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Biodegradable metallic materials have attracted considerable interest due to their use for temporary
medical implants. Coating of metallic implants by bioactive materials like hydroxyapatite (HAp)
ceramics is widely used to improve the osteointegration and to ensure the lasting clinical success. The
biodegradable iron material was produced by sintering of carbonyl iron powder and coated with
electrochemically deposited hydroxyapatite and manganese-doped HAp (MnHAp) ceramics layer.
Formation of HAp was proved by XRD analysis. The electrochemical and static immersion corrosion
behaviour of developed materials in Hank’s solution was studied. The degradation rate after 13 weeks
of immersion as well as the corrosion rate determined from polarisation curves was in the sequence: Fe
+ HAp, Fe + MnHAp, Fe, from lower to higher. The moderate negative effect of bioceramic coating on
the in vitro cytotoxicity was observed.

Keywords: carbonyl iron, powder metallurgy, hydroxyapatite, electrodeposition, corrosion behaviour,
cytotoxicity

1. INTRODUCTION

In recent years, biomaterials have been extensively studied for their obvious use as
replacements of various body parts or even organs [1]. The main goal of tissue engineering is the
functional in vivo reconstruction of damaged tissue, and in vitro regeneration of tissue architecture [2,
3]. The choice of biomaterials is the most important issue for the achievement of tissue engineering
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practice [4, 5]. It is desirable for the biomaterials used in the tissue repairing to have advantageous
mechanical properties and biocompatible surfaces [4]. Poor biocompatibility may cause adverse
biological reactions, such as inflammation, and thrombus formation [6, 7]. The bioactive materials
should have the ability to promote production and organization of extracellular matrix, direct
attachment, proliferation and differentiation of cells [4, 8-10]. Biodegradable materials have attracted
considerable interest due to their use for temporary medical implants in osteosynthesis and
cardiovascular applications [9, 11-19]. In orthopedic applications, these materials should retain
required mechanical strength over critical phases of the tissue repairing to allow a gradual load transfer
to the healing bone as the materials degrade [9, 17]. The biodegradable implants should be
osteoconductive, and should circumvent long-term clinical issues [9,15, 17, 20, 21]. They also save the
second surgery to remove the implant which is common with non-degradable metallic implants [9, 14,
15, 22].

Magnesium- and iron-based alloys are two suitable classes of biodegradable implant material
[9, 11, 15, 22-30]. One approach to improve the osteointegration and to ensure the lasting clinical
success of metallic implants is by coating bioactive materials like hydroxyapatite (Ca;o(PO4)s(OH),
named shortly HAp) ceramics on such constructs [1, 4, 30-35]. HAp is the essential mineral element
(69 wt.%) of human hard tissues. HAp with Ca/P ratio within the range 1.50 - 1.67 is known to
enhance bone repairing [4, 9, 32, 34, 36]. In their synthetic form, these bioactive ceramics form direct
bonds with adjacent hard tissues via dissolution and ion exchange with body fluids [34]. It exhibited
very good biocompatibility with bones, skin and muscles, teeth, both in vitro and in vivo [4]. HAp
belongs to very effective bioceramics in the clinical healing of hard-tissue injury and illness with
bioactivity that supports cell proliferation, bone ingrowth, osseointegration, and harden in situ [4, 9,
31, 37]. HAp has been widely used in many areas of medicine, such as orthopedics and dentistry, but
mainly for contact with bone tissue, due to its close similarity of chemical composition and high
biocompatibility with natural bone tissue [4, 9, 35, 38, 39]. This bioactive ceramic material is also
degradable with different solubility in body environment [9].

Manganese-doped HAp (MnHAp) with good corrosion resistance and in vitro bioactivity has
been reported by several researchers [31, 40-44]. The introduction of Mn?* into HAp coating resulted
in considerable reduction of porosity, enhancement of ligand binding affinity of integrins, activation of
cellular adhesion, and improvement its interaction with the host bone tissue [31, 41, 42, 45]. The
significant improvement of the quality and rate of bone repair was achieved due to this composite
material in biocoating technology [31, 40].

Various coating methods are being used for the deposition of HAp coatings onto implant
surfaces such as plasma spray, dip coating, sol-gel, electrochemical deposition, electrophoretic, radio
frequency sputtering, magnetron sputtering, micro-arc oxidation, and pulsed laser [1, 32, 34, 35, 46-
50]. Plasma spray has been widely used for the fabrication of HAp [32, 35, 48]. However, this method
has several disadvantages, such as non-uniformity in the coating density, poor adhesion between the
substrate and coating layer, formation of microcracks, phase changes owing to high temperature
application, and improper microstructural control, which could lead to failure of the implanted device
[1, 32, 35].
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Electrochemical deposition is more appropriate due to the availability and low cost, the low
temperatures involved, the ability to coat porous surfaces and substrates of complex shape, the
possibility to regulate the uniformity, microstructure, composition, and thickness of the deposit by
adjusting current or voltage, and the potential enhancement of the coating/substrate bond strength [1,
31, 32, 34, 35, 51, 52].

The degradation rate of the degradable biomaterials for orthopaedic applications should
correspond to the rate of bone tissue remodelation in order to allow a fluent load transmission from the
scaffold to the bone. In our previous studies, the iron based sintered materials were evaluated as a
potential degradable biomaterial [53, 54]. The developed materials have showed a quite low in vitro
biodegradation rate and high cytotoxicity. For this reason, the thin incoherent bioceramic coating layer
was suggested to improve the biocopmatibility but not decrease the degradation rate of the iron based
sintered materials. The effect of Mn®* ion concentration in plating bath and deposition time period on
the composition, quantity, quality, surface morphology, and corrosion stability of developed samples
was investigated in our previous work [55]. No significant influence of thin bioceramic coating layer
on the degradation behaviour of sintered iron material was registered. The aim of present study was the
more detailed investigation of in vitro degradation behaviour and cytotoxicity evaluation.
Electrochemical corrosion tests were extended and complemented with static immersion corrosion
tests. Biocompatibility was evaluated by fluorescent staining and in vitro cytotoxicity testing.

2. EXPERIMENTAL PART

2.1 Preparation of materials

The iron samples were prepared from carbonyl iron powder (CIP) fy BASF (type CC, d50
value 3.8 — 5.3 um) with composition: 99.5 % Fe, 0.05 % C, 0.01 % N and 0.18 % O by cold pressing
into pellets (@ 10 mm, h 2 mm) at 600 MPa followed by sintering in a tube furnace at 1120°C in
reductive atmosphere (10 % H, and 90 % N) for 1 hour.

2.2 Electrochemical deposition of HAp and MnHAp coatings

Prior to electrodeposition of bioceramic layer the surface of sintered Fe pellets was finished
gradually with SiC papers of different grits (240, 800 and 1500). Thereafter, the substrate material was
ultrasonically cleaned in acetone, anhydrous ethanol and washed with distilled water.

Electrochemical deposition of bioceramic coating layer was realized using an Autolab
PGSTAT 302N potentiostat. Polished and cleaned Fe pellet was used as the working electrode,
Ag/AgCI/KCI (3 mol/l) as reference electrode, and Pt sheet as counter electrode. The electrolyte
solution used for electrodeposition of HAp layer was composed of 2.5 x 102 mol/l NH;H,PO,
(analytical grade), 4.2 x 10 mol/I Ca(NOs), (analytical grade). Electrolyte for deposition of MnHAp
layer contained besides the mentioned compounds also 3.0 x 10 mol/l Mn(NOs), (analytical grade).
Cathodic deposition was performed under the following parameters: pH 4.3 + 0.5, 0.85 mA/cm?
current density, 40 min and 65 £ 0.5 °C. Subsequently, the coated iron pellets were treated as follows:
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soaking in 1 mol/l NaOH solution at 65 °C for approximately 2 h, washing in distilled water and
drying at 80 °C for 2 h. Finally, the coated samples were sintered for 2 h at 400 °C in Na.

2.3 Characterization of materials

The surface morphology of prepared samples was assessed by scanning electron microscope
coupled with the energy dispersive spectrometer (JEOL JSM-7000F, Japan with EDX INCA).

XRD analysis was performed using Bruker D8 DISCOVER diffractometer equipped with X-
ray tube with rotating Cu anode operating at 12 kW (40kV/300 mA). The measurements were carried
out in parallel beam geometry with parabolic Goebel mirror in the primary beam. The X-ray
fluorescence background was suppressed by LiF monochromator inserted in the diffracted beam. The
X-ray diffraction patterns were recorded in grazing incidence set-up with the angle of incidence
a = 12° in the angular range 20 - 80°.

The content of Mn in MnHAp coating was determined by atomic absorption spectrometry
(AAS) PERKIN-ELMER 420 after dissolution in nitric acid.

The morphology, distribution, and density of the cells were evaluated using an inverted optical
microscope Leica DM IL LED.

The absorbance of formazan was determined by an UV VIS spectrophotometer UV -1800,
Shimadzu at 490 nm.

2.4 Electrochemical degradation test

The electrochemical corrosion tests were carried out on the uncoated and bioceramic coated
samples included open circuit potential (OCP) time measurements and potentiodynamic polarisation
measurements. The corrosion behaviour was evaluated in Hank’s solution contained 8 g/l NaCl, 0.4 g/l
KCI, 0.14 g/l CaCl,, 0.06 g/l MgS0O,4.7H,0, 0.06 g/l NaH,P04.2H,0, 0.35 g/l NaHCO3, 1.00 g/l
Glucose, 0.60 g/l KH,PO, and 0.10 g/l MgCl,.6H,O in double distilled water at pH 7.4. All
degradation studies were performed at 37+2°C. The electrochemical measurements were carried out by
means of an Autolab PGSTAT 302N potentiostat in three-electrode system with the uncoated or
bioceramic coated Fe sample as the working electrode, Ag/AgCI/KCI (3 mol/l) as reference electrode,
and Pt sheet as counter electrode. For OCP- time measurements, the samples were immersed in Hank’s
solution and the OCP was monitored under equilibrated conditions for an hour. The potentiodynamic
polarisation curves were registered after stabilization of the free corrosion potential from -800 mV to
-200 mV (vs. Ag/AgCI/KCI (3 mol/l)) at a scanning rate of 0.1 mV/s.

2.5 Static immersion test

The immersion test was performed also in Hank’s solution with a pH value of 7.4.
Experimental samples were immersed in 10 ml solutions and the temperature was kept at
37 °C using a heating mantle. After weighting for initial weights (m;), samples were subjected to the
ultrasonic cleaning in acetone and ethanol for 10 min each. The corroded samples were removed from
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the solution after every 7 days of immersion, ultrasonically cleaned in distilled water and ethanol for
10 min each, air dried and weighed. The corrosion rate was determined from the weight loss as
follows:

cRr = M

where, CR stands for the corrosion rate, m; is the final mass after corrosion, A represents the
surface area exposed to the Hank’s solution and t is the immersion time [56].

2.6 Cytotoxicity test

2.6.1 Fluorescent staining

MC3T3EL cells in subconfluency were harvested from culture flasks by enzymatic digestion
(trypsin-EDTA solution). The cells were suspended in culture medium and the cell suspension was
adjusted to density of 7.5 x 10* cells/ml. The samples in the form of tablets, stainless steel and titanium
sheets (control) were sterilized at 170 °C for 1 hour in thermostat after cleaning in ethanol. Samples
were placed on the bottom of wells of the 48- well microplate (not cell culture treated), 3 x 10* of
MC3T3ELI cells in the 400 pl of Dulbecco’s modified Eagle’s medium (DMEM) with 10 % FBS and
1 % ATB-antimycotic solution (Sigma-Aldrich) were seeded to each well. The culture plate was
cultivated in incubator at 37 °C, 95 % humidity and 5 % CO,. After 4 hours of cultivation, the density,
distribution and morphology of the cells were evaluated on the tested samples using a fluorescence
optical microscopy and live/dead staining based on fluorescein diacetate (FDA)/propidium iodide (PI).
FDA is upon hydrolysis by intracellular esterases of living cells converted to green fluorescent product
contrary to the PI that passes only the damaged membranes of dead cells and stains the cells red.

2.6.2 In vitro cytotoxicity testing of substrates

MC3T3EL cells in subconfluency were harvested from culture flasks by enzymatic digestion
(trypsin-EDTA solution) and suspended in culture medium. 2 x 10* of MC3T3EI1 cells in the 400 pl of
Dulbecco’s modified Eagle’s medium (DMEM) with 10 % fetal bovine serum (FBS) and 1 % ATB-
antimycotic solution (Sigma-Aldrich) were seeded to each well of the 48- well microplate and cultured
in incubator at 37 °C, 95 % humidity and 5 % CO, for 24 hours. After cultivation, the silicone rings
(thickness 1mm) were placed on bottom of wells. Samples in the form of tablets and stainless steel
sheet (control) were placed on the top of rings after sterilization at 170 °C for 1 hour in thermostat. The
cytotoxicity testing was carried out according to STN ISO 10993-5:2009. The culture plate was
cultivated in incubator at 37 °C, 95 % humidity and 5 % CO; for 24 hours. The wells with cells were
twice washed with phosphate saline buffer after removing substrates and silicone rings from wells. The
cytotoxicity of samples was evaluated by a commercially purchased proliferation test (the Cell titer 96
aqueous one solution cell proliferation assay, Promega, USA) according to the manufacturer’s
instructions. The absorbance of the final product (formazan) was determined at 490 nm.
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3. RESULTS AND DISCUSSION

Mass of bioceramic coating deposited onto the surface of sintered iron samples determined
from the mass difference after and before the coating layer deposition was about 3.6 mg and 2.4 mg for
HAp and MnHAp coating layer, respectively. Content of Mn in MnHAp coating layer was about
0.5 wt.%. Deposited coating layers were adhesive and stable.

3.1 SEM analysis of bioceramic coating layer

Surface morphologies of sintered Fe sample and Fe materials coated with HAp and MnHAp
layers are presented in Fig.1. It can be seen that the surface of uncoated Fe sample was relatively
smooth and dense. SEM analysis of the coated Fe samples revealed the incoherent irregular bioceramic
coating layers obtained by electrodeposition. Star-like HAp microstructures with different dimensions
formed by triangular thin plates (with length about 5 — 10 um, width below 1 um and thickness 100 —
300 nm) were observed for HAp coating layer. The addition of Mn in coating layer resulted in
completely different surface morphology. The individual circular-shaped structures with diameter
about 10 um and oval-shaped assemblies formed by several circular blocks were observed for MnHAp
coating layer. The cracked nodular surface appearance with unevenly distributed rod-like
nanostructures could be seen at higher magnification.

The presence of HAp components in both coating layers was proved by EDX analysis. Average
compositions of the surface of coated iron samples at different positions are referred in Table 1 and
Table 2 for HAp and MnHAp layer, respectively. Average compositions were calculated form 10 — 15
elemental EDX point analyses performed on several samples. Results proved the presence of HAp
largely in position 1 and partially in position 3 while the presence of iron oxides predominantly in
positions 3 and 2. The Ca/P ratio in HAp coating layer was between 1.39 and 1.78. The mole ratio of
Ca to P of stoichiometric HAp is 1.67.

EDX analysis of the surface of MnHAp coated sample revealed the highest content of HAp in
position 5 together with low amount of iron oxides. Small amount of HAp was detected also in
position 4 together with Mn and iron oxides. Content of iron in position 4 was two times higher than in
position 5. Position 6 corresponded to the uncoated iron substrate. The content of Mn obtained by
point analysis was about 3.21 wt.%. It appeared together with Fe in larger needle aggregates with low
HAp content on the surface of coating layer. The Ca/P molar ratio in MnHAp coating layer was
between 1.37 and 1.61.

These results indicate that biocearmic layers prepared were slightly Ca-deficient. The Ca/P
ratio in HAp and MnHAp coating layers electrochemically deposited on NaOH-treated Ti substrate by
Huang et al. [31] was 1.1 and 1.13, respectively. In contrast, Ca/P ratios in HAp layers
electrodeposited by Jamesh et al. [57] on pure magnesium substrate and by Su et al. [58] on
magnesium alloy substrate were 1.666 and 1.667, respectively.
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Figure 1. SEM micrographs of the surface of uncoated and bioceramic coated Fe material: Fe (a, b);
Fe + HAp (c, d); Fe + MnHAp (e. f).

Table 1. Chemical composition of the surface of powder-metallurgical iron samples coated with HAp
layer at different positions marked in Fig. 1d.

Element Average composition
Position 1 Position 2 Position 3

wt.% at.% wt.% at.% wt.% at.%
CK 3.74 7.45 1.26 3.47 1.93 6.16
OK 34.8 52.1 24.8 514 13.4 32.6
Na K 2.20 2.29 0.75 1.09 0.59 0.86
PK 18.8 14.5 0.56 0.60 2.79 3.46
CaK 37.2 22.2 1.05 0.87 3.94 3.77
Fe K 3.31 1.42 71.6 42.6 77.4 53.1
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Table 2. Chemical composition of the surface of powder-metallurgical iron samples coated with
MnHAQp layer at different positions marked in Fig. 1f.

Element Average composition
Position 4 Position 5 Position 6
wt.% at.% wt.% at.% wt.% at.%
CK 3.92 9.95 2.69 6.44 0.48 1.99
OK 24.2 46.2 22.2 39.9 3.30 10.4
Na K 2.05 2.73 411 5.15 0.26 0.58
P K 3.49 3.44 14.7 13.7 0.49 0.80
CaK 6.40 4.88 28.6 20.6 0.71 0.89
Fe K 56.7 31.00 27.7 14.3 94.8 85.4
Mn K 3.21 1.78 - - - -
3.2 XRD analysis of bioceramic coating layer
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Figure 2. XRD patterns of HAp and MnHAp coatings on the surface of Fe substrate.
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The XRD patterns of the HAp (Fig. 2a) and MnHAp (Fig. 2b) coatings are given in Fig. 2.
Typical peaks of HAp were identified in both patterns. For the MnHAp coating (Fig. 2b), the typical
main peaks of the lattice planes (21-31) at 20 = 31.77° and (11-22) at 32.20° were reduced in
comparison to HAp coating. This behaviour could be associated with the creation of a new phase
containing Mn compounds. Several rather broad reflections are still observed in the X-ray diffraction
profile which could be ascribed to the presence of nanocrystalline HAp phase resulting from the
interference of the HAP crystal structure formation with the dopant compounds. From the XRD pattern
of the HAp and MnHAp layers, it could be concluded that grown HAp favours hexagonal phase and
consists of two phases, an ordered phase and a nanocrystalline phase.

3.3 Electrochemical corrosion behaviour

The OCP—time plots for the uncoated and bioceramic coated Fe materials at 37 °C are shown in
Fig.3. The OCP of coated materials was found to be shifted to less negative potential compared to the
uncoated sample, showing higher thermodynamic stability. The values of initial potential were about
-500 mV, -420 mV and -370 mV for uncoated Fe sample, MnHAp coated and HAp coated sample,
respectively. The continual decrease in potential was observed for bioceramic coated samples. The
slight decrease followed by slight increase in potential and its saturation at certain value was registered
for uncoated Fe substrate. The OCP in Hanks’ solution reached a potential of about -500 mV, -495 mV
and -440 mV (vs. Ag/AgCI/KCI (3 mol/l)) after 60 minutes for uncoated Fe sample, MnHAp coated
and HAp coated sample, respectively. This indicated that the incoherent bioceramic coating layer did
not deteriorate significantly the biodegradation behaviour of material.

-300 T T T T T T T T T T T T T T T
—Fe

——Fe +HAp
-350 4 Fe + MnHAp

-400 - -

-450 - -

E/mV

-500 \‘-\‘__~,}—-—-L,,4/—-—"""—'—1’_—_*'_*’"_‘“‘V"""“1"“r~ 4

-550 -

-600

T T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500
Time /s

Figure 3. OCP-time measurements of sintered Fe material without and with bioceramic coating layer
obtained in Hank’s solution at constant time of 60 min.
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Figure 4. Potentiodynamic polarisation curves of sintered Fe material without and with bioceramic
coating layer obtained in Hank’s solution at pH 7.4 and 37°C at scan rate 0.1 mV/s.

Degradation behaviour of developed material in Hank’s solution was studied by anodic
polarisation curves. Fig. 4 shows characteristic potentiodynamic polarisation curves for the uncovered
Fe sample and Fe samples coated with HAp and MnHAp layers in Hank's solution at 37 °C. The
values of corrosion current density (jcorr), COrrosion potential (Ecorr), anodic and cathodic Tafel slopes
(ba, bc) and average corrosion rates derived from polarisation curves are listed in Table 3.

Table 3. Calculated values of Ecorr, jeorr, ba, be @nd corrosion rates of sintered Fe material without and
with bioceramic coating layer obtained from the potentiodynamic polarisation curves in Hank’s
solution at pH 7.4 and 37°C.

vzorka Ecorr (MV) | jeorr (WA/cm®) Corrosion rate ba (MV/dec) be (mV/dec)
(mm/year)
Fe -500.6 41.88 0.4853 467.1 82.19
Fe + HAp -452.0 13.62 0.1578 263.9 189.5
Fe + MnHAp -478.3 23.84 0.2762 318.8 180.4

All the curves showed similar corrosion behaviour. The values of E.yr Shifted to the less
negative potential side for both bioceramic coated samples indicating the increased corrosion
resistance of coated samples as compared to bare Fe sample. The highest corrosion susceptibility was
observed for MnHAp coated sample. Corrosion potential of uncoated Fe was about -500 mV, while
Ecorr OF the HAp coated and MnHAp coated iron substrate was about -452 mV and -478 mV. The
increased corrosion resistance of coated materials was proved also by decreasing values of jeor and
corrosion rate. The value of in vitro degradation rate in Hank’s solution for the sample with MnHAp
coating layer was nearly two times higher than that of the HAp coated Fe sample, which could be
associated with presence of Mn in coating layer. Cathodic Tafel slope refer to hydrogen ion reduction,



Int. J. Electrochem. Sci., Vol. 10, 2015 8168

and its value is generally about 120 mV. Anodic Tafel lines correspond to the corrosion process of
examined samples and are associated with dissolution of iron. Decrease in b, values for bioceramic
coated samples as compared to uncoated iron sample gave another indication of corrosion inhibition
due to HAp and MnHAp coating layers. This result shows that the incoherent bioceramic coatings
layer served as a slight barrier layer against corrosion. The shift of E.,, values to the positive potential
side as well as the decrease in jcorr Values due to coating of Ti samples with HAp and MnHAp layer
was observed also by Huang et al. [31]. Decrease in corrosion rate of magnesium alloy WE43 due to
the hydroxyapatite reinforcement was reported also by Dieringa et al. [59]. Corrosion protective ability
of HAp coating layer with the thickness 2-3 um was proved also by Jamesh et al. [57]. Ulum et al. [9]
have observed shift of corrosion potential of composite Fe-HAp material in Kokubo's solution to more
negative potential as compared to pure Fe material, while the corrosion rate of Fe material was higher
than that of composite material Fe-HAp.

3.4 Static immersion corrosion behaviour

The mass losses of the samples during static immersion test in Hank’s solution for 13 weeks
are shown in Fig. 5. The highest weight loss during the first two week of immersion was obtained for
MnHAp coated iron material, which can be associated with presence of Mn in the coating layer. The
highest mass loss during next two week was nearly the same for all the samples. The highest mass loss
was registered for uncoated iron material, while the lowest one for HAp coated sample during
remaining weeks of immersion. The continual increase in difference between the mass losses for
individual samples was detected. The weight changes together with mass loss after every week for
three examined samples are listed in Table 4.

1!2 T T T T T T T T T T T

| —=—Fe

—e— Fe + HAp
Fe + MnHAp

1,04
0,8 1
0,6

0,2

0,0 /

T T T T T T T T "~ T T "~ T *~T°
o 1 2 383 4 5 6 7 8 9 10 11 12 13 14

Mass loss (wt%)

Time of immersion (week)

Figure 5. The mass loss during immersion in Hank’s solution for 13 weeks for uncoated and
bioceramic coated iron materials.
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A comparison of corrosion rates calculated from mass losses after 2, 4, 6, 8, 10 and 13 weeks
of immersion test in Hank's solution shows Table 5. The highest corrosion rate after two weeks of
immersion was proved for bioceramic coating layer with pre presence of Mn. However, also the
corrosion rate for HAp coated sample was higher than that of uncoated material. The HAp presence in
both coating layers enhanced the surface hydrophilicity and was thus considered to decrease the
corrosion resistance of bioceramic coated samples [2]. The slight increase in corrosion rates of coated
samples and rather higher increase in corrosion rate of uncoated sample occurred during longer
immersion period.

Table 4. Values of mass loss after every week of immersion in Hank’s solution for uncoated and
bioceramic coated iron materials together with the actual mass of samples.

wee Mass (mg) Mass loss (mg) Mass loss (wt %)
k
Fe Fe + Fe + Fe | Fe+ Fe + Fe Fe + Fe +
HAp MnHAp HAp | MnHAp HAp | MnHAp
0 | 909.20 | 916.42 | 915.17 0 0 0 0 0 0

1 909.11 | 916.29 | 91486 | 0.09 | 0.13 0.31 0.01 | 0.01 0.03

2 908.78 | 915.77 | 91419 | 0.42 | 0.65 0.98 0.05 | 0.07 0.11

3 908.10 | 91533 | 913.95 | 1.10 | 1.09 1.22 0.12 | 0.12 0.13

4 907.60 | 914.71 | 91343 | 1.60 | 1.71 1.74 0.18 | 0.19 0.19

5 906.66 | 914.20 | 91257 | 254 | 2.22 2.60 0.28 | 0.24 0.28

6 905.48 | 913.53 | 911.76 | 3.72 | 2.89 3.41 041 | 0.32 0.37

7 904.55 | 91292 | 911.08 | 4.65 | 3.50 4.09 051 | 0.38 0.45

8 903.43 | 912.38 | 910.27 | 5.77 | 4.04 4.90 0.63 | 0.44 0.54

9 902.81 | 912.07 | 909.39 | 6.39 | 4.35 5.78 0.70 | 0.47 0.63

10 | 90148 | 911.64 | 908.74 | 7.72 | 4.78 6.43 085 | 0.52 0.70

11 | 900.89 | 911.22 | 908.33 | 8.31 | 5.20 6.84 091 | 057 0.75

12 | 900.10 | 910.89 | 907.88 | 9.10 | 5.53 7.29 1.00 | 0.60 0.80

13 | 899.27 | 910.70 | 907.49 | 9.93 | 5.72 7.68 1.09 | 0.62 0.84
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Table 5. Values of corrosion rate determined from mass loss after immersion in Hank’s solution for
uncoated and bioceramic coated iron materials after 2, 4, 6, 8, 10 and 13 weeks of immersion.

week Corrosion rate (mg/m” day)
Fe Fe +HAp Fe + MnHAp
2 0.951 1.471 2.218
4 1.811 1.935 1.969
6 2.807 2.180 2.573
8 3.265 2.286 2.773
10 3.495 2.164 2.911
13 3.458 1.992 2.674

The corrosion rates as high as 3.458 mg/m? day, 1.992 mg/m? day, and 2.674 mg/m? day were
obtained after 13 weeks for uncoated, HAp coated and MnHAp coated sample, respectively. It can be
seen that the corrosion rate after two weeks of immersion increased as the following: Fe, Fe + HAp, Fe
+ MnHAp, while after 6 and more weeks was degradation rate in the sequence: Fe + HAp, Fe +
MnHAp, Fe, from lower to higher. The same trend was observed for corrosion rates determined from
polarisation curves.

From the results of degradation studies it can be concluded that the presence of Mn in the
bioceramic coating increased corrosion rate and decreased corrosion resistance of MnHAp coated iron
material, particularly in the first stages of degradation.

3.5 Determination of in-vitro cytotoxicity

Figure 6. Fluorescent optical micrographs of osteoblasts on surface of metallic samples after 4 hour
adherence (live/dead staining): a) Fe; b) Fe+tHAp; c) Fe-MnHAp; d) Ti.



Int. J. Electrochem. Sci., Vol. 10, 2015 8171

Fluorescent optical micrographs presented in Fig. 6 show the morphology and distribution of
osteoblasts on the surface of metallic substrates after 4 hour adherence in culture medium at 37 °C. A
denser osteoblast layer was visible on the uncoated Fe substrate in comparison with bioceramic coated
samples on which the higher amount of dead cells (red color) was observed. Besides the cell
morphologies on Fe sample were closer to these ones found on titanium surface. Osteoblasts on
titanium sheet were perfectly spreaded with visible filopodia corresponding to non cytotoxic character
of surface.

The relative viabilities of MC3T3EL cells cultivated for 24 hours in relation to the negative
control (stainless steel sheet) are shown in Fig. 7. The relative viability was determined from values of
relative absorbance of the formazan produced by cells during enzyme catalysis via the mitochondrial
dehydrogenase in wells after removing of samples and stainless steel sheet. The reason for above
experimental arrangement was the reduction of contact effect of partially oxidized sample surface on
proliferation of cells and the cytotoxicity of sample extracts was practically measured. Despite of the
cytotoxicity of extracts could be affected by the production of hydrated iron oxides during the
cultivation, which was verified by the fine turbidity of DMEM after culture.

110 T T T T T T T

100 —
90 —
80 —
70 —
60 —
50 —
40

30

ABS/ABS negative control (%)

20

10

Fe Fe+HAp Fe+MnHAp Steel
Sintered sample

Figure 7. Relative viability of MC3T3EL cells expressed as the ratio of formazan absorbance in wells
with sample to absorbance of formazan in wells with stainless steel.

From ANOVA analysis resulted that absorbance of uncoated Fe sample and control were
statistically different (p < 0.008). Similarly formazan absorbance of MnHAp coated sample differs
from absorbance of uncoated Fe sample (p < 0.102) contrary to absorbance of samples with HAp and
MnHAp coating layer, which were not statistically different ( p > 0.05). The proliferation activity of
cells in wells after cultivation with uncoated Fe substrate achieved about 80% of proliferation activity
of osteoblasts in wells after cultivation with stainless steel substrate whereas formazan production of
cells affected by culture with MnHAp or HAp coated substrates decreased to around 60% absorbance
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of control sample. From comparison resulted a low cytotoxicity of extracts from Fe material while
bioceramic coated samples could be potentially cytotoxic.

From these results it can be concluded that the thickness of hydroxyapatite coating was
probably insufficient for improving of bioactivity or minimization of the in vitro cytotoxicity of
samples. Because of above facts and the porosity of hydroxyapatite layer, the culture medium can
strongly affect the surface of samples with the formation of hydrated Fe oxides, which were gradually
exfoliated from samples simultaneously with hydroxyapatite particles and cells were not able to adhere
and proliferate on such unstable surfaces.

These results are in agreement with findings of Ito et al. [2]. They deposited HAp particles on
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) nanofibrous film. It was concluded by the authors that
the cell adhesion was not significantly affected by presence of HAp.

4. CONCLUSIONS

In this study, the electrochemical deposition of thin and incoherent HAp and MnHAp layer has
been carried out onto the sintered iron substrate surface with the aim to improve their biocompatibility
but not deteriorate their degradation rate. Formation of nanocrystalline HAp ceramic layer was proved
by XRD analysis. EDX analysis revealed the Ca/P molar ratio in bioceramic coating between 1.37 and
1.78. The degradation rate determined from both electrochemical corrosion test and immersion
corrosion test increased as the following: Fe + HAp, Fe + MnHAp, Fe. The thickness of
hydroxyapatite coating was insufficient for minimization of the in vitro cytotoxicity of samples.
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