showed significantly improved corrosion resistance

according to electrochemical and immersion tests. In addition, extracts from the dopamine/

gelatin/rhBMP-2–coated β-TCP/Mg-Zn composite not only facilitated cell proliferation but

also significantly enhanced the osteogenic differentiation of Sprague–Dawley rat bone

marrow-derived mesenchymal stem cells in vitro. Furthermore, in vivo experiments were

performed to evaluate the biodegradation, histocompatibility, and osteoinductive potential

of the coated composite. No obvious pathological changes in the vital visceral organs were

observed after implantation, and radiography and hematoxylin-eosin staining showed

strong promotion of new bone formation, matched composite degradation and bone regen-

eration rates, and complete absorption of the released hydrogen gas. Collectively, these

results indicate that the dopamine/gelatin/rhBMP-2–coated β-TCP/Mg-Zn composite

offers improved corrosion resistance, favorable biocompatibility, and enhanced osteoin-

ductive potential for use in the fabrication of orthopedic implants.
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Introduction

Magnesium (Mg) is considered to have potential as a new generation of orthopedic metallic

material [1], based on an elastic modulus comparable to that of natural bone [2–4], favorable

biodegradability [5,6], and strong ability to promote new bone formation [4,7]. However,

Mg corrodes easily both in vitro and in vivo due to a relatively low standard electrode poten-

tial [5]. Rapid corrosion leads to premature loss of mechanical integrity [6], an alkaline local

environment [8,9], and a massive release of degradation by-products (Mg2+, hydroxyl ion,

and hydrogen gas) [10–13], which further cause implant failure and induce adverse effects.

Therefore, strategies to decrease the corrosion rate to better match the bone healing rate have

become a research focus [14]. To delay corrosion, the composition of Mg-based materials

was first optimized [1]. Al, Mn, Ca, Zn, and specific rare earth elements were used as alloying

elements to improve the corrosion resistance and mechanical properties of Mg-based materi-

als [15–18]. Our previous study [19] showed that addition of the appropriate amounts of Zn

and β-Ca3(PO4)2 (β-TCP) improved the mechanical properties and corrosion resistance of

Mg-based materials. Although a porous structure is essential for promoting the ingrowth of

new capillaries and integration of bone tissue [11], greater porosity further reduces the corro-

sion resistance of Mg-based materials [3].

Application of a protective coating has been proven to be an effective method for decreas-

ing the corrosion rate of a material, as it reduces the contact area between the substrate and

a corrosive medium [20,21]. Previously reported coatings that not only improved the corros-

ion resistance but also enhanced the biocompatibility of biomaterials included Ca-P coatings

[22– 24], oxide coatings [25–27], fluoride coatings [28–30], and biodegradable polymer

coatings [31,32]. Furthermore, the construction of composite coatings has been proposed

in recent years [33,34]. Our previous study [35] revealed that application of composite dopa-

mine/gelatin coatings decreased the corrosion rate of Mg-based materials. However, surface

coating of Mg-based materials inevitably hinders the release of magnesium ions in the early

stage after implantation, which negatively affects the promotion of osteogenesis. To over-

come this drawback, early osteogenesis can be promoted by loading the coating with oste-

oinductive growth factors. As one of the most important growth factors in bone tissue

engineering research, recombinant human bone morphogenetic protein-2 (rhBMP-2) has

been demonstrated to effectively induce osteoblastic differentiation of cells of various types

[36,37]. However, rhBMP-2 easily diffuses in vivo, making it difficult to promote local osteo-

genesis with long-lasting effects. Therefore, an appropriate carrier for rhBMP-2 is needed to

achieve stable and sustained release. Xia et al [38] used gelatin microspheres to encapsulate

BMP-2 on a poly(lactic-co-glycolic acid) scaffold and achieved sustained release. In addition,

the coating also enhanced the proliferation and osteogenesis of rabbit bone mesenchymal

stem cells (BMSCs) in vitro. Another study by Wang et al. focusing on the capacity for drug

delivery showed that sustained BMP-2 release was obtained with both microspheres and

nanosphere-based gelatin gels [39].

In the present study, to simultaneously improve the corrosion resistance of Mg based bio-

materials and enhance the promotion of early osteogenesis, we loaded rhBMP-2 onto gelatin

microspheres for sustained release. Additionally, polydopamine was used as an intermediate

layer to promote adherence of the gelatin/rhBMP-2 layer onto the surface of porous 5%β-

TCP/Mg-3%Zn composites, which were fabricated using powder metallurgy. Subsequently,

the corrosion behavior, cytocompatibility, and osteoinductivity of the composites were tested

in vitro. Furthermore, the in vivo biotoxicity, osteoinductivity, and biodegradation also were

systematically evaluated.
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Materials and methods

Material fabrication

The raw materials for the composites included pure Mg (purity�99.5%, particle diameter:

70 –150 μm), pure Zn (purity�99.8%, particle diameter�45 μm), and β-Ca3(PO4)2 (β-TCP)

particles (particle diameter�8 μm). Ammonium bicarbonate particles (NH4HCO3, purity

�99.9%, 150 μm� particle diameter�400 μm) were utilized as space-holder particles. Pow-

ders of 92 wt.% Mg, 3 wt.% Zn and 5 wt.% β-TCP were mixed together in a vacuum tank for

24 h at room temperature. Then, NH4HCO3 particles were added to these mixed powders in

15%, 30%, and 45% volume percentages. The raw materials and space-holder particles were

mixed for another 24 h. The mixtures were uniaxially compressed at 150 MPa (room tempera-

ture) into compact samples of 42 mm × 6 mm × 6 mm, 42 mm × 10 mm × 6 mm, and F20

mm × H20 mm using customized molds.

The sintering process for the compact samples included three steps. First, the compact sam-

ples were heated to 150–260 ˚C at a rate of 4 ˚C/min, and the temperature was maintained for

3 h in a vacuum furnace for removal of the space-holder particles. Second, the samples were

heated to 550–610 ˚C under a high-purity argon atmosphere in a sinter furnace at a rate of 8

˚C/min and incubated for 3 h. Finally, the sintered samples were cooled to room temperature

under the protection of high-purity argon.

Porosity measurements and microstructural characterization

The total porosities of 5%β-TCP/Mg-3%Zn composites were measured by gravimetry based

on the following formula [40]: Porosity = (1-ρ/ρs)×100%, where ρs represents the density of

the 5%β-TCP/Mg-3%Zn specimens measured by the immersion method. The apparent den-

sity (ρ) of the 5%β-TCP/Mg-3%Zn specimens was measured by the weight-to-volume ratio.

The specimens were ground successively with 1000 and 1500 grit papers and polished

with metallographic polishing paste and absolute ethanol. The surface morphology of the 5%

β-TCP/Mg-3%Zn composites was observed under scanning electron microscopy (SEM; FEI

Quanta-200, The Netherlands). Elemental analyses were conducted using energy-dispersive

X -ray spectrometry (EDS; Phenom Pure, The Netherlands). Phase identification of the com-

posites was performed by X-ray diffraction (XRD; Rigaku, DMAX-2500) using CuKα radia-

tion at a wavelength of 1.5406 Å.

Mechanical testing

The specimen size for the compression tests and Brinell hardness tests was F20 mm × H20

mm, and the specimen size for three-point bending tests was 42 mm × 6 mm × 6 mm. The

compression and three-point bending tests were performed using a material test system

(MTS810, USA). In addition, the hardness was tested with a Brinell sclerometer (HY, China).

For three-point bending, the samples were placed on a holder with a 30-mm span to constitute

a simple supported beam. The speed of the instrument was set at 1 mm/min for both compres-

sion tests and three-point bending tests. For all mechanical measurements, the data were col-

lected until complete fracture of the specimen.

Preparation and characterization of the dopamine/gelatin/rhBMP-2

coatings

Specimens with optimal mechanical properties were selected for coating modification. A

dopamine-sodium hydroxide solution was prepared by mixing double distilled water, dopa-

mine hydrochloride (Aladdin, China), and sodium hydroxide at a ratio of 1000:2:40. The
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5% β-TCP/Mg-3%Zn composites were immersed in this solution for 72 h, followed by drying

at room temperature and seal-preservation.

A gelatin solution was prepared using 50˚C double distilled water and pharmaceutical-

grade gelatin (Aladdin, China) in a ratio of 5:1. The gelatin solution was then dropped in pre-

heated (50˚C) liquid paraffin while stirring (500 r/min) for 3 min, followed by quick transfer

of the suspension to a water bath (0 ˚C) with isopropanol while continuously stirring for 3

min. The suspension was then placed in a 4 ˚C refrigerator for 24 h for solidification, followed

by the addition of a moderate amount of genipin and crosslinking for 12 h. The gelatin micro-

spheres were dehydrated, dried, and sterilized by co-60 irradiation.

Gelatin microspheres (150 mg) were immersed in 5 ml rhBMP-2 solution (100 μg/mL).

The microspheres were centrifuged and collected after shaking for 24 h on a 37 ˚C constant-

temperature shaker. Each surface of the specimens was first brushed using a brush dipped in

a gelatin solution and then dried in a biological safety cabin for 120 min. This process was

repeated five times. Next, the rhBMP-2/gelatin microsphere was loaded. Finally, the micro-

spheres were covered with gelatin solution five times.

Electrochemical testing

The anti-corrosion properties were evaluated using potentiodynamic polarization testing by

the MUL TI AUTOLAB M204 instrument while samples were immersed in Hank’s solution.

Briefly, an Ag/AgCl electrode (saturated with KCl) and platinum plate were used as the refer-

ence and counter electrodes, respectively. The measurement was conducted after stabilizing

the open circuit potential for 10 s. The scanning rate was 1 mV/s, the potential range was

−2.0 V to 2.0 V, and the exposed area was 1 cm2. Triplicate tests were performed to ensure

the repeatability of the results.

In vitro immersion testing

The immersion tests, including the weight-change test, pH-value test and hydrogen-release

test, were performed in Hank’s solution at 37 ˚C. All the specimens were ground with 1500

grit paper. The weight-change test and the pH-value test were performed using specimens of

F20 mm × H20 mm size. The ratio of the solution volume and the specimen surface area was

20 ml/cm2. At each monitoring time point, the specimens were removed and dried for mea-

surement of weight with an electronic balance (PL203, Mettler Toledo) and pH value using a

benchtop pH meter (FE20, Mettler Toledo).

The hydrogen-release test was conducted using specimens of 10 mm × 10 mm × 6 mm size

embedded in a denture base resin. The hydrogen generated by the immersed specimens was

collected into acid burets, and the amount of released hydrogen was measured according to

the difference in the liquid level heights.

In vitro cytology assays

Preparation of material extracts. The extracts of the bare and coated 5%β-TCP/Mg-3%

Zn composites were prepared based on the International Organization for Standardization

(ISO 10993–5) [41]. The ratio of the surface area to the culture medium was 2.5 cm2/ml. The

bare and coated specimens were incubated for 72 h at 37 ˚C in Dulbecco’s Modified Eagle’s

Medium: nutrient mixture F-12 (DMEM/F-12, Gibco). The original extracts were collected,

and the pH value was adjusted to neutral. After filter sterilization, the extracts were supple-

mented with 1% penicillin/streptomycin (HyClone, USA) and 10% fetal bovine serum (FBS,

Gibco, USA).
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Cell preparation and culture. Sprague–Dawley rBMSCs were provided by Cyagen Biosci-

ences Inc [42]. DMEM/F-12 supplemented with 10% FBS and 1% penicillin/streptomycin was

used as the culture medium, and the rBMSCs were cultured at 37 ˚C in 5% CO2. The culture

medium was exchanged every 72 h. A subculture of the cells was performed when the rBMSCs

reached approximately 90% confluence. Cells in the third to sixth passage were used for these

experiments.

Cell viability. The Cell Counting Kit-8 viability assay (CCK-8, Dojindo, Japan) was per-

formed to evaluate the influence of the specimen extracts on rBMSC proliferation. Then,

100 μl/well of cell suspension (3×104 cell/ml) were seeded into four 96-well plates (3599,

Costar). After pre-cultivation at 37 ˚C with 5% CO2 for 24 h, the culture medium for the two

experimental groups was replaced with the solution of the extracts from bare specimens and

coated specimens. Four 96-well plates were incubated in the incubator (Forma3111, Thermo)

for 24, 48, 72, or 96 h. Then, 10 μl CCK-8 solution was added to each well at each time point,

followed by incubation for 2 h. The absorbance of each well was measured with a microplate

absorbance reader (MK3, Thermo) at 450 nm. Five parallel samples were used for each experi-

mental condition.

Alkaline phosphatase (ALP) activity and ALP staining assay. An ALP activity kit

(21101ES60, Yeasen) was utilized to assess the ALP activity of cells exposed to the specimen

extracts. First, 3×105 rBMSCs were cultured in the prepared solutions of extract from bare or

coated specimens in 6-well plates. After induction for 7 and 14 days, 10 μL of 10 mM p-nitro-

phenol standard solution was diluted with ALP assay buffer to 0.2 ml. After the obtained cell

lysate was centrifuged, 50 μL supernatant, dilute p-nitrophenol standard solution, and 100 μL

blank control were each added to each well in the 96-well plates. After incubation at 37 ˚C for

30 min, the reaction was quenched by adding 100 μL stop solution to each well. The ALP activ-

ity was quantified based on the absorbance at a wavelength of 405 nm obtained using a micro-

plate absorbance reader (MK3, Thermo). The results were normalized to the total protein

content [43], and all assays were performed in triplicate.

ALP staining was also performed at day 7 and day 14 with an ALP stain kit (40749ES50,

Yeasen). First, the rBMSCs were fixed by 4% paraformaldehyde for 1 min, followed by washing

with tween-contained Tris buffered saline three times. Then, the cells were stained with a

freshly prepared ALP staining solution in the dark for 20 min. Finally, the staining was stopped

by removing the staining solution and washing with phosphate buffer saline. The results were

observed and photographed using an inverted light microscope (AE2000, Motic).

Real-time quantitative polymerase chain reaction (RT-qPCR) analysis. The expression

levels of osteoblast-related genes collagen I (COL I), osteocalcin (OCN), and osteopontin

(OPN) were measured with quantitative real-time PCR. Briefly, rBMSCs were cultured in the

prepared solutions of extract from bare or coated specimens at a density of 1×103 cells/well for

7 or 14 days. Glyceraldehyde-3-phosphatedehydrogenase (GAPDH) was utilized as the house-

keeping gene for normalization. Table 1 lists the forward and reverse primer sequences used in

Table 1. Primer sequences of osteoblast-related genes used for real-time quantitative PCR.

Gene Direction Sequence (5’-3’)

OPN Forward AGGACAGCAACGGGAAGACC

Reverse CATCCGACCGCTCCGCACTA

OCN Forward GAGGGCAGTAAGGTGGTGAA

Reverse CCATAGATGCGCTTGTAGGC

COL 1 Forward AGAATATGTATCACCAGACGCAGAA

Reverse GCACGGAAACTCCAGCTGAT

https://doi.org/10.1371/journal.pone.0228247.t001
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this experiment. Each 20 μl reaction solution consisted of 10 μL 2× SYBR Green qPCR Mix,

1 μL of each primer, 1.0 μL cDNA, and 7.0 μL sterile purified water. The experimental condi-

tions of the real-time PCR were as follows: 95 ˚C for 3 min followed by 39 cycles at 95 ˚C for

10 s and 60 ˚C for 30 s. The differences between the target and control CT values for each sam-

ple were calculated as ΔCT: ΔCT = CT (target)–CT (control). The relative expression level for

each gene was acquired by transforming the logarithmic values into absolute values using the

2-ΔΔCT method. All the experiments were performed in triplicate.

In vivo evaluation

Animal model and postoperative observation. Specimens with superior corrosion resis-

tance and biocompatibility in vitro were utilized to perform in vivo experiments. Twenty-

four New Zealand rabbits (2.8–3.2 kg, 12 males and 12 females) were supplied by Laboratory

Animal Center of The Second Xiangya Hospital (animal use permit No.: SYXK [Xiang]

2017–0002). The rabbits were randomly divided into a control group (6) and experimental

group (18). Before the surgical procedure, anesthesia was applied by intravenous injection of

30 mg/kg pentobarbital sodium via an ear vein. The operation sites were carefully shaved

and sterilized. A 2.5-cm longitudinal incision was made, and the skin and subcutaneous tis-

sue were incised. The femoral shaft was exposed after blunt dissection of the muscle. A

drilled hole with 3.0-mm diameter was carefully made in the middle and distal third of the

right femur using an orthopedic drill. A F3 mm × H6 mm pin formed from coated 5%β-

TCP/Mg-3%Zn composite was inserted into the drilled hole. The incision was sutured layer

by layer. Intramuscular injection of 40U penicillin was applied immediately after surgery

and every 24 h thereafter for 3 days to prevent infection. All rabbits were examined for gen-

eral condition, appetite, lameness, condition of the wound, and formation of subcutaneous

emphysema.

Serum biochemical testing, histological evaluation, and radiographic evaluation.

Venous blood specimens from six rabbits in the experimental group were collected at six time

points, including immediately preoperatively and 7, 14, 30, 60 and 90 days postoperatively.

The serum concentrations of Mg2+, Zn2+, and Ca2+ ions as well as blood urea nitrogen (BUN),

creatinine (Cr), alanine aminotransferase (ALT), and aspartate aminotransferase (AST) were

measured by a biochemical analyzer (LABOSPECT 003, Hitachi).

Four animals were sacrificed by overdose of pentobarbital sodium at each observation

point (4, 8 and 12 weeks after implantation). The heart, liver, kidney, and bone tissue sur-

rounding the implants were harvested. These specimens were fixed in 4% paraformaldehyde

for 48 h. In addition, the bone tissues were decalcified with 10% ethylene diamine tetraacetic

acid for 30 days. The specimens were dehydrated with gradient ethyl alcohol solutions and

embedded in paraffin. A Leica RM 2245 microtome was utilized to cut the tissue into sections

of 5 μm thickness. The sections were stained sequentially with hematoxylin and eosin (H&E).

Radiographs of the implantation area were obtained at 4, 8, and 12 weeks postoperatively for

in vivo observation of the degradation process, release of hydrogen, and bone regeneration

process.

Statistical analysis

The quantitative results obtained in this study were expressed as the mean ± standard devia-

tion. Statistical analyses were performed using SPSS 22.0 software (SPSS Inc., Chicago, IL,

USA). One-way analysis of variance (ANOVA) followed by Student-Newman-Keuls post hoc

tests were used to analyze the differences between groups. Statistical significance was defined

by p<0.05.
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Results

Characterization of the 5%β-TCP/Mg-3%Zn composite microstructure

The results of phase identification for the 5%β-TCP/Mg-3%Zn composites by XRD are shown

in Fig 1. The α-Mg phases and Mg-Zn intermediate phases [2] were observed in all experimen-

tal specimens. In addition, the β-TCP phase was detected in the experimental specimens with

13% porosity. No ammonium bicarbonate phase, MgO phase, Mg-Ca phase or Zn-Ca phase

was detected.

SEM micrographs and the results of EDS analysis of the 5%β-TCP/Mg-3%Zn composites

are shown in Fig 2. A homogeneous pore distribution was observed. The average pore size

and pore quantity increased with increasing space-holder content (Fig 2a–2c). The chemical

composition of the grain area (point A) showed a large amount of Mg and little Zn; thus, it

was identified as the α-Mg matrix (Fig 2e). The β-TCP phase (Fig 2f) was also identified along

with the grain boundaries (point B), because the chemical composition showed a high quantity

of Ca, P, and O. In addition, the Mg-Zn intermediate phases (Fig 2g) were observed in the

grain boundaries (point C).

Mechanical properties the 5%β-TCP/Mg-3%Zn composites

The porosities and mechanical properties of the porous 5%β-TCP/Mg-3%Zn composites in

comparison with the porous Mg-6%Zn alloy and natural bone are summarized in Table 2. The

mechanical properties of the porous 5%β-TCP/Mg-3%Zn composites decreased with increas-

ing porosity. In addition, both the elastic modulus and Brinell hardness matched well those of

Fig 1. XRD patterns of the 5%β-TCP/Mg-3%Zn composites of different porosity.

https://doi.org/10.1371/journal.pone.0228247.g001
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natural bone. Compared with the porous Mg-6%Zn alloy, the addition of the appropriate ratio

of β-TCP resulted in an increased compressive strength and a decreased elastic modulus. In

addition, the compressive strength of the 5%β-TCP/Mg-3%Zn composite with 6% porosity

was higher than that of natural bone.

Characterization of the dopamine/gelatin/rhBMP-2 coating applied to the

5%β-TCP /Mg-3%Zn composite

By SEM, the dopamine/gelatin/rhBMP-2 coating was observed to create a flat and smooth

surface over the 5%β-TCP /Mg-3%Zn composite (Fig 3a). SEM images of the BMP-2–loaded

gelatin microparticles used to prepare the coating showed the homogeneous distribution of

the microparticles with intact sphere structures and no obvious aggregation (Fig 3b). From the

cross-sectional view of the dopamine/gelatin/rhBMP-2 coating (Fig 3c and 3d), the dopamine

layer was relatively thin, with an average thickness of 0.38±0.11 μm, and the thickness of the

complete coating averaged 40.7±5.2 μm. In addition, no cracking was observed on the inter-

phase between the substrate and the composite coating. EDS analysis of cross-sections of com-

posite coating (point A) and the interphase between the substrate and the coating (point B)

showed higher C, N and O content (Fig 3e and 3f), which indicated the presence of gelatin and

dopamine.

Fig 2. Surface morphologies (a-c) and elemental analysis (d-g) of the 5%β-TCP/Mg-3%Zn composites.

https://doi.org/10.1371/journal.pone.0228247.g002

Table 2. Porosity and mechanical properties of porous 5%β-TCP /Mg-3%Zn composites in comparison with porous Mg-6Zn and natural bone.

Material Porosity (Vol.%) UCS (Mpa) UFS (Mpa) F Modulus (Gpa) Brinell Hardness

5%β-TCP /Mg-3%Zn composite 6 169.4 35.1 9.3 34.8

5%β-TCP /Mg-3%Zn composite 13 109.4 33.4 7.9 26.9

5%β-TCP /Mg-3%Zn composite 18 76.0 31.9 7.3 20.6

Porous Mg-6Zn [3] 6.7–17.3 49.5–95.5 44.6–66.7 8.3–11.1 -

Natural Bone [4,44,45] - 1.8–150 2–180 0.1–20 20–58

UCS: uniaxial compressive strength; UFS: uniaxial flexural strength; F: flexural.

https://doi.org/10.1371/journal.pone.0228247.t002
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In vitro corrosion behavior of dopamine/gelatin/rhBMP-2-coated 5%β-

TCP/Mg-3%Zn composite

Electrochemical tests were performed to evaluate the in vitro corrosion behavior of bare and

dopamine/gelatin/rhBMP-2–coated 5%β-TCP/Mg-3%Zn composites. The self-corrosion

potential (Ecorr) and current density (icorr) valued determined from extended Tafel slope

analysis (Fig 4a) are presented in Table 3. For the bare specimens, with increasing porosity,

the Ecorr value decreased and the icorr value increased. More importantly, the dopamine/gela-

tin/rhBMP-2–coated 5%β-TCP/Mg-3%Zn composite (6% coated) had the highest Ecorr

value (-1.40 V) and the lowest icorr value (1.82 ×10−6 A/cm2). According to previous studies

[46,47], enhanced electronegativity indicates a higher possibility of corrosion, whereas a

lower current density suggests better corrosion resistance. Thus, the corrosion resistance of

the different specimens can be ranked in the following order: 6% coated > 6% bare > 13%

bare > 18% bare. Thus, a rationally selected porosity as well as coating with dopamine/gela-

tin/rhBMP-2 in this study endowed the best corrosion resistance to the composite.

Fig 4b shows the variation in the pH values of Hank’s solution surrounding the immersed

specimens over time. For all bare specimens, the solution pH value increased rapidly during

the initial 24 h. Then, the increase in the pH values slowed significantly and tended to stabilize

in the late stage of immersion. Among the bare specimens, the specimens with 6% porosity

produced the lowest pH values, which rose from 7.5 at the beginning to a maximum of 10.37

at 144 h, and specimens with 18% porosity produced the highest pH values, which rose from

7.5 to a maximum of 10.90 at 144 h. In addition, the pH values produced by coated specimens

with 6% porosity were significantly lower than the pH values produced by any of the bare spec-

imens, and the increase in pH value around the coated specimens was relatively slow and sta-

ble, reaching a value of 9.6 after 144 h.

The amount of hydrogen generated by all specimens was relatively small during the initial

48 h and gradually increased thereafter (Fig 4c). For bare specimens, the amount of hydrogen

produced increased with increasing porosity (127 ml/cm2, 144 ml/cm2, and 160 ml/cm2 at 336

h for bare specimens with porosities of 6%, 13% and 18%, respectively). In addition, the coated

specimens showed a much lower amount of hydrogen generation than the bare specimens,

reaching a volume of only 38 ml/cm2 after 336 h.

Fig 3. SEM images of the surface morphology of coated composites along with a cross-sectional view of the dopamine/gelatin/

rhBMP-2 coating. (a) Gelatin surface; (b) BMP-2–loaded gelatin microparticles; (c) dopamine layer; and (d) the total composite coating.

Elemental analysis of the (e) gelatin layer, (f) dopamine layer, and (g) substrate.

https://doi.org/10.1371/journal.pone.0228247.g003
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The weight of all bare specimens increased gradually and slowly with prolonged immersion

time (Fig 4d). Among the bare specimens, the specimens with 6% porosity had the minimum

weight change of 105.25% over 144 h, while the specimens with 18% porosity had the maxi-

mum weight change of 111.6% over 144 h. For the coated specimens, the weight increased dur-

ing the initial 9 h but began to decrease thereafter. In addition, the variability of the weight of

the coated specimens was significantly smaller than that of the bare specimens with the same

porosity, reaching 98.4% after 144 h. The weight curve reflected that the gelatin expanded with

absorption of Hank’s solution at the beginning, followed by gradual peeling.

SEM observation of the surface morphologies of the bare specimens after immersion in

Hank’s solution for 72 h showed that corrosion initiated preferentially around the pores

Table 3. Corrosion potential (Ecorr) and corrosion current density (icorr) of all 5%β-TCP/Mg-3%Zn specimens in

Hank’s solution.

5%β-TCP/Mg-3%Zn specimen Ecorr(V) icorr (A/cm2)

Bare, 6% porosity -1.57 4.26×10−5

Bare, 13% porosity -1.59 7.76×10−5

Bare, 18% porosity -1.61 9.55×10−5

Coated, 6% porosity -1.40 1.82×10−6

https://doi.org/10.1371/journal.pone.0228247.t003

Fig 4. Anti-corrosion properties of dopamine/gelatin/rhBMP-2–coated 5%β-TCP/Mg-3%Zn composites. (a) Potentiodynamic

polarization curves for the bare and coated 5%β-TCP/Mg-3%Zn specimens in Hank’s solution. (b) Variation in pH value of Hank’s

solution with immersion time. (c) Volume of hydrogen produced during immersion. (d) Variation in weight of the immersed

specimens.

https://doi.org/10.1371/journal.pone.0228247.g004
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(Fig 5a–5c). The extent of corrosion and amount of corrosion products increased with increas-

ing porosity. EDS analysis of the bare specimen surface showed higher O and Mg contents

around the pores (Fig 5g), which indicated the formation of magnesium hydroxide. SEM

observation of the surface morphologies of the coated specimens after 5, 9, and 72 h of immer-

sion showed slight cracks beginning to appear on the surface of the coating after immersion

for 5 h (Fig 5d). The gelatin layer showed considerable water absorption and expanded after

immersion for 9 h (Fig 5e). Thereafter, a peeling phenomenon (Fig 5f) was observed for the

gelatin. EDS analysis of the coated specimen surface showed higher C and O and N content

(Fig 5h), which indicated the presence of a gelatin layer.

Effects of 5%β-TCP/Mg-3%Zn composite extracts on rBMSC proliferation

The Mg2+ concentrations in the solutions of extract from the bare and coated 5%β-TCP/Mg-

3%Zn composites were 12.88 mM and 5.94 mM, respectively, and for use in cell culture experi-

ments, the pH values of both composite extract solutions were neutralized to 7.4. As shown in

Fig 5. SEM images showing the surface morphologies of bare 5%β-TCP/Mg-3%Zn composites after immersion in Hank’s solution for

72 h: (a) 6% porosity; (b) 13% porosity; and (c) 18% porosity. SEM images showing the surface morphologies of dopamine/gelatin/

rhBMP-2–coated 5%β-TCP/Mg-3%Zn composites after immersion in Hank’s solution for 5 h (d), 9 h (e) and 72 h (f). EDS analysis of

the bare (g) and coated (h) specimen surfaces after immersion for 72 h.

https://doi.org/10.1371/journal.pone.0228247.g005
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Fig 6, significantly greater rBMSC proliferation was induced by the coated specimen extract

than by the bare specimen extract or culture medium at each time point (p<0.05). rBMSC pro-

liferation induced by the bare sample extracts was higher than that by culture medium at 1 and

3 days (p<0.05). However, at 2 and 4 days, no obvious differences rBMSC proliferation was

observed between the bare sample extracts and culture medium samples. These results indicate

that compared with the extracts of the bare composite, the extracts of the coated composite

better promoted the proliferation of rBMSCs.

Effects of 5%β-TCP/Mg-3%Zn composite extracts on osteogenic

differentiation of rBMSCs

Staining for ALP, a marker of osteogenic differentiation, was more intense among rBMSCs

cultured in extract from the coated 5%β-TCP/Mg-3%Zn composite than among rBMSCs cul-

tured in bare specimen extract on both days 7 and 14, with the most notable difference at day

14. Consistently, quantitative analysis revealed that the ALP activity in rBMSCs cultured with

the coated composite extract was significantly higher than that in the rBMSCs cultured with

bare sample extract on both days 7 and 14 (Fig 7b).

Fig 6. Cell viability of rBMSCs cultured with extracts from bare or coated 5%β-TCP/Mg-3%Zn composites over 4 days. �p<0.05.

https://doi.org/10.1371/journal.pone.0228247.g006
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The relative mRNA expression levels of COL I, OCN, and OPN in rBMSCs cultured with

the extracts of the bare or coated composites are shown in Fig 7c–7e. rBMSCs cultured with

the coated composite extracts expressed significantly higher levels of OPN and OCN mRNA

than cells cultured with the bare composite extracts on day 7 (Fig 7c and 7d). The OCN and

COL I mRNA expression levels also differed significantly between rBMSCs cultured with the

bare vs. coated composite extracts on day 14 (Fig 7d and 7e).

Fig 7. Osteogenic differentiation of rBMSCs cultured in solutions of extracts from bare or coated 5%β-TCP/Mg-

3%Zn composites. (a) ALP staining after culture for 7 and 14 days; (b) quantitative ALP activity; (c-e) qPCR analysis

of COL I, OCN, and OPN gene expression on days 7 and 14. �p<0.05.

https://doi.org/10.1371/journal.pone.0228247.g007
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In vivo behavior of dopamine/gelatin/rhBMP-2-coated 5%β-TCP/Mg-3%

Zn composite following implantation in the rabbit femur

Serum biochemical evaluation and histopathological examination of vital visceral

organs after composite implantation. The serum concentrations of Mg2+, Zn2+, and Ca2+

ions as well as the major indicators of liver and kidney function in New Zealand rabbits were

analyzed after implantation of a dopamine/gelatin/rhBMP-2-coated 5%β-TCP/Mg-3%Zn

composite specimen in the rabbit femur (Fig 8). The serum concentration of Mg2+ increased

to the maximum value (2.25±0.36 mmol/L) in approximately 14 days after implantation and

then decreased gradually to the preoperative level (1.85±0.20 mmol/L) within approximately

60 days (Fig 8a). The concentrations of Zn2+ and Ca2+ reached peak values (94.31±7.2 μmol/L

and 3.31±0.12 mmol/L, respectively) at 14 days after implantation, followed by continuous

decreases to preoperative levels (87.6±4.8 μmol/L and 3.14±0.16 mmol/L, respectively), with

very small ranges of variation (Fig 8b and 8c). The serum ALT level remained steady (from

61.70±3.50 U/L to 53.40±6.20 U/L), and the serum AST level fluctuated within the normal

range (from 13.97±2.98 U/L to 26.33±6.80 U/L, Fig 8d and 8e). The BUN level showed a rapid

increase up to 14 days postoperatively (16.33±1.53 mmol/L), followed by a slow decrease (Fig

8f). The serum Cr level decreased postoperatively (73.43±13.97 μmol/L) and tended to stabilize

after 1 month (61.30±3.40 μmol/L, Fig 8g). These results indicate that the degradation of the

implanted specimens did not result in abnormal fluctuations in serum ion concentrations or

deficits in liver and kidney function.

Fig 8. Serum concentrations of Mg2+ (a), Zn2+ (b), and Ca2+ (c) ions as well as ALT (d), AST (e), BUN (f) and Cr (g) in the

experimental rabbits (n = 6) before and after implantation. Normal reference values for metal ions: Mg2+: 0.82–2.22 mmol/L, Zn2

+:75.5–170 μmol/L, and Ca2+:3.1–5.2 mmol/L.

https://doi.org/10.1371/journal.pone.0228247.g008
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Samples of rabbit heart, liver, and kidney harvested 1 month after coated composite

implantation were analyzed histopathologically by H&E staining (Fig 9). No obvious necrosis

or degeneration of the tissue was observed, indicating that the implanted specimens did not

cause obvious damage to the vital visceral organs. These results were consistent with those of

the blood biochemistry tests (Fig 8d–8g), and thus, satisfactory in vivo histocompatibility of

the coated composite was demonstrated.

Radiographic examination of rabbit femurs after implantation of coated composite

specimens. One month after implantation, anteroposterior and lateral radiographs of the

femur showed a blurred edge of the coated composite implant (Fig 10a) and that the implant

Fig 9. H&E staining of heart (a, d), liver (b, e) and kidney (c, f) tissue obtained from rabbits of the implantation

and control groups at 1 month post-surgery.

https://doi.org/10.1371/journal.pone.0228247.g009

Fig 10. Radiographic evaluation of the implant site in the femur of New Zealand rabbits: (a-c) anteroposterior view of femurs in

the experimental group; (e-g) lateral view of femurs in the experimental group; (d, h) anteroposterior and lateral view of femurs in

the control group. Yellow arrows: periosteal reaction/callus; green arrows: hydrogen bubble; blue arrows: residual implant.

https://doi.org/10.1371/journal.pone.0228247.g010
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was surrounded by a low-density shadow (hydrogen bubble), which was relatively local (Fig

10e). In addition, a periosteal reaction could be observed (Fig 10a and 10e). These results sug-

gest that corrosion of the implant had begun, and a small amount of hydrogen had been

released. Two months after implantation, the shadow of the implant was smaller (Fig 10b and

10f) compared with that at 1 month after implantation (Fig 10a and 10e), and the gas bubble

around it was barely visible. In addition, more and thicker calluses had formed in the bone

defect area (Fig 10b and 10f). These phenomena indicated that the implant had further

degraded, releasing hydrogen bubbles that had been absorbed, and that the bone defects were

being repaired. Three months after implantation, the implant shadow was absent (Fig 10c),

and the gas shadow had completely disappeared (Fig 10g). The newly regenerated cortex had

rejoined at the defect hole. The cortex of the femur diaphysis where the drill hole was located

was thickened (Fig 10c and 10g). These results suggested that degradation of the implant was

complete by this time point, with thorough absorption of the hydrogen bubble and full repair

of the bone defect.

Histological analysis of bone regeneration after coated composite implantation. The

process of bone regeneration after implantation of the coated 5%β-TCP/Mg-3%Zn composite

was evaluated by histological staining (Fig 11). No obvious abnormality was detected in the

bone tissues surrounding the implant at any time point, which implied favorable histocompati-

bility. At 1 month post-implantation (Fig 11a and 11e), new capillaries and newly formed tra-

beculae, which were surrounded by large amounts of continuously arranged osteoblasts, were

observed. Isolated multinucleated giant cells (Fig 11e) were found in this field, presumably

related to the degradation and absorption of implants. In addition, individual lymphocytes

(Fig 11e) were observed, which suggested a postoperative aseptic inflammatory reaction. Two

months after implantation (Fig 11b and 11f), more new trabeculae had formed with decreasing

amounts of surrounding osteoblasts, and osteoclasts had also appeared (Fig 11f), which

implied the gradual maturation of the newly formed bone. Predominantly mature bone tissue

was observed in the defect area 3 months post-implantation (Fig 11c and 11g). Thickened tra-

beculae with sporadic osteoblasts (Fig 11g) was observed. In addition, the amount of the lamel-

lar bone matrix had increased, and the size of the osteocytes decreased (Fig 11g), which

indicated maturation of the bone tissue and essentially complete bone regeneration. These

results were consistent with those of radiographic analysis.

Fig 11. Representative images of H&E staining of decalcifying bone tissues around the implanted coated composite specimens at the

indicated time points post-implantation. (a-c): Experimental group, 200×; (e-g): experimental group, 400×; (d, h) control group, 200× and

400×. Yellow arrows: newly formed trabeculae; blue arrows: multinucleated giant cells; green arrows: osteoblasts; yellow squares: new

capillaries; red arrows: osteoclasts; yellow stars: osteocytes; green ellipses: lamellar bone matrix.

https://doi.org/10.1371/journal.pone.0228247.g011
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Discussion

Mg-based materials have been shown to be suitable orthopedic implant materials based on

their adjustable mechanical properties, appropriate biodegradability, and favorable biocom-

patibility [19,48]. Based on our pilot study, adding 3 wt.% zinc and 5 wt.% β-TCP to the Mg

substrate results in optimal mechanical and anti-corrosion properties. Furthermore, the

mechanical properties of porous 5%β-TCP/Mg-3%Zn were shown to be closely correlated

with the content of the space-holder particle [3]. The 5%β-TCP/Mg-3%Zn composite with 6%

porosity exhibited optimal mechanical properties, having an enhanced compressive strength

and a well-matched elastic modulus and Brinell hardness in comparison with natural bone

(Table 2). Therefore, this composite composition was selected for coating with dopamine/gela-

tin/rhBMP-2 and further in vitro and in vivo studies.

According to previous studies, polydopamine (PDA) can be used as an intermediate layer

for adhering silver [49], hydroxyapatite nanoparticles [50], heparin [51] or specific growth fac-

tors [52,53] onto the surface of biomedical metals. In this study, PDA successfully enhanced

the bonding force between the gelatin/rhBMP-2 layer and the surface of the porous 5%β-TCP/

Mg-3%Zn composite. The potential mechanism may involve the formation of a dopamine

membrane with strong adhesion on the substrate surface [54–56] by self-polymerization

under alkaline conditions.

Although surface coatings limit contact between the Mg substrate and corrosive medium,

these protective layers inevitably hinder the release of Mg ions during the early stage of

implantation, which can reduce the promotion of osteogenesis. Therefore, we introduced

rhBMP-2 within the coating to improve the early osteoinductivity of the coated composite.

However, rhBMP-2 easily diffuses in vivo, which makes long-term promotion of local osteo-

genesis difficult. Furthermore, locally high doses of rhBMP-2 can cause significant adverse

reactions [57,58]. Gelatin microspheres have been demonstrated to be an ideal sustained-

release carrier for rhBMP-2 in previous studies [38,59]. In addition, the low immunogenicity,

good biocompatibility, and biodegradability of gelatin have been demonstrated [60]. Thus,

gelatin microspheres were utilized to encapsulate rhBMP-2 to achieve sustained release from

the composite coating. In the present study, a bioactive dopamine/gelatin/rhBMP-2 coating

was successfully constructed on the surface of porous 5%β-TCP/Mg-3%Zn composite samples

(Fig 3d). The catechol group from dopamine provides sufficient adhesive properties, so that

the prepared coatings can adsorb onto the porous surface of the 5%β-TCP/Mg-3%Zn compos-

ite. Another special design was the rhBMP-2–loaded gelatin microspheres, which made the

implants more biocompatible and stimulated osteogenic differentiation of BMSCs due to the

sustained release of rhBMP-2. Consequently, the coated 5%β-TCP/Mg-3%Zn implants with

improved corrosion resistance also showed favorable biocompatibility and enhanced osteoin-

ductivity (Figs 4–7). In addition, these results were consistent with those of previous studies

that used composite coatings containing PDA or gelatin [51,61,62].

Based on the decreased icorr value and increased Ecorr value, it is clear that the coated

specimen with 6% porosity exhibited superior corrosion resistance compared with the bare

specimens (with 6%, 13% or 18% porosity). In this study, increased porosity accelerated the

degradation of the bare composites and reduced the anti-corrosion properties. A key design

feature in this study was the introduction of the dopamine/gelatin/rhBMP-2 coating onto the

5%β-TCP/Mg-3%Zn composite, as this coating reduced the influence of the porous structure

on the corrosion resistance of the Mg-based biomaterials. Our results demonstrate that selec-

tion of an appropriate porosity (6%) along with the protective effect of the coating improved

the corrosion resistance of the dopamine/gelatin/rhBMP-2–coated 5%β-TCP/Mg-3%Zn

composites.
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According to a previous study [2], the addition of β-TCP in an appropriate proportion to

Mg–Zn alloy significantly improves corrosion resistance. In addition, Ca5(PO4)6(OH)2 which

is the reaction product of β-TCP and H2O, facilitates new bone formation [19]. The Mg matrix

chemically reacts with simulated body fluid, producing hydroxides and releasing hydrogen.

Mgþ 2H2O! MgðOHÞ
2
þH2 " ð1Þ

This reaction is the cause of the alkaline environment around the material (Fig 4b). Acco-

rding to this chemical reaction, Mg(OH)2 is the main solid corrosion product. Mg(OH)2

formed a protective layer on the surface of the composite specimen, preventing the corrosive

medium from contacting the Mg matrix and, thus, delaying the corrosion process. In the

present study, the results of the immersion test (Fig 4) showed that the corrosion resistance

of the bare 5%β-TCP/Mg-3%Zn composites decreased with the increasing content of space-

holder particles. Possible causes include the following: 1) the porosity and pore size increased

with the increasing content of space-holder particles, resulting in an enlarged contact area

between the composites and the corrosion medium, thereby accelerating corrosion [3,63];

and 2) a greater number of pores rapidly accommodated more chloride ions, promoting the

occurrence of pitting corrosion [47,64]. Furthermore, in our immersion test, the presence of

chloride ions transformed Mg(OH)2 into soluble MgCl2.

MgðOHÞ
2
þ 2Cl� ! MgCl

2
þ 2OH� ð2Þ

The breakdown of this protective layer promotes the further corrosion of the substrate to

a certain extent. The corrosion process stabilizes and slows when these two reactions [(1) and

(2)] reach a dynamic equilibrium (Fig 4b), and these results were consistent with those of pre-

vious studies [3,19].

An indirect cytocompatibility test was performed in the present study using extract col-

lected from the composite materials. According to a similar assessment [65], undiluted

extracts from Mg alloys resulted in nearly complete cell death. However, this cytotoxicity is

primarily attributed to high alkalinity and the condition of hyperosmosis, which are caused

by nonphysiological degradation during the extraction process [66]. It is widely accepted that

cell proliferation is inhibited in a hyperosmotic environment [67], whereas Mg2+ ions are

actually nontoxic to cells [68,69]. In this study, owing to the protection of the composite coat-

ings and the low solubility of magnesium hydroxide, Mg2+ ion concentrations in the extracts

did not result in excessive osmotic pressure (5–20 mM Mg2+ ion can be tolerated by cells)

[70,71]. Based on that information, non-diluted extract solutions adjusted to a neutral pH

were utilized to perform the cytotoxicity assay in this study. As shown in Fig 6, the extract of

the coated specimens that contained appropriate concentrations of Mg2+ ion and rhBMP-2

significantly promoted the proliferation of rBMSCs at each time point, compared with the

extracts from the bare specimens, which is consistent with the results of previous studies

[70,71]. Thus, our results indicate that the dopamine/gelatin/rhBMP-2 coatings not only pre-

vent rapid release of Mg2+ but also improved the cytocompatibility of the 5%β-TCP/Mg-3%

Zn composite.

The in vitro osteoinductive assays showed significantly higher ALP activity and upregulated

expression of osteogenic genes in rBMSCs incubated in medium containing extract from the

coated 5%β-TCP/Mg-3%Zn composite (Fig 7). The differences in the osteoinductivity of the

bare and coated composite specimens may be due to the difference in Mg2+ ion concentration

and the presence of rhBMP-2. In a study by Wong et al [72], osteogenic differentiation was

promoted by a 50 ppm concentration of Mg2+ but inhibited by 200 ppm Mg2+, which indicated

that the osteoinductivity of Mg2+ is concentration-dependent. From our measurement of Mg2
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+ concentrations produced by the bare and coated composites (12.88 mM and 5.94 mM Mg2

+), we can conclude that these concentrations are capable of facilitating in vitro osteogenic dif-

ferentiation of rBMSCs. In addition, the presence of rhBMP-2 in the extract significantly pro-

moted the upregulation of osteoblast-related genes. However, there was no great disparity in

the gene expression levels induced by the extracts from the bare vs. coated specimens. The rea-

son may be that the concentration of rhBMP-2 in the extract was not very high due to the slow

controlled release achieved by using the gelatin microspheres.

Yu et al. [19] implanted dense 10%β-TCP/Mg–6% Zn composites into the dorsal muscles

and femoral shafts of Zelanian rabbits and found that the serum concentrations of Mg2+, Zn2+

and Ca2+ ions fluctuated within normal ranges. Consistently, the serum concentrations of Ca2

+ and Zn2+ ions fluctuated within normal ranges in the present study after implantation of the

coated composite (Fig 8b and 8c). Moreover, the concentration of Mg2+ ion did not reach

the upper limit of the normal range (2.22 mmol/L) until 2 weeks after implantation (Fig 8a).

This result indicated that the composite coating delayed the rapid release of Mg2+ ions that is

caused by the initial rapid degradation. Prior research has shown that excess Mg2+ ions pro-

duced by degradation are mainly excreted via the urine to stabilize the serum concentration

of Mg2+ ions [73]. Therefore, we also tested the serum levels of BUN, Cr, ALT and AST and

performed histopathological analyses to evaluate the potential damage to the liver and kidney

by the composite degradation products. The results showed that serum ALT and AST levels

remained within the normal ranges, and although increased, the serum BUN concentration

did not reach abnormal levels (Fig 8f). Thus, no clinically significant damage was observed.

Tie et al. [74] observed the histopathological morphologies of the liver, spleen, and kidneys

after implantation of a magnesium/strontium alloy and detected no remarkable histological

differences between their test and sham groups. Consistently, no pathological changes were

found in the harvested heart, liver and kidney tissues in the present study (Fig 9). Together,

these results indicate that excess ions released during implant degradation can be removed

from the body via normal metabolism, without causing definitive damage to the morphology

or function of the vital viscera.

The rapid in vivo degradation of Mg-based materials has been an major limitation to their

clinical use that needed to be addressed [75,76]. In the present study, the delayed in vivo deg-

radation of coated porous 5%β-TCP/Mg-3%Zn composite was achieved by applying a dopa-

mine/gelatin/rhBMP-2 coating. In our rabbit implantation model, the in vivo degradation

rate of the coated composite was consistent with the bone regeneration rate, and the implant

exhibited complete biodegradation (Fig 10a–10c and 10e–10g). In addition, the released

hydrogen was absorbed thoroughly by 12 weeks after implantation (Fig 10c and 10g). This

result is consistent with similar in vivo findings for Mg alloys [8]. The thorough absorption of

hydrogen may be attributed to the limited size of the implant and the slow release of hydro-

gen due to the protective coating. Furthermore, the fully repaired bone defect observed by

radiography (Fig 10c and 10g) and histological analysis (Fig 11) showed the gradual matura-

tion of new bone tissue. No pathologic changes were detected in the bone tissue around the

implants, which indicated the absence of local toxicity. Different amounts of macrophages

and multinucleated giant cells were observed around the implants (Fig 11e), and these cells

have been previously shown to act as scavenger cells that eliminate the products of corrosion

[77,78]. The in vivo osteoinductivity of the dopamine/gelatin/rhBMP-2-coated 5%β-TCP/

Mg-3%Zn composite may be attributed to the following factors: 1) the osteoinductivity of

rhBMP-2 is strong in the early stage; 2) Mg2+ can promote the differentiation of BMSCs into

osteoblasts [28] and promote the proliferation and migration of osteoblasts [79]; 3) phospho-

rus ions, calcium ions, and gelatin facilitate mineralization in new bone tissue; and 4) the

three-dimensional porous structure is beneficial to the process of bone tissue infiltration.
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Conclusions

Porous 5%β-TCP/Mg-3%Zn composites coated with bioactive dopamine/gelatin/rhBMP-2

were successfully fabricated. The composites with 6% porosity exhibited superior compres-

sive strength and a well-matched elastic modulus and Brinell hardness compared with natural

bone. Moreover, the 5%β-TCP/Mg-3%Zn coated composites showed improved corrosion

resistance and enhanced cytocompatibility and osteoinductivity, compared to those of the

bare composites in vitro. The in vivo experiments further demonstrated the favorable histo-

compatibility of the coated composite with the local bone tissue and critical visceral organs of

New Zealand rabbits. Furthermore, because the degradation rate of the composite was

matched to the bone regeneration rate, we expect there to be enough space for new bone

regeneration. Together our results indicate the dopamine/gelatin/rhBMP-2–coated 5%β-TCP/

Mg-3%Zn composites offer improved corrosion resistance, favorable biocompatibility, and

enhanced osteoinductivity, making this composite material an ideal candidate for use in the

fabrication of orthopedic implants.
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