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Abstract Calcium silicate ceramic coatings have

received considerable attention in recent years due to their

excellent bioactivity and bonding strength. However, their

high dissolution rates limit their practical applications. In

this study, zinc incorporated calcium silicate based ceramic

Ca2ZnSi2O7 coating was prepared on Ti-6Al-4V substrate

via plasma spraying technology aiming to achieve higher

chemical stability and additional antibacterial activity.

Chemical stability of the coating was assessed by moni-

toring mass loss and ion release of the coating after

immersion in the Tris–HCl buffer solution and examining

pH value variation of the solution. Results showed that the

chemical stability of zinc incorporated coating was

improved significantly. Antimicrobial activity of the

Ca2ZnSi2O7 coating was evaluated, and it was found that

the coating exhibited 93% antibacterial ratio against

Staphylococcus aureus. In addition, in vitro bioactivity and

cytocompatibility were confirmed for the Ca2ZnSi2O7

coating by simulated body fluid test, MC3T3-E1 cells

adhesion investigation and cytotoxicity assay.

1 Introduction

Calcium silicate (Ca–Si) based ceramics, such as CaSiO3

[1, 2] and Ca2SiO4 [3], are regarded as potential bioactive

materials for skeletal tissue applications [4] owing to their

superior bioactivity and biocompatibility. Although the

beneficial effects on bone response have been confirmed,

clinic usage of Ca–Si based ceramics is still limited due to

their poor mechanical property. There are considerable

interests in Ca–Si based ceramics as coating materials on

metallic substrates in which high mechanical strength and

excellent bioactivity can be guaranteed simultaneously.

Thermal spraying, especially plasma spraying, is a favor-

able and commonly used method for biomedical coating

deposition [5]. Plasma sprayed CaSiO3 and Ca2SiO4 coat-

ings have shown not only better bioactivity but also

enhanced bonding strength with titanium alloy as com-

pared with HA coating [6]. However, major drawbacks of

the calcium silicate coatings are their high dissolution rate

and induction of high pH values in surrounding physio-

logical environment retarding cell growth and thereby

affecting their osseointegration ability [4, 7]. Recently,

several metal elements such as Ti and Zr incorporated

Ca–Si based ceramic coatings have been prepared, and

improved chemical stability were achieved for these coat-

ings in physiological environment [8, 9]. Zinc is an

important trace element in human bone and has been found

to play an important role in bone growth and replication of

related DNA [10, 11], which was also used to reinforce

bioceramics such as HA [12] and calcium silicates [13].

Infections are common problems when biomaterials are

implanted into human body, which are usually caused by

adherence and colonization of bacterial on biomaterials. As

a biomedical coating, an endowed antibacterial property

can prevent bacterial growth on its surface and hence
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reduce the risk of biomaterial-associated infections [14].

Zinc is an essential antioxidant and anti-inflammatory

agent in human body, deficiency in which usually causes

delayed wound healing, immune dysfunction, growth

retardation, and neurosensory disorders [10]. The antimi-

crobial action of Zn2? ion is less extensive than that of

Ag?, however, the usage of Zn2? instead of Ag? can also

avoid some demerits such as toxicity to host cells and

causing severe inflammatory responses [15]. So far, there

are few reports regarding the potential use of zinc incor-

porated Ca–Si based ceramics or coatings as antimicrobial

implants.

In the present study, zinc was incorporated into Ca–Si

system and thus Ca2ZnSi2O7 powder was synthesized,

which was used as a feedstock to prepare coating on

Ti-6Al-4V substrate via plasma spraying. The aim of the

study was to investigate the chemical stability and anti-

microbial activity of the Ca2ZnSi2O7 coating. In vitro

bioactivity, cell adhesion behavior and cytotoxicity of the

coating were evaluated as well in this study.

2 Materials and methods

2.1 Sample preparation and characterization

Ca2ZnSi2O7 powder was synthesized by the sol–gel method

using zinc nitrate hexahydrate (Zn(NO3)2�6H2O, SCRC,

China), calcium nitrate tetrahydrate (Ca(NO3)2�4H2O, SCRC,

China), and tetraethyl orthosilicate [(C2H5O)4Si, TEOS,

SCRC, China] as raw materials. The detailed preparation

procedure has been described by Wu, et al. [16]. The prepared

powder was sieved to 80 meshes and then sprayed on Ti-6Al-

4V substrates with dimensions of 10 9 10 9 2 mm and

u169 2 mm, respectively. The coating plates of 10 9 10 9

2 mm were used for chemical stability and bioactivity eval-

uation, and the disk samples with dimension of u16 9 2 mm

were employed for antibacterial tests and in vitro cell culture

experiments. An atmosphere plasma spray (APS) system

(F4-MB, Sulzer Metco, Switzerland) was applied to fabricate

Ca2ZnSi2O7 coating under modified spray parameters listed in

Table 1. The thickness of the fabricated coating was around

170 lm. Before plasma spraying, the substrates were ultra-

sonically cleaned in acetone, and then grit blasted using

corundum sand of F60 grade. For comparison, pure CaSiO3

coating was fabricated in the same condition.

Crystalline phases of the obtained Ca2ZnSi2O7 powder

and coating were analyzed by X-ray diffraction (XRD,

D/max 2500 V, Rigiku, Japan), using Cu Ka radiation at

40 kV and 100 mA, while crystallinity of the coating

was calculated by MDI Jade 5.0 software. Surface micro-

structure of the coatings was observed by field emis-

sion scanning electron microscopy (FE-SEM, JSM-6700,

JEOL, Japan), and surface roughness (Ra) was measured

using surface test apparatus (T8000, Hommel werke,

Germany).

Bonding strength between the Ca2ZnSi2O7 coating and

Ti-6Al-4V substrate was assessed according to ASTM

C633. In performing the tests, cylindrical Ti-6Al-4V rods

(diameter of 25.4 mm and length of 25.4 mm) were used.

One rod with coating (about 380 lm thick) was bonded to

the other one without coating but sandblasted by using a

thin layer of adherence glue (E-7, Shanghai institute of

synthetic resin, China) whose tensile fracture strength is

over 70 MPa. After drying 3 h at 100�C in an oven at

ambient atmosphere, the bonding strength was measured

using a mechanical tester (Instron-5592, SATEC, USA) at

a crosshead speed of 2 mm/min. The average of five test

data was taken as the value of bonding strength.

2.2 Chemical stability and bioactivity evaluations

For evaluating the chemical stability of the Ca2ZnSi2O7 coat-

ing, specimens were immersed in 50 ml Tris–HCl buffer

solution. The buffer solution was prepared by dissolving

50 mM tris-hydroxymethyl-aminomethane [(CH2OH)3CNH2]

in deionized water and then balanced at pH 7.40 with hydro-

chloric acid (HCl) at 37�C. After soaking for 1, 4, 7, and

14 days, mass losses of the coating were measured. The

changes in pH values of the solution were measured and the Ca,

Si, Zn ion concentrations in Tris–HCl buffer solution were

determined using inductively coupled plasma atomic emission

spectroscopy (ICP-AES, Vista AX, Varian, USA). The pure

CaSiO3 coating was used as comparison.

Simulated body fluid (SBF) test was carried out to

examine the bioactivity of the Ca2ZnSi2O7 coating. After

being ultrasonically washed in acetone and rinsed in

deionized water, coating specimen was soaked in SBF

solution whose ion concentrations nearly equal to those of

the human body blood plasma, as shown in Table 2. SEM

with electron probe X-ray microanalysis (EPMA, JXA-

8100, JEOL, Japan) was used to observe surface mor-

phology and determine element composition of the coating

after immersion in SBF at 37�C for 4 weeks.

Table 1 Plasma spraying parameters

Spray parameters

Argon plasma gas flow rate (slpm) 40

Hydrogen plasma gas flow rate (slpm) 10

Spray distance (mm) 100

Argon powder carrier gas (slpm) 3.5

Current (A) 650

Voltage (V) 68

Powder feed rate (g/min) 25
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2.3 Antibacterial test

Bacteria used were the Cowan I strain of Staphylococcus

aureus, a common cause of implant-associated infections

bacteria. The bacteria were grown overnight in nutrient broth

at 37�C, followed by centrifuging. The treated bacteria were

then suspended and diluted to 106 cells/ml with sterilized

water. Four pieces of Ti-6Al-4V disks (u16 9 2 mm)

coated by Ca2ZnSi2O7 were placed in sterilized tubes fol-

lowed by the addition of 20 ml PBS and 0.2 ml of the

diluted cell suspension. Four Ti-6Al-4V disks without

coating were used as blank control. The tubes were incu-

bated at 37�C with shaking at 150 rpm for 18 h. After fin-

ishing the incubation, 0.5 ml of the harvested inoculum in

the sterilized tubes was diluted with PBS at volume ratios of

10-2 and 10-3, respectively. 0.2 ml of these dilution series

were then inoculated onto nutrient agar plates and cultured at

37�C for 48 h. The number of colonies formed on the agar

was counted and three plates were assessed to obtain an

average value. The antibacterial ratio K was calculated by

the following formula:

K ¼ ðA� BÞ=A� 100%

where A is the average number of the bacteria colonization

for the control sample, and B is the average number of

bacteria colonization for the testing sample.

2.4 In vitro cell culture

MC3T3-E1 cells, a mouse calvaria-derived osteoblast-like

cell line (Chinese Academy of Sciences Cell Bank), were

cultured at 37�C in a 5% CO2 incubator in plastic dishes

containing a-minimal essential medium (a-MEM, Gibco,

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

Gibco, USA), 100 U/ml of penicillin and 100 mg/ml of

streptomycin. They were subcultured every 2–3 days using

0.2% trypsin plus 0.02% EDTA in Ca2?/Mg2?-free phos-

phate-buffered saline (PBS).

2.5 Morphology of MC3T3-E1 cells on samples

For the sake of investigating earlier cell adhesion behavior

on the Ca2ZnSi2O7 coating, in vitro cell culture in 24-well

plates was carried out and the MC3T3-E1 cells were used.

The cells were cultured on the Ca2ZnSi2O7 coating surface

at an initial concentration of 104 cells/cm2 and incubated

for 24 h in a-MEM culture medium supplemented with

10% FBS at 37�C. After 24 h, the disks were removed

from the culture wells and rinsed with PBS twice to remove

unattached cells and fixed with 2.5% glutaraldehyde solu-

tion for 30 min, washed three times (15 min each wash)

with 0.1 M PBS. After then, the specimens were dehy-

drated treating with graded ethanol solutions (50, 70, and

90%) and final dehydration in absolute ethanol twice. The

specimens were then observed with scanning electron

microscope (SEM, S-4800, Hitachi, Japan). Ti-6Al-4V, a

commonly used clinical metallic material, was employed

as the counterpart.

2.6 Cytotoxicity test

Cytotoxicity test was carried out according to ISO/EN

10993-5 using extracts of the Ca2ZnSi2O7 coating, which

was prepared by adding the Ca2ZnSi2O7 coating speci-

men to serum-free a-MEM culture medium at a ratio of

2 cm2/ml (specimen to medium). After incubation at 37�C

for 72 h the supernatant was collected. Serial diluted

extracts (1.00, 0.500, 0.250, 0.125, and 0.0625 cm2/ml)

were prepared using serum-free a-MEM. Subsequently,

the diluted extracts were sterilized by filtration (0.22 lm).

MC3T3-E1 cells at a density of 104 cells/cm2 were seeded

into 96-well plates and incubated for 24 h before culture

medium was removed and replaced by 50 ll of a-MEM

supplemented with 10% FBS and 50 ll of appropriate

concentration extracts. The culture medium supplemented

with 10% FBS without the addition of diluted extracts

was used as a blank control (Blank). A solution of 50 ll

of 0.2% Triton X-100 and 50 ll of a-MEM medium

supplemented with 10% FBS was used as a negative

control (Ctr-). The cells were incubated for 2 days and

then their proliferation were evaluated using MTS assay

(Promega, Madison, WI, USA) where 10 ll 3-(4,5-

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

(MTS, Huamei Biochem, Shanghai, China) was added to

one of the wells and allowed to incubate for 4 h. Mea-

surement of the absorbance was carried out at 490 nm by

microplate reader (SPECTRA MAX PLUS 384 MK3,

Thermo, USA).

Table 2 Ion concentration of SBF in comparison with human blood plasma

Concentration (mM)

Na? K? Ca2? Mg2? HCO3
- Cl- HPO4

2- SO4
2-

SBF 142.0 5.0 2.5 1.5 4.2 147.8 1.0 0.5

Blood plasma 142.0 5.0 2.5 1.5 27.0 103.0 1.0 0.5
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2.7 Statistical analysis

Results were expressed as means ± standard deviation

(SD) for all experiments and were analyzed using one-way

ANOVA with a post-hoc test. A P-value \ 0.05 was con-

sidered statistically significant.

3 Results and discussion

3.1 Coating characterization

Phase compositions of the original Ca2ZnSi2O7 powder and

the as-sprayed coating were shown in Fig. 1, from which it

can be seen that XRD patterns of the Ca2ZnSi2O7 powder

and coating were in agreement with the data in the JCPDS

file (Standard Cards No.: 35-0745). The plasma sprayed

Ca2ZnSi2O7 coating exhibited lower level of crystallinity

than the original powder. By using MDI Jade 5.0 software,

the crystallinity of the coating was calculated as 67.2%.

During plasma spraying process, ceramic powders are

heated up to fusion rapidly and re-solidified onto substrates

at a high cooling rate of 106–107 K/s[17], most of the

molten particles could not recrystallize in time, and

therefore some diffraction peaks broadening with low

intensities can be often observed in the XRD patterns of

plasma sprayed coatings. Therefore, the crystallinity

requirement of the ISO 13779-3 standard for plasma

sprayed hydroxyapatite (HA) coatings is only 45%.

Figure 2 shows the surface morphology of the plasma

sprayed Ca2ZnSi2O7 coating. It can be viewed that the

coating had a rough and uneven surface. The surface Ra of

the coating was 12.13 ± 0.98 lm. In addition, the bond-

ing strength between the Ca2ZnSi2O7 coating and the

Ti-6Al-4V substrate obtained in the present study was

33.4 ± 2.2 MPa, which was much higher than the

requirement of the international standard for bioactive HA

coating implants, i.e., 15 MPa (ISO 13779-2).

3.2 Chemical stability and bioactivity

Long-term stability of the coatings is an important factor

affecting the performance of implants. Degradability in a

biological environment always leads to disintegration of

the coatings and usually results in loss of bonding strength

and loose of implant fixation. Comparison of mass losses

for the Ca2ZnSi2O7 and CaSiO3 coatings after immersion

in Tris–HCl buffer solution is shown in Fig. 3. It can be

seen from Fig. 3 that the mass losses of the Ca2ZnSi2O7

coating were much lower compared with those of the

CaSiO3 coating. After 14 days immersion in the buffer

solution, the mass losses for the zinc-containing Ca–Si

based coating was only about one-fifth for the zinc-free

Fig. 1 XRD patterns of the synthesized Ca2ZnSi2O7 powder and

coating

Fig. 2 Surface micrograph of Ca2ZnSi2O7 coating

Fig. 3 Mass losses of the coatings immersed in Tris–HCl buffer

solution
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coating. ICP-AES analysis demonstrated a much reduced

Ca and Si ions release of the Ca2ZnSi2O7 coating than that

of the CaSiO3 coating in Tris–HCl buffer solution, as

shown in Fig. 4a, b. Release of Zn ion (Fig. 4c) was also

detected for the Ca2ZnSi2O7 coating, which could have a

positive function in antimicrobial effect of the coating.

The pH value variation of Tris–HCl buffer solution after

immersion of the coating is given in Fig. 5. The figure

reveals that the pH values of the solution increased quickly

after the immersion of the CaSiO3 coatings, however, the

pH values for the Ca2ZnSi2O7 coating were obviously

lower and after 14 days it became stable. The appropriate

control of pH value in surrounding environment around

biomedical implant is one of crucial factors to reduce

negative response of bone tissue [18].

Chemical stability of plasma sprayed biomedical coat-

ings is a valuable characteristic affecting long-term sta-

bility of the implants. The high dissolution rate of pure

calcium silicates limits their applications as coating

implants [8]. In this study, plasma sprayed Ca2ZnSi2O7

coating exhibited an obviously improved chemical stability

as compared with CaSiO3 coating, which might be related

to the crystal structure of Ca2ZnSi2O7. Ca2ZnSi2O7 belongs

to sorosilicates, which have two silicate tetrahedrons that

are linked by one oxygen ion and thus the basic chemical

unit is [Si2O7]6-. Zn2? is in four coordination and it is

speculated that ZnO4 tetrahedron and Si2O7 group can form

a more stable network that binds Ca2? ions [19], and then,

the stability of Ca2ZnSi2O7 coating is improved.

A material which forms apatite in SBF is expected to

form apatite in vivo and bond to living bone, that is, show

bioactivity [20]. In our study, after 28 days immersion in

SBF, apatite formation was observed on the Ca2ZnSi2O7

coating as shown in Fig. 6. Under higher magnification, it

could be observed that the particles were composed of

plenty of worm-like micro-grains, which is one of the

typical morphologies of the bone-like apatite formed in

vitro [21]. Figure 7 shows the SEM photographs and the

EDS spectra scanning along the polished cross-section line

of Ca2ZnSi2O7 coatings soaked in SBF for 28 days. From

Fig. 4 Ca ions (a), Si ions (b), and Zn ions (c) release of the coatings

in Tris–HCl buffer solution

Fig. 5 Changes of pH values for the coatings immersed in Tris–HCl

buffer solution
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Fig. 7, two layers having different compositions are

observed on the surface of the coating. The top layer was

apatite layer which was mainly composed of Ca and P and

had a Ca/P molar ratio around 1.6. Under the apatite layer,

a silica-rich layer was found, which might result from the

ionic exchange between Ca2? in the coating and H? within

the SBF solution. Chemical stability and apatite formation

ability in SBF are usually considered as two paradoxical

factors [13], which are normally difficult to be obtained at

the same time. In the present study, the incorporation of

zinc in the calcium silicate coating did not significantly

suppress the apatite formation on the coating, but improved

the chemical stability of the coating.

3.3 Antimicrobial activity

As reported by researchers and clinicians, bacterial con-

tamination during implant placement and extensive

inflammation of the wound may delay healing of the soft

and hard tissues [22]. Biomaterial-associated infections

constitute a major clinical problem and often necessitate

implant replacement [23]. Based on this reason, it is nec-

essary to establish a biomaterial which offers enough sta-

bility and bioactivity, as well as antimicrobial property.

Antimicrobial effect of the Ca2ZnSi2O7 coating against

S. aureus is shown in Fig. 8. It can be seen that the

number of viable bacteria on the Ca2ZnSi2O7 coating

decreased sharply as compared with that on the biomedical

Ti-6Al-4V substrate (the control). Comparison of total

colony forming unit (CFU) between the Ca2ZnSi2O7

coating and the Ti-6Al-4V substrate shown in Fig. 9 indi-

cates that the CFU for the coating was much less than that

for the control. The calculated antibacterial ratio of the

Ca2ZnSi2O7 coating against S. aureus was high to 93%.

It is obvious that zinc plays a determining role in the

antibacterial effect for the coating. However, the mecha-

nism of inhibitory action of zinc on bacteria is only par-

tially known. Several proposals have developed to explain

the inhibitory effects of Zn2? ions on bacteria. Gross et al.

Fig. 6 Surface SEM image of the Ca2ZnSi2O7 coating after 28 days

immersion in SBF solution (a) and its higher magnification (b)

Fig. 7 a SEM photograph and b EDS spectra scanning along the line

on the polished cross-section of Ca2ZnSi2O7 coating soaked in SBF

solution for 28 days
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[24] demonstrated that teichoic acids on the S. aureus cell

wall carry a negative charge, which may be favorable for

zinc ions attaching onto the bacteria. It was hypothesized

that zinc ions eluted from the coating affected the bacterial

outer membrane, causing the formation of irregularly

shaped pits in the outer member. This structural modifi-

cation induced changes in membrane permeability, result-

ing in cell death finally [25]. Some other studies suggested

that heavy metals react with protein of the bacteria by

combining the SH groups, which leads to the inactivation

of the proteins [26–28]. The antimicrobial mechanism of

the Ca2ZnSi2O7 coating will be investigated in our further

study.

3.4 In vitro cytocompatibility

In vitro cytocompatibility of the Ca2ZnSi2O7 coating was

evaluated by observation of the morphology of MC3T3-E1

cells cultured on the coating surface. Cell adhesion and

spreading belong to the first phase of cell-material inter-

actions, and are also probably the most critical stage. The

quality of the first phase will influence the cell’s capacity

for proliferation and differentiation [29]. SEM images of

the MC3T3-E1 cells on the Ca2ZnSi2O7 coating and

Ti-6Al-4V titanium alloy are shown in Fig. 10. It can be

seen that after 24 h incubation, cells attached and spread

well on the Ca2ZnSi2O7 coating surface (Fig. 10a, c). Fine

filopodia (red circles in Fig. 10a, c) which facilitate the

interaction between cells and coating clearly appeared.

Furthermore, confluence and connection among cells were

also observed (blue circles in Fig. 10a). In contrast, fewer

cells were observed on the control, Ti-6Al-4V substrate

(Fig. 10b, d). Generally speaking, the MC3T3-E1 cells on

the Ti-6Al-4V showed some signs of spreading but were

not comparable to the Ca2ZnSi2O7 coating where the cells

were well elongated, spread, and appeared more confluent.

It could be deduced that the Ca2ZnSi2O7 coating can offer

a favorable environment for attachment and spread of

osteoblast cells.

3.5 Cytotoxicity test

The effect of ions released from Ca2ZnSi2O7 coatings on

the proliferation of MC3T3-E1 cells was examined and the

results are shown in Fig. 11. The results showed that the

proliferation of MC3T3-E1 cells increased with decreasing

concentrations of extracts from the Ca2ZnSi2O7 coatings.

Absorbance of extracts with concentrations from 0.125 to

1.00 cm2/ml showed no significant difference compared to

that of the blank control. It showed a slight decrease at

higher concentration (2 cm2/ml) and increase at lower

concentration (0.0625 cm2/ml), compared to the blank

control. It can be concluded that the Ca2ZnSi2O7 coatings

show no toxic effect on the MC3T3-E1 cells.

4 Conclusions

Ca2ZnSi2O7 powder synthesized by sol–gel method was

deposited onto titanium alloy substrate by plasma spraying.

The Ca2ZnSi2O7 coating exhibited significantly improved

stability in physiological solution, in comparison with

CaSiO3 coating, owing to the incorporation of zinc in the

Fig. 8 Representative photos of viable S. aureus after 18 h interac-

tion with Ti-6Al-4V (a) and Ca2ZnSi2O7 coating (b)

Fig. 9 Total CFU of S. aureus after 18 h interaction with Ti-6Al-4V

(a) and Ca2ZnSi2O7 coating (b)
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calcium silicate coating. Bacterial colonization study

exhibited an obviously reduced number of S. aureus after

interaction with Ca2ZnSi2O7 coating, and antibacterial

ratio high to 93% was achieved for the coating. The coating

exhibited good bioactivity as well as high bonding strength

with the titanium alloy substrate. In vitro cell adhesion

observation indicated that MC3T3-E1 cells can attach and

spread well on the Ca2ZnSi2O7 coating surface, and no

cytotoxicity was found during the extracts assay of the

coating.
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