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Abstract
Bioceramic coatings have had a significant impact on the realm of biomaterials and medical devices in recent decades. In 
this study, synthesized hardystonite coating (Ca2ZnSi2O7) by sol–gel method was applied on titanium substrate (Ti-6Al-
4V) using electrophoretic deposition method. XRD patterns and EDX result confirm the pure hardystonite phase structure. 
Transmission electron microscopy was confirmed the appeared round morphology and nanometer size of the synthesized 
hardystonite particles. Additionally SEM analysis was approved that the hardystonite coating is able to make a uniform and 
flawless apatite with needle-like and cauliflower forms during prolonged exposure to SBF. The Ringer’s solution Tafel test 
results were indicated that the corrosion resistance of twice-coated samples is increased by increasing the voltage to 50 Volt-
ages so that the corrosion current density in the twice coated samples is less than the bare samples. In vitro evaluation by 
MTT assay was confirmed the viability of the bone marrow stem cells so that hardystonite increases the vitality and reproduc-
tion of stem cells at low concentration which makes the hardystonite coating a suitable candidate for clinical applications.

Keywords  Bioceramics · Hardystonite (Ca2ZnSi2O7) · Ti-6Al-4V · Electrophoretic deposition (EPD) · Corrosion behavior · 
Cytotoxicity

1  Introduction

Bioceramics are the ceramics used for repair and reconstruc-
tion of diseased or damaged parts of the musculo-skeletal 
system [1]. Bioceramics may be bioinert (e.g., alumina and 

zirconia), resorbable (e.g., tricalcium phosphate), bioactive 
(e.g., hydroxyapatite, bioactive glasses, and glass–ceramics), 
or porous for tissue ingrowth (e.g., hydroxyapatite-coated 
metals) [2]. Bioceramics clinical applications are often 
associated with the skeleton system, bones, teeth, joints and 
extension, renovating and growth of soft and hard tissues of 
the body [3–8]. Clinical success requires the simultaneous 
achievement of a stable interface with connective tissue and 
a match of the mechanical behavior of the implant with the 
tissue to be replaced [2]. Since the mechanical properties of 
bioceramics are limited, they should not be overloaded and 
they can only tolerate the compressive loading [9–11]. In 
contrast, if an implant is loaded such that interfacial move-
ment can occur, the implant loosens quickly. Loosening 
invariably leads to clinical failure, for a variety of reasons, 
including fracture of the implant or the bone adjacent to the 
implant [2].

Porous bioceramics can increase the interfacial area 
between the implant and the tissue results in an increased 
resistance to movement of the device in the tissue. The inter-
face is established by the living tissue in the pores. However, 
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the limitation associated with porous implants is that, for the 
tissue to remain viable and healthy, pores must be > 100 to 
150 µm in diameter to provide a blood supply to the host tis-
sues [12]. When the material is a metal, the large increase in 
surface area can provide a focus for corrosion of the implant 
and loss of metal ions into the tissues, which can cause a 
variety of medical problems including sarcoma—a cancer 
that arises from transformed cells of connective tissue origin 
[13]. These potential problems can be diminished by using 
a bioactive ceramic material, such as hydroxyapatite (HA), 
as a coating on the porous metal [11, 14]. The property of 
such coating in transplanting with bones helps to installa-
tion and stabilization of orthopedics prosthesis and dental 
implants [15].

Several conventional techniques have been used to cre-
ate coatings on metallic implants, such as thermal spraying, 
dynamic mixing, dip coating, sol–gel coating, electrostatic 
or electrophoretic deposition, biomimetic coating and hot 
isostatic pressing (HIP). Every technique has its own advan-
tages and disadvantages. For example, the adhesion (bond 
strength) and the composition or thickness of the coating 
material are affected by the coating method employed. A 
comparative list of the pros and cons of the different tradi-
tional deposition methods used for implant coating is given 
in Table 1 [16]. Recently another methods based on laser 
technology, including pulsed laser deposition, laser cladding 
and matrix-assisted pulsed laser evaporation have gained a 
tremendous popularity in the medical industry [17].

Hydroxyapatite (HA) is a porous bioactive bioceramics 
that has reached a significant level of clinical application 
as a coating on the porous metal surface [2]. Among all 
of the bioactive materials, the most proper biocompatibility 

behavior belongs to HA bioceramics and bioglasses con-
sidered as a group of calcium phosphate compounds that 
attach to graft tissue in a short time [18]. But, its mechani-
cal strength is inadequate and it is too brittle and fracture 
frequently. Its unique biological properties caused to be con-
sidered for the development of its properties rather than to 
be replaced with other materials. Calcium silicates such as 
CaSiO3 and Ca2SiO4 among conventional ceramic materi-
als can release calcium and silicate ions approved to influ-
ence the bone replacement and bone repair in the natural 
environment (in vivo) and out of natural environment (in 
vitro) [18]. Ceramic composites containing zinc are provid-
ing new opportunities in bone tissue engineering studies. 
Zinc deficiency makes slow growth of bones and some com-
mon defects in soft and hard tissues of humans and ani-
mals. Studies have shown that zinc plays a very important 
physiological role in the growth and bone mineralization. 
By aging, the amount of zinc gradually diminishes and bone 
density decreases. Studies proved that bio-materials contain-
ing zinc can provoke the activity of bone making cells and 
facilitate creating new bones [18–20]. Hardystonite (HT) 
(Ca2ZnSi2O7) is a silicate ceramic compound containing 
zinc [7]; therefore, it seems to have appropriate function and 
properties to repair the hard tissues of the body. Wu et al. 
[7] added zinc to calcium silicate and synthesized the HT 
that owned higher mechanical properties (bending strength 
of 136.4 MPa and fracture toughness of 1.24 MPa 

√

m than 
HA. The bending strength of HAp has been reported to 
vary between 80 and 89.07 MPa and the fracture toughness 
between 0.75 and 1.0 MPa 

√

m.
Hardystonite is currently recognized as a biocompatible 

bioceramic material for a range of medical applications. 

Table 1   Comparison between different methods used for coating of implants [16]

Deposition method Advantages Disadvantages

Sol–gel method Coats 3D complex porous substrates
Low processing temperatures
Relatively cheap
Very thin coatings (< 1 µm)

Should be processed in a controlled atmosphere

Electrostatic deposition Uniform coating thickness on flat substrates
Relatively cheap

Only coats exposed area
Coatings are fragile

Electrophoretic deposition High deposition rates
Uniform thickness of coating
Coats complex 3D porous substrates

Cracks in coating
High sintering temperatures

Thermal spraying High deposition rates Only coats exposed area
Coating decomposition due to high temperature
Rapid cooling may result in amorphous coating

Dip coating Inexpensive
Coatings applied quickly
Coats complex 3D porous substrates

High sintering temperatures
Film thickness can vary from top to bottom (wedge effect)
Fragile coating due to high thickness (in mm range)

Hot isostatic pressing Dense coatings Unable to coat complex 3D porous substrates
Expensive
Requires high temperature
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Although the excellent corrosion properties of Ti alloys have 
been proved, electrochemical researches on Ti (alloys)-HT 
composites are few. Moreover, very little literatures could 
be found regarding the relationship among structure, mor-
phology and electrochemical characteristics when Ti alloy 
is composited with HT bioceramic coating.

Hardystonite is more chemically stable compared to cal-
cium silicate (CS) ceramics like Ca2SiO4 and CaMgSi2O6, 
and the presence of Zn ions affects the roughness of the 
ceramic. In addition, 0.4 ppm Zn ions (50%Zn concen-
tration) possesses the best chemical stability, contributes 
to HOB cell proliferation and differentiation and inhibits 
apatite formation [21]. Bagherpour et al. [19] stated that 
chemical stability of hardystonite was higher than calcium 
silicate ceramics as the presence of zinc ions that affected 
on the ceramic hardness. They also studied the corrosion 
behavior of hardystonite powder coated on stainless steel 
samples by electrophoretic method. They concluded that 
the potential of the coated samples and also polarization 
resistance of the coated samples (resistance of the system to 
corrosion) depends on the applied voltage and time during 
coating process. Their results show that the polarization rate 
of the coated samples in the optimum condition is 9 times 
better than bare stainless steel samples. Wang et al. revealed 
that the hardystonite-CS scaffold has a lower degradation 
rate compared to CS ceramics and hardystonite-CS scaf-
folds show better HOB attachment than CS scaffolds. Li 
et al. reported that with a hardystonite coating on Ti-6Al-4V 
alloy, chemical stability improves considerably [21].

The electrophoretic deposition (EPD) is one of the col-
loidal processes in ceramics generating and coating [7, 22]. 
The advantages of using such a process include short coating 
time, feasibility, as well as not having a restriction in the 
morphology of the substrate. In comparison with other coat-
ing methods, the EPD is more advanced, has more varieties, 
and it is easy to handle. For these reasons, it has achieved 
great acceptance of the researchers [22].

Electrophoretic deposition (EPD) process is based on the 
movement and deposition of charged particles under electric 
field onto a conductive electrode to develop thin or thick 
films and coatings. EPD can be applied for a wide range 
of fine powder or colloidal particles of metals, ceramics, 
polymers, and the composites. Particularly, this method has 
been used widely for depositing ceramic particles on metal 
and alloy implant materials. The advantages of the EPD pro-
cess are the short formation time, simple apparatus, and the 
ability to produce uniform coatings on complex geometries. 
Furthermore, EPD offers easy control over film thickness 
and morphology by simply adjusting depositing time and 
applied potential [22].

In this research, manufacturing nano-hardystonite 
and its coating on titanium substrate through electropho-
retic method were carried out and the corrosion behavior, 

bioactivity, and biocompatibility of the synthesized biocer-
amics were studied.

2 � Materials and methods

The hardystonite (Ca2ZnSi2O7) bio-ceramics nanoparticles 
were made using sol–gel technique. Tetrahydrate calcium 
nitrate (Ca(NO3)2∙4H2O, Merck, Germany), hexahydrate 
zinc nitrate (Zn(NO3)2∙6H2O, Merck, Germany), nitric acid 
(HNO3, Merck, Germany(, tetraethyl orthosilicate (TEOS 
(C2H5O)4Si, Sigma-Aldrich, St. Louis, MO, USA) and dou-
ble-distilled water (H2O) were used as the components in 
this method. To prepare the hardystonite nanoparticles, the 
tetraethyl orthosilicate (TEOS) was mixed with 2 M nitric 
acid and double-distilled water (mol ratio: TEOS/H2O/
HNO3 = 1:8:0.16) and was stirred by the magnetic stirrer 
for 30 min with a rotation speed of 100 per minute and the 
hydrolysis occurred. In this phase, the hydrolysis reaction 
led to the replacement of alkoxide groups with hydroxyl 
groups and the Si–O–Si bonds were created during the next 
agglomeration process. Calcium nitrate and zinc nitrate were 
subsequently added with a 7-min interval (mol ratio: TEOS/
Zn(NO3)2∙6H2O/Ca(NO3)2∙4H2O = 2:1.2). Then, the solu-
tion was stirred for 5 h at room temperature to complete the 
hydrolysis reaction and the resulted sol was dried at 60°C for 
1 day and 120°C for 24 and 48 h, respectively. The resulted 
dry gel was ground and sieved to 250-mesh and sintered 
at 1200°C for 3 h. The phase structure of hardystonite was 
examined by X-ray diffraction (XRD) to confirm the crystal-
line structure.

The synthesized dry powders were front loaded into a 
2 × 2 × 0.05 cm cavity of a glass slide. In order to observe 
the microstructure, scanning electron microscope (Model 
SUPRA 40 VP FE-SEM, Carl Zeiss AG, Germany) and 
transmission electron microscope (Philips-CM200-FEG) 
were used. Scanning electron microscopy (SEM) was carried 
out on samples coated with gold using a Seron Technology 
electron microscope and AIS 2100 detector. Powder samples 
were prepared for TEM observation by suspending in ana-
lytical grade ethanol, then examined using a Philips-CM10 
TEM at an accelerating voltage of 100 kV.

The titanium alloy substrates (Ti-6Al-4V, Iran) with 
3 mm × 1 cm × 2 cm sizes were used to perform hardys-
tonite deposition. For better adhesion, the mentioned 
samples were prepared by surface preparation methods. 
The sample surfaces were prepared by 60, 100, 220,400, 
and 600 grit silicon carbide sandpapers, and then they 
were put in acetone solution for 10 min in the ultrasonic 
cleaner device to remove contamination. Upon comple-
tion of washing, the samples were dried by the laboratory 
dryer model GE 411 with the power supply of 1000 W. 
The coating was applied by the electrophoretic method. 
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In order to synthesize the hardystonite suspension for the 
coating, the methanol (CH3OH, Merck, purity ≥ 99.9%) 
was used as a solvent. 70 cc of the solvent was poured into 
the beaker. Then 3 g hardystonite was added to the sol-
vent and the agitation carried out on the magnetic stirrer 
for 24 h at room temperature to gain desired uniformity. 
The obtained suspension was put in the ultrasonic stirrer 
for 30 min. The electrophoretic set was used to coat the 
titanium alloy samples (Ti-6Al-4V). During coating, the 
anode was kept at a distance of 1 cm from the cathode. 
Following these steps, in order to have a uniform coating, 
the time of samples coating was 3 min and the applied 
voltages were 30 V and 50 V [19]. The coated substrates 
were sintered in the sintering furnace at 800°C for 2 h to 
increase the adhesion of a coating to the substrate. Elec-
trochemical Tafel test was conducted on coated samples in 
Ringer’s solution. Ag/AgCl and platinum electrodes were 
used as reference and counter electrodes to complete the 
circuit and the test. Thermal element and thermometer 
were used as heating systems to adjust the temperature. 
Potentiostat–Galvanostat (IVIUMSTAT) set was applied 
to measure electrochemical by electrochemical polariza-
tion method. After obtaining anodic and cathodic polariza-
tion curves for each sample, the corrosion potential was 
specified. Subsequently, the corrosion current density was 
determined using Tafel extrapolation. Then, the average 
value of corrosion current density was calculated for each 
group of results.

Currently, two common methods have been used for test-
ing in vitro bioactivity of bioceramics. One method is to 
evaluate the apatite-formation ability of the bioceramics in 
the simulated body fluid (SBF) (Noandishan co. product, 
Iran). The other method is to investigate in vitro bone cell 
response to bioceramics [18]. In this work, in order to test 
the in vitro biomineralization ability, the simulated body 
fluid (SBF) was used to study the ability of bio-ceramic har-
dystonite in the formation of apatite. The samples were pre-
pared, before immersion in simulated body fluid. The area 
was considered 1 cm2 for each sample. In order not to be in 
touch with simulated body fluid, the remainder of the sam-
ples was completely covered with lac varnish and the effec-
tive area was determined to affect the test. The coated sub-
strates were placed in each dish and then a certain volume 
of simulated body fluid was added. The coating surface area/
solution volume of SBF was calculated using the equation, 
Vs = Sa/10, where Vs is the volume of SBF (ml) and Sa the 
apparent surface area of samples (mm2). Therefore, 10 ml 
of simulated body fluid was added to each container. After 
blocking the lid with a plastic lid, dishes were entered in a 
warm bath with a constant temperature of 37 ± 0.1 °C. All 
samples were removed from the solution after 7, 14, 21 days, 
rinsed with double-distilled water and dried at ambient tem-
perature for 24 h, respectively. Scanning electron microscope 

(Hitachi S4160, Cold Field Emission) was used to confirm 
the formation of the apatite on the surface of the soaked 
samples and study its surface morphology.

The MTT assay (DNAbiotech Co., Iran) was used to 
examine the degree of hardystonite nanoparticles’ toxicity. 
At first, the hardystonite nanoparticles were sterilized using 
the autoclave. 1000 cells (human bone marrow mesenchy-
mal stem cells) were cultured in 24-well plates in standard 
conditions in the incubator. Then, 5, 50, 100, and 200 μg/
ml (microgram per milliliter) of hardystonite powder were 
prepared in DMEM (Merck, Germany). The particles were 
placed in a 15-ml tube containing DMEM. The dispersion 
of particles was performed using ultra-sonic irradiation for 
20 min. The culture medium of cells was changed every 
other day. The stem cells with a primary density of 5 × 103 
were cultured in each well in the 24-well plate in DMEM 
containing cultured particles. After 24, 72, and 96 h of cul-
turing, the stem cells viability was assessed by the MTT test. 
In each time interval, 50 microliters of MTT solution (5000 
micrograms per milliliter in DMEM) was added to each 
well. After passing each time, the surface layer of each well 
was evacuated and in order to dissolve the formazan crystals, 
200 µl dimethyl sulfoxide was added to each well and they 
were put in a dark room for 2 h at room temperature. Optical 
density at a wavelength of 570 nm was read by the spectrom-
etry method. A similar process was considered for stem cells 
without hardystonite nanoparticles as control samples. All 
measurements were conducted at least three samples (n = 3), 
and all results were presented as mean and standard devia-
tion. Moreover, the one-way analysis of variance (ANOVA) 
was applied to compare the results. The amount of (p value) 
less than 0.05 was significant statistically.

3 � Results and discussion

Figure 1 shows the evaluation results of hardystonite phase 
structure by X-ray diffraction (XRD) test. In this figure, it 
is obvious that only hardystonite phase peaks are available, 
suggesting the creation of pure and completely crystalline 
hardystonite phase. The highest peak for hardystonite is 
located at 2θ = 31° of calcined powder at 1200 °C. Accord-
ing to [7], calcination temperature is critical to the purity of 
the prepared powders and when temperature increased to 
1200 °C, pure hardystonite powders were obtained. The har-
dystonite powder elemental analysis is shown in Table 1 and 
Fig. 2. These findings indicated that the three main elements 
in hardystonite bio-ceramic are zinc (Zn), silicon (Si), and 
calcium (Ca) with defined degrees in the final composition.

Figure 1 shows the evaluation results of hardystonite 
phase structure by X-ray diffraction (XRD) test. In this 
figure, it is obvious that hardystonite phase is dominant 
phase in the structure. The highest peak for hardystonite is 
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located at 2θ = 31° of calcined powder at 1200 °C. Accord-
ing to [7], calcination temperature is critical to the purity 
of the prepared powders and when temperature increased 
to 1200 °C, pure hardystonite powders were obtained. 
However, our results are in consistent with Bagherpor 
et al. [19] findings, once trace of carbon element origi-
nated from initial material could be find in the EDX analy-
sis (Table 1) and those non-attributed peaks in the XRD 
analysis can be assign to the carbon-based contaminants. 
The hardystonite powder elemental analysis is shown in 
Table 2 and Fig. 2. These findings indicated that the three 
main elements in hardystonite bio-ceramic are zinc (Zn), 
silicon (Si), and calcium (Ca) with defined degrees in the 
final composition.

Scanning electron microscope (SEM) images (Fig. 3) 
show the morphology and the sizes of hardystonite ceramics 
particles. It shows that the nanoparticles in very small sizes 
(< 70 nm in diameter) or big agglomerates were formed and 

Fig. 1   X-ray diffraction pattern of hardystonite bio-ceramic calcined at 1200 °C

Fig. 2   Energy-dispersive X-ray 
analysis (EDX) of hardystonite 
nano-powder

Table 2   Weight percentage 
of hardystonite constituents 
measured using energy-
dispersive X-ray analysis (EDS)

Element Concentra-
tion (Wt%)

C 6.7
Si 14.2
Zn 16.5
Ca 17.9
O 46.2
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are in conformity with the previous studies [23]. This SEM 
micrograph shows that the grain size of hardystonite ceramic 
was smaller than 5 µm. Reaching this morphology and size 
for the hardystonite particles is due to the use of sol–gel 
technique and corresponds to the findings of other research-
ers [7]. The size and morphology of bio-ceramics particles 
obtained by sol–gel process are effective in the formation 
of homogeneous and uniform coating [24]. Figure 4 shows 
survey results of the morphology of produced particles by 
transmission electron microscope (TEM). The nanometer 
size of the particles and the rounded shape of crystallite are 
well seen in this figure. The morphology and boundary size 
of particles (less than 100 nm) match with previous studies 
[7].

Production of hardystonite nanoparticles regardless of 
their advantages in formation of the homogeneous coating 
also plays a very important role in other aspects [7]. In many 
cases, dissolving the ceramic powder in other solutions such 
as silica sol for coating is performed by sol–gel method [20]. 

Some researchers applied this technique for bioactive glass 
coating on a metal substrate [20, 25–27]. As can be seen in 
Fig. 5, the hardystonite coating applied by electrophoretic 
has a uniform structure with no cracks. It can be concluded 

Fig. 3   Scanning electron 
microscope (SEM) images of 
hardystonite particles

Fig. 4   TEM micrograph of produced hardystonite powder particles calcined at 1200 °C for 3 h

Fig. 5   Coated samples after immersion in simulated body fluid 
(SBF), after 7 days
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that the electrophoretic technique can result in a homog-
enous structure with no crack on metal substrates. This result 
is in agreement with the results of other studies [28, 29]. A 
homogenous and uniform coating with no external defects 
is the most important purpose of the coating by the electro-
phoretic technique. Such a coating is essential to achieve 
appropriate corrosion and suitable biological properties for 
the substrates [30].

Figures 5, 6, and 7 demonstrate the images of coated 
samples after immersion in simulated body fluid (SBF). 
The ion concentrations of the SBF are similar to those of 
human body plasma [28]. As can be seen, the first sample 
was immersed for 7 days in simulated body fluid (SBF) and 
no specific changes are seen in morphology in comparison 
with the images of coating before putting in simulated body 
fluid (SBF). Apparently no apatite has also been formed on 
the coating. It is clear that a needle-shaped compound has 
germinated in the second sample within 14 days in simu-
lated body fluid (SBF). It can be concluded from the SEM 

images that the needle-shaped compound can be completely 
formed by changing days from 14 to 21 days. In this way, an 
apatite structure becomes similar to the desirable structure 
of Cauliflower-like [6]. Using simulated body fluid (SBF) 
is an efficient method to evaluate bioactivity and determine 
the formation of apatite and quasi-apatite structures on the 
ceramic surface. Therefore, the formed compositions on a 
substrate after immersion in SBF are most probably a cal-
cium phosphate-based composition [29, 31]. What can we 
conclude from SEM images and according to the morphol-
ogy of the participated layers is formation of a calcium phos-
phate-based material [19]. Structural analysis methods such 
as XRD or FTIR are required to determine what composi-
tions have been exactly formed on the hardystonite surface.

Figure 8 shows the Tafel polarization diagram of tita-
nium samples (Ti-6Al-4V) both with coating and without 
hardystonite coating in Ringer’s solution. Table 3 shows the 
average of corrosion density and corrosion potential of tita-
nium substrate without and with coating in Ringer’s solution 
specified by polarization diagrams and Tafel extrapolation 
method. According to Table 3 and Fig. 8, titanium (Ti-6Al-
4V) without coating shows more corrosion density in normal 
Ringer’s solution (Icorr = 1.92 µA/cm2). The corrosion den-
sity of twice coated titanium (Ti-6Al-4V) with voltage 50 in 
normal Ringer’s solution decreased (Icorr = 1.04 µA/cm2). By 
comparing the diagrams, it was observed that by applying 

Fig. 6   Coated samples after immersion in simulated body fluid 
(SBF), after 14 days

Fig. 7   Coated samples after immersion in simulated body fluid 
(SBF), after 21 days

Fig. 8   Tafel polarization diagram of titanium samples (Ti-6Al-4V) 
with and without coating in Ringer’s solution

Table 3   The average corrosion potential and current density of the 
bare and coated samples

Test specimens E. Corr (mV) I Corr (µA/cm2)

Substrate − 660 1.92
Once-coated sample, 30 V, 3 min − 591 2.14
Twice-coated sample, 30 V, 3 min − 562 1.61
Twice-coated sample, 50 V, 3 min − 542 1.04
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hardystonite coating, potential tends to have more positive 
values and corrosion current density decreases, indicating 
further protection against corrosion compared to bare tita-
nium alloy. The potential value of coated samples (sample 
4), (− 542 mV vs. Ag/AgCl) increased in comparison with 
non-coated samples (− 660 mV vs. Ag/AgCl). According to 
Fig. 8 and Table 3, the current density of once-coated sam-
ples with voltage 30 (sample 2) increased compared to the 
non-coated substrate (sample 1). The reason for the increase 
is the formation of porous coatings with high pores, which 
cause pitting and local corrosion of the underlying substrate 
[32–34]. The corrosion current density of the twice-coated 
sample with voltage 30 (sample 3) decreased in compar-
ison with that of non-coated sample. In fact, the coating 
has been successful in improving corrosion behavior in the 
substrate. The reason for this decrease is the reduction in 
porosity and pores in the twice-coated substrate. The corro-
sion current density of the twice-coated sample with 50 V 
decreased in comparison with other samples and this coating 
was performed better than two previous coatings. Due to the 
increase in coating voltage, the amount of ceramic depos-
ited on the substrate increases, and consequently, the coating 
thickness develops. It can be concluded that the resistance 
to substrate corrosion increases by increasing the voltage to 
50 V and frequency of coating.

3.1 � Assessment of the results of cytotoxicity

Figure 9 clarifies the MTT measurement results of hardys-
tonite particles. As it is shown in this figure, on the first 
and second days of the culture, no significant differences 
were observed in the viability and proliferation of stem cells 
exposed to hardystonite nanoparticles in different concen-
trations (p > 0.05). After 3 days, the cells with 50 micro-
grams per milliliter concentration showed better vitality 
and reproduction compared to the control sample (p < 0.05). 
After 5 days, only the cells, which were exposed to 50 mg 

particles, showed higher viability in comparison with other 
groups (Fig. 9).

Therefore, it is inferred that the optimized density to 
evaluate the cell culture for such samples is 50 mg/ml and 
the appropriate time is after 5 days of culture. The find-
ings revealed that hardystonite increases the vitality and 
reproduction of stem cells [31]. It is believed that zinc ions 
released from the ceramics play a very important role in 
stimulating the reproduction of cells [35]. Reffitt et al. [36] 
reported that the density of released silicon ions from the 
silicon-based ceramics containing zinc like hardystonite 
amounts to the physiologic density (0.005–0.02 micromolar) 
of this ion in plasma. It is also reported that the orthosilicate 
acid in physiologic densities stimulates the collagen type I 
cells similar to osteoblast cells and helps to the differentia-
tion of osteoblast cells [8]. In many studies, the bioactive 
glasses and silicon bio-ceramics are suggested to be a stimu-
lating factor for osteoblasts [8]. Calcium (Ca) which is found 
in hardystonite is also another main factor in composing 
and metabolism of bone [27]. The relatively high bioactiv-
ity of hardystonite is due to calcium ion in its composition. 
The results obtained in this study allow us to conclude that 
hardystonite as a bioactive ceramic possesses a great bio-
logical potential, and further investigation should be done 
to promote commercialization and encourage its use in hard 
tissue engineering and bone repair.

4 � Conclusion

1.	 Hardystonite nanoparticles (Ca2ZnSi2O7) synthesis was 
obtained by the sol–gel technique.

2.	 Electrophoretic deposition method was utilized in order 
to apply the hardystonite nanoparticles on titanium alloy 
substrate (Ti-6Al-4V).

3.	 The calcination temperature and time for hardystonite 
application on the substrate were set at 800 °C and 2 h, 

Fig. 9   MTT measurement 
results of hardystonite particles
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respectively, in order to achieve the best adhesion qual-
ity.

4.	 Increase the voltage and the time of coating create a 
more homogenous layer on the titanium substrate.

5.	 The bioactivity of produced hardystonite on the surface 
is acceptable; hydroxyapatite was made on the substrate, 
after 21 days of immersion in simulated body fluid 
(SBF).

6.	 The hardystonite coating has a desirable effect on cor-
rosion resistance of the titanium alloy substrate and 
reduces the corrosion density of the substrate. This 
implies that the implant corrosion resistance increases 
and subsequently the release of metal ions and their 
destructive effects on human body tissues decrease. The 
titanium alloy coated with hardystonite has higher corro-
sion resistance in comparison with the substrate without 
coating.

7.	 Non-toxicity of the hardystonite nanoparticles exposed 
to osteoblast stem cells was confirmed and it was 
observed that cell reproduction increases at low con-
centrations.
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