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ing their mechanical properties and degradation behavior with no emphasis on improving their bioactivity
behavior. We therefore investigated the possibility of improving iron biodegradation rate and bioactivity by
incorporating various bioactive bioceramics. The iron-based bioceramic ( hy droxyapatite, tricalcium phosphate
Keywords: and biphasic calcium phosphate} composites were prepared by mechanical mixing and sintering process.
Biodegradable metals Degradation studies indicated that the addition of bioceramics lowered the corrosion potential of the composites
Iron and slightly increased their corrosion rate compared to that of pure iron. In vitro cytotoxidty results showed an

Bioceramics increase of cellular activity when rat smooth muscle cells interacted with the degrading composites compared
Degradation to pure iron. X-ray radiogram analysis showed a consistent degradation progress with that found in vivo and
Cytotoxicity positive tissue response up to 70 days implantation in sheep animal model. Therefore, the iron-based bioceramic
Implantation composites have the potential to be used for biodegradable bone implant applications.

© 2013 Elsevier BV. All rights reserved.
1. Introduction Calcium phosphate ceramics, such as hydroxyapatite (HA), tricalcium

Recent progress in the biomedical field can be attributed to better un-
derstanding bioactive materials which have the ability to promote posi-
tive interactions with the physiological environment. In certain cases,
biomaterials are only needed temporarily to support the healing process
and are expected to degrade thereafter [1,2] In orthopedic applications,
biodegradable implants should allow a gradual load transfer to the
healing bone as the materials degrade, thus reducing the stress shielding
phenomenon. It also eliminates a secondary operation to remove the im-
plant which is common with non-degradable metallic implants [3-5].
Magnesium (Mg)- and iron (Fe)-based alloys are two classes of metals
which have received attention for temporary implant applications such
as bone pins, plates, screws and stents [6-8]. Most of the studies on Mg
and its alloys reported a rapid degradation rate in physiological environ-
ments [9,10], while the degradation rates of Fe and its alloys were consid-
ered too slow [11,12] Alloying Fe with other elements such as Mn, C, Si,
and Pd improved its degradation rate, but their biocompatibility is uncer-
tain at higher concentrations of the alloying elements [13-17]. An alter-
native approach is needed to develop Fe-based material with improved
degradation behavior while maintaining its biocompatibility.
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phosphate (TCP) and biphasic calcium phosphate (BCP) are known
bioceramics with bioactivity that supports cell proliferation, bone in-
growth and osseointegration. These bioceramics have been widely used
in orthopedics and dentistry [18,19]. Their main components, Ca and P,
are both essential elements that maintain physiological homeostasis pro-
cesses with balanced cell proportions [20]. These bicactive ceramics are
also degradable with different solubility in body environment, and can
be controlled by manipulating the composition (HA/TCP ratio) [21].
These characteristics, when incorporated into biodegradable metals
where an improvement to both their degradation and bioactivity is
expected, are appealing. Therefore, this work aims to develop novel bio-
degradable materials by incorporating HA, TCP and BCP into Fe to form
Fe-bioceramic composites. These composites are the first of its kind in
the field of biodegradable material for temporary implants. The mechan-
ical behavior and degradation rate were studied, and their in vitro cyto-
toxicity was evaluated via direct and indirect contact with rat smooth
muscle cells. An in vivo study was performed in sheep where the compos-
ites degradation was evaluated using X-ray radiography.

2. Materials and methods
2.1. Material preparation

Iron powder {99.0 + % purity, 450 um average particle size,
Goodfellow, UK), HA and TCP were used to prepare Fe-bioceramic
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composites. Both HA and TCP nanopowders were synthesized using the
microwave irradiation method as reported previously [22]. In brief,
diammonium hydrogen phosphate {(NH,)2HPO4, QRec, China) solu-
tion was added dropwise into calcium nitrate tetrahydrate (Ca(NO3)2
4H,0, QRec, China) solution by maintaining Ca/P ratio at 1.67 (HA) and
1.5 (TCP). After the dripping was complete, the mixture was heated
under microwave irradiation, filtered, dried at 80 °C, and sintered at
1000 °C for 1 h. The average particle size of the HA and TCP was about
~70 4 20 nm measured from field emission scanning electron micro-
scope (FE-SHMl) images (n = 30).

Samples of pure Fe and three different Fe-bioceramic composites
were prepared by firstly mixing the starting powders at a nominal
composition of (1) 100 wt¥% Fe (pure Fe); (2) Fe-5 wt% HA (Fe-HA);
(3) Fe=5 wt% TCP (Fe-TCP); and (4) Fe-5% wt (60% HA:40% T@P)
(Fe-BCP). Each mixture was uniaxially pressed under 13.8 MPa into
pellets 12.67 mm in diameter. All pellets were sifflered in a tube fumace
under vacuum at 1100 *C (10 "C/min) and held for 1 h and then cooled
to room temperature (10 "C/min).

The morphologies and elemental compositions of the samples were
investigated by a scanning electron microscope (SEM, Hitachi TM3000,
Japan) equipped with an energy dispersive X-ray spectrometer (EDS,
Bruker, USA). Their phase identification was performed by using an
X-ray diffractometer (XRD, Bruker, USA) with Cu-Kct radiation operated
at 40 kV, 40 mA, step size 0.04° and counting time 15 s/step in a 26
range of 10-90°, The mechanical properties of the samples were deter-
mined by uniaxial compression testing according to ASTM E9-09 stan-
dard [23]. Six samples from each category were compressed using a
universal testing machine (Instron 5982, USA) at a constant crosshead
speed of 0.6 mm/min under 100 kN load cell.

2.2. Degradation tests

The degradation behavior of the Fe-bioceramic composite samples
was studied by weight loss, potentiodynamic polarization and electro-
chemical impedance spectroscopy (EIS) measurements. All degradation
tests were carried out in simulated body fluid ( Kokubo's solution)
which was prepared according to the method developed by Kokubo
et al. [24]. For the weight loss (immersion) test, polished and ultrasonic
cleaned samples were soaked in the Kokubo's solution (50 ml}at 37 °C
in a water bath. After 2 weeks, the samples were removed, dried and
then observed under SEM/EDS. Potentiodynamic polarization was
performed using a potentiostat equipped with flat-cell apparatus
(VersaSTAT 3, Princeton Applied Research, USA) in the Kokubo's solu-
tion at room temperature. The pure Fe and Fe-based composite samples
served as the working, graphite as the counter and Ag/AgCl as the refer-
ence electrodes, respectively. The exposed surface area of the working
electrodes was 0.502 cm®. A scanning rate of 0.2 mV from —1 to
—1.5 Vand an open circuit potential (OCP) of —0.78 V were set up.
Corrosion rate was calculated from corrosion current taken from polar-
ization curves using Tafel extrapolation. The EIS was performed in the
same solution for up to 2 h at room temperature, VersaStudio software
(Princeton Applied Research, USA) was used for data acquisition at open
circuit potential over a frequency range from 100 kHz down to 1 mHz
using a peak-to-peak 10 mV sinusoidal perturbation.

2.3. In vitro cell viability test

Primary rat smooth muscle cells (RSMCs) were isolated and cultured
from the intestine of an 8 week, 200 g Sprague-Dawley rat (Primate
Research Centre, Bogor Agricultural University, Indonesia). The RSMCs
were cultured in Dulbecco's modified Eagle's medium (DMEM) with
1 mg/ml glucose supplemented with 10% fetal bovine serum (Gibco,
USA), 1% penicillin and 1% streptomycin (Invitrogen, USA) and were
maintained at 37 °C and 5% COs. Cell viability tests were conducted
by both direct and indirect methods. For the direct method, RSMCs
were seeded in 96-well plates (2.5 x 107 cells/ml) for 24 h, and

then directly treated with samples (each 158 + 3‘.x 10~ 4 g with
surface area 8-10 mm?) at 5 different groups: pure-Fe, Fe-HA,
Fe-TCP, Fe-BCP and non-treated group as control. Four replicates
were used for each group in both methods. Weight change of the
samples after treatment was recorded for corrosion rate measure-
ment. For the indirect method, each sample was incubated in
1500 pl medium at 37 °C with 5% CO,, and then 500 pl of the medium
was collected without agitation at 7 and 14 days. The collected medi-
um was then inserted into 96-well plates which were previously
seeded with RSMCs (2.5 = 10° cells/ml) for 24 h. For both methods,
after 48 h incubation, the medium was collected for MTT assay.

Ten microliters of 5 mg/ml MTT stock solution (Sigma Aldrich, USA)
was applied to each well and then incubated for 4 h before the superna-
tants were aspirated. The purple formazan crystals in each well were dis-
solved in 100 pl acidified ethanol and the absorbance was measured by
using a spectrophotometer (BioRad, USA) at 595-655 nm. Results were
shown in percentage of MTT reduction as compared to the non-treated
group, presuming that this group was 100%. The collected medium from
direct and indirect MTT assay was further analyzed for Fe and Ca concen-
trations using an atomic absorption spectropibtometer ( AAS, AA-7000
Shimadzu, Japan) and for P concentration by molybdovanadate method
using a UV spectrometer (UV 200R@LW Scientific, USA) at 660 nm. The
conce.rations were analyzed by 5PSS v.16.0 { Inc., Chicago, IL)
using one-way ANOVA and post hoc Duncan test at the 95% confidence
level. A p-value = 0.05 was considered to indicate statistical significance.

24. In vivo implantation test

Implant prototypes (5 x 2 x 0.5 mm®) were machined from each
group of Fe-bioceramic samples. Another implant with the same dimen-
sion was prepared using S5316L material (one of th’nost commeon
metallic materials for internal fixation) as a control. Five male sheep
(Indonesian thirfiailed sheep, age between 10 and 12 months and
body weight of 14-16 kg) were used with ethical clearance from
the Bogor Agricultural University Care and Ethics Committee (ACUC
#03-2012 IPB). The health status of the animals was checked prior
to anesthesia where a standardized balancen‘nesthetic protocol was
used. After 24 h of fasting, the animals received p edication
(Atropine®, 0.06 mg/kg iv, Indofar ndonesiaj and 10 min later
induced and continuously maintained with general anesthesia (llium
Kylazi 0®, 0.1 mg/kg iv, Troy Laboratories, Australia). General anti-
biotic (Novamox-G®, 1 ml/10 kg, Nova Laboratories, Malaysia) and
topical spray antibiotic (Limoxin-25 §iray®, Interchemie Werken,
Holland) were given every 2 days for b days to avoid postoperative
infection. The sheepwere placed in the left and right lateral recumbence
on the operating table and a medial surgical approach to the bone

waflised.

aﬁe implants were inserted into flatten !one defects drilled below
the radius pefllbsteum membrane of radial forelegs on medio proximal
region. Each sheep received one implant on each leg. The wound and
skin were closed with suture (Vicryl®, polyglactin 910, 5/0 in size,
Ethicon, USA) and bandaged with wound tape (Hypafix®, BSN Medical,
Sweden). Implant degradation was analyzed using a non-invasive X-ray
radiography method. The sheep were handled in the radiograph table
where the latero-medial view radiography wasobtained by a Diagnostic
X-ray unit (VR 1020, MA Medical, Japan) at 3,9, 14, 35,50, and 70 days
after implantation. Radiogram density was analyzed using a GD-1A
Pencil Type Digital Densitometer (GammaTec NDT, South Africa) in
X-ray illuminator.

3. Results and discussions
3.1. Material characterization and mechanical testing

Fig. 1 shows the microstructure of the sintered and polished surface
of the pure-Fe and Fe based composites. It can be seen that all samples




338 MF. Ulumn et al. / Materials Science and Engineering C 36 (2014) 336-344

- E——
M0 1022 AL D72 x1.0k  100um

201
H@Lg: images and EDS spectra (inset) of (a) pure-Fe, (b) Fe-HA, (¢) Fe-TCP, and (d) Fe-BCP.

were well sintered and the bioceramic phases with irregular shapes
were distributed throughout Fe matrix. Few oxide phases were ob-
served sparsely distributed in the pure-Fe sample, whereas in the Fe
based composites, most of the bioceramic phases resided along Fe par-
ticle boundaries with a few of them dispersed within the Fe particles.
The EDS results of the samples are shown in Table 1 which indicated
the presence of Fe, P and Ca and their nominal composition. Fig. 2
presents XRD patterns of raw materials and the Fe-bioceramic composite
samples. By comparing with the respective Joint Committee Powder
Diffraction Standards (JCPDS) card numbers, the presence of HA and
TCP in each Fe-HA and Fe-TCP sample was confirmed. The JCPDS card
number for BCP was not applicable but its presence can be confirmed
by the detected HA and TCP peaks in Fe-BCP sample. Therefore, these
results provide evidence of the successful incorporation of HA, TCP
and BCP into Fe.

The yield and compressive strength of the iron based composites were
calculated from compression curves at strain £ = 0.2% and 35%, respec-
tively (Table 2). It can be *n that the yield and compressive strengths
decrease as the foll g: pure-Fe > Fe-HA > Fe-TCP > Fe-BCP.

A slight decrease was seen in the yield and compressive strengths of
the Fe based composites compared to pure-Fe due to the inherent brittle
nature of ceramics. The higher strength of Fe-HA compared to Fe-TCP

Table 1
EDS results {area analysis) of the polished pure-Fe and Fe based composites samples in
percentage of weight (wti).

ment Fe Ca P
re-Fe 100 - L
Fe-HA a5 3 2
Fe-TCP a5 3 2
Fe-BCP 94 3 3

and Fe-BCP wasbelieved to be attributable to a strong interface bonding
between HA with Fe matrix and the superior compressive strength of
HA compared to TCP [25]. Further investigation is needed to confirm
this explanation; however it is not within the scope of this manuscript.

32, Degradation tests

Fig. 3 shows SEM images of the sample's surface after 2 weeks of
immersion test showing a dark black pasty-like corrosion layer covering
the surface. Some holes/pits were found beneath the corrosion layer
after ultrasonic cleaning indicating localized corrosion. It was noticed
that the chemical composition of the layer varied with the immersion
time {Table 3). The Fe content decreased while Ca and P content in-
creased with an increase in soaking time from 1 week to 2 weeks.

Weight changes of the samples during static immersion test for
1 and 2 weeks are shown in Fig. 4. It can be seen that the weight loss
increases as the following: pure-Fe < Fe-HA < Fe-BCP < Fe-TCP. TCP
is known to have higher solubility compared to HA in the body environ-
ment [ 21] which explains the obtained weight loss trend.

Fig. 5 shows typical potentiodynamic polarization curves of the
samples. Corrosion potential of the Fe based composites was shifted to
below that of the pure-Fe sample, while the corrosion current remained
almost similar. As one of the primary constituents in HA and TCP, Ca is
suspected to be the reason for the shift towards the active region similar
to those that occur in Mg-Ca alloys [26]. The presence of PO3 ~, Ca®*
and SO3 ~ ions in the Kokubo's solution could cause precipitation and
consequently influence the shifting. The formation of Ca and P contain-
ing layer could behave as a passive layer, inhibiting current flow during
the electrochemical corrosion tests.

Table 4 shows a comparison of corrosion rates calculated from
potentiodynamic polarization, immersion test in Kokubo's solution
and immersion test in contact with the cells. The trend of corrosion
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Fig. 2. XRD patterns of the raw bioceramics and the Fe based composites samples.
Table 2 ; ioati ; ;
: ) . rate for samples tested with polarization and in contact with cells
Mechanical properties of the pure-Fe and Fe based composites samples. follows the order: pure-Fe = Fe-HA = Fe-BCP = Fe-TCP, while those
Samples 0.2% offset yield strength (MPa) Compressive strength (MPa) immersed in Kokuba's solution follow a reverse order.
Pure-Fe 354 4+ 6 752 + 13 The difference in corrosion trend (Table 4) could be related to the
Fe-HA 32545 N7 +2 time dependent effect. The short soaking period in potentiodynamic
Fe-TCP 31241 708 +£7 polarization (20 min) and in contact with cells (2 days) did not allow
Fe-BCE 22 69 +£8 sufficient time for the dissolution of bioceramics similar to those

(Fe-TCP)

201210003 1749F D79 x50 2mm 201211003 1740F D84 x50 2 mm

Fig. 3. SEM images of (a) pure-Fe, (b) Fe-HA, (c) Fe-TCPF, and (d) Fe-BCP after immersion test for 2 weeks.
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Table 3
EDS results (area analysis) of the surface of pure-Fe and Fe based composites samples after
1 and 2 weeks of immersion test {(wt®).

Sample Fe 0 Ca P
wi w2 w1 w2 wi w2 w1 w2
ﬂre-Fe 50 32 33 45 7 6 11
Fe-HA 45 44 33 39 5 9 12 5
Fe-TCP 62 36 26 39 4 7 8 9
Fe-BCP 53 26 29 29 6 18 12 24

found immersed in the Kokubo's solution (2 weeks). A longer soaking
period allowed the dissolution of bioceramics and the formation of a
degradation layer. The effect of the degradation layer was then assessed
by EIS measurement.

The EIS measurement provides basic information on the resistive
and capacitive behavior at the interface of the samples and electrolyte
(degradation layer). The inhibiting effect on the metal surfaces can
also be predicted through this electrochemical measurement. Fig. 6
show s the Nyquist diagrams for the pure-Fe and the Fe based composite
samples after 2 h exposure in the Kokubo's solution. Charge transfer
resistance (R.) was determined from the Nyquist plot which corre-
sponds to the measurement of electron transfer across the surface.
The R, values were calculated as the difference in impedance at lower
and higher frequencies [27]. The double layer capacitances (Cy) that
characterize charge separation between the Fe and electrolyte interface
were also determined. Generally, the obtained impedance diagrams
were not perfect semicircles and these results were attributable to fre-
quency dispersion [28]. The plots in Fig. 6 show a larger impedance
loop of Fe with the addition of 5% bioceramics compared to that of the
Fe only. Larger impedance loops result in larger R, values, correspond-
ing to the higher inhibiting corrosion effect [29].

Table 5 shows the values of impedance parameters for all the sam-
ples tested through the EIS measurement.

It cal.e seen in Table 5 that the inhibiting effect increased in the
order of pure-Fe < Fe-HA < Fe-TCP < Fe-BCP. The inhibiting effect on
the pure-Fe sample could be due to the formation of precipitation
layer from PO}, Ca®" and SO3 ~ ions in the Kokubo's solution. The
higher inhibiting effect on the composite samples was due to the accu-
mulation of P and Ca precipitate from the bioceramics matrix on the
sample's surface. The weight loss results confirmed that the solubility
of TCP was relatively higher than that of HA in body environment.
This was the reason for the intense inhibiting effect of the composite
samples as TCP molecules have a greater tendency to diffuse out from
the ceramic matrix, thus forming the inhibiting passive layer.

Double layer capacitances (Cy) were measured according to the
equation Cqi = [ 2MfimaxRet) ! where fmax is the frequency at which the
imaginary impedance component (Z;y) is maximum. The calculated

0.015

O 1 week

Weight loss (g)

Fe Fe-HA

Fe-TCP Fe-BCP

Fig. 4 Weight loss graphs of the pure-Fe and Fe based composites samples. Note: n = 3.
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Fig. 5. Potentiodynamic polarization graphs of the pure-Fe and Fe based composites
samples.

Cy values decreased following a trend: pure-Fe > Fe-HA > Fe-TCP >
Fe-BCP, which is consistent with other reports related to EIS measure-
ment of Fe [27,30]. The decrease of Cy was due to the gradual replace-
ment of water molecules by organic molecules (Ca and P) at the Fe/
solution interface through the adsorption process. Fe-BCP and Fe-TCP
have lower Cy compared to that of Fe- HA due to TCP's higher dissolu-
tion than HA in body environment, which is consistent with the afore-
mentioned R, result.

3.3. In vitro cell viability

Fig. 7 shows RSMCs viability and metal concentration measured
from the MTT test samples.

Fe concentration was found higher in all direct contact method
groups compared to those of indirect method. In the indirect method,
the Fe concentration increased as the test was prolonged from 7 to
14 days. Table 6 details the elemental composition measured in the
medium taken from MTT tests. Overall, the degradation trend for the
indirect method follows that of the immersion test while the trend for
the direct method was similar to that of potentiodynamic polarization.
The direct method in Fig. 7 shows that the dissolution of bioceramics
phases was inhibited by the cells’ activity.

Compared to those inindirect contact, samples in direct contact with
the cells induced higher Fe release to the culture medium regardless of
the group (Fig. 7). The Fe~-HA released more Fe followed by the Fe-TCP,
pure-Fe and Fe-BCP groups (Table 6). Higher release of Fe correlates
with lower cell viability as seen for the Fe-HA and Fe-TCP groups. A
different trend was found in the irect method where the Fe-TCP
released more Fe followed by the Fe-BCP, Fe-HA and pure-Fe groups
(Table 6). The amount of Fe release does not correlate with cell viability
confirming that indirect contact method involved no cellular activity
during incubation as in the direct method. It was reported that Fe parti-
cles triggered different toxicity reactions based on the immediate envi-
ronment such as biomolecules and physiological properties of culture

Table 4
Calculated corrosion rate of the pure-Fe and Fe based composites samples subjected to
different methods.

Samples  Corrosion rate (g.-'rn2 h)
Potentiodynamic Immersion in Kokubo's  lmmersion in contact
*! polarization (20 min)  solution (2 weeks) with cells (2 days)
e-Ffe 0234 0.021 0016
Fe-HA 0199 0.042 0msz
Fe-BCF 0192 0.062 0011
Fe-TCP 0181 0.090 0010
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Fig. 6. Myquist diagrams of the pure-Fe and Fe based composites samples.

Table 5

Impedance parameters of the pure-Fe and Fe based composites samples.
Samples Ry (2 em?) Cy (uF/em)
Pure-Fe 1000 + 17 3183 + 54
Fe-HA 1250 + 4 1657 + 5
Fe-TCP 1350 + 21 785+ 11
Fe-BCP 1500 + 25 341 45

(a) 125
100

% SMCs viabili

25

Fe-HA

Fe-TCP  Fe-BCP

(€) 125

100

-4
L

% SMCs viability
2

25 4

Control

Fe

Fe-HA  Fe-TCP Fe-BCP

34
Table 6
Fe, Ca, P concentration in RSMCs culture medium during MTT test.
Element Croups (L‘uncer!l:iun in ppm)
Control re-Fe Fe-HA Fe-TCP Fe-B(P
Direct (2 days)
Fe na 722 + 7% 804 + 5™ 754 + 6 657 + 5§
Ca na 282 + 3% 291 + 1% 287+ 243 4+ 1¢
P na 324 + 3% 336 + 7 329 + 3 262+ 7
Indirect (7 days)
Fe o 26+1° 149 + 1° 205 + 4 140 + 1¢
Ca 598 + 14* 455 +4' 437 12" 450+ 2 263 + 4
P 160 + 1" EVES b 76+ 2 99+ 1 94+ 1
Indirect (14 days)
Fe o 126 £ 3° 21N+ ¥ 277 + 10" 187 + 5
Ca 598 4+ 14% 154 £ 4° 210 + 3¢ 182 4+ 5° 184 4 2°

160 + 1" 33+ 4 48 + 1° 63 £ 1° 86 + 1°

!; shown as mean with standard deviation (x + SD). The same letter in a different row
and column shows the difference was not significant (p > 0.05). na = not analyzed.

medium [31]. Although Fe is essential element for mammals, including
humans, Fe deregulation can induce cellular toxicity and develop cell
degeneration through complex forms of Fe [32,33]. It has beenreported
that in the cells micro-environment, Fe ions caused cellular apoptosis,
necrosis and apocrosis [34].

It is expected that at low concentration of Fe release (indirect
method), the inhibition effect of Fe on cell growth was balanced by the
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Fig. 7. Cell viability and metal concentration: (a, b) direct method, (¢, d) indirect method.
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Fig. 8. X-ray radiograms of the pure-Fe, composites and 55316L samples at different implantation periods.

bioactive effect of the bioceramics (HA and TCP). However, the effect and cathodic (OH™ release) reactions occurred. For indirect contact, the
of Fe was dominant at higher concentrations (direct method). Direct cells interacted only with the degradation products with or without lim-
contact of cells with degradable metals resulted into lower cell viability ited interaction with the degradation process itself. Further studies
compared to indirect contact. During the direct contact test, the cells should be conducted to analyze the effect of complete degradation pro-
were subjected to a corresion process where both anodic (Fe® ' release) cess and the composite's composition to the cells.

Table 7

Radiodensity analysis of the pure-Fe and Fe based composites implants.
Days !‘piantt)rpe

Fe Fe-HA Fe-TCP Fe-BCP 55316L

3 67 £ 0° 57+ 1 62+ 1™ 6141 49+ 1"
el 68 +1° 68 £ 1P 68 + 17 6o+ 19 60+ 1%
14 69 + 0™ 63 + 1™ 64 + 1" 70+ 14 54 + O™
35 50 + 0F 42 41" 2+ 10 54 + O™ 39 +1°
50 50 + 1% 53+ 1" 49 + 14 53+ 1" 39417
70 48 +1° 55+ 1° 45+ 14 61+ 1 44 + 1

!Jneartrendline y=—0324x + 70 y = —0102x + 58 ¥ = —0353x + 67 y= —0121x + 67 y = —0153x + 54
ta shown as mean with standard deviation (x + 5D, The same letter in a different row and column shows the difference was not significant (p = 0.05).
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Fig. 9. Density analysis of X-ray radiograms: (a) illustration of the effect of degradation on radiodensity and (b) radiodensity change of the implants over implantation period.

3.4 X-ray radiography

Fig. 8 shows radiograms of pure-Fe, Fe-bioceramic composites and
SS316L implants. Radiographic imaging is a non-invasive, simple yet
powerful tool capable of identifying early changes or reactions of peri-
implant tissues in the first week after implantation including clinical
signs of bleeding, inflammation, and presence of exudates [35]. It can
also provide useful information on implant morphology by analyzing
radiographic density of the radiograms (radiodensity) [36-38]. The
radiograms (Fig. 8) inform changes in implant density as indicated by
the opacity of the images. Radiodensity was further quantitatively ana-
lyzed using a digital densitometer to avoid overlooking any small
changes in the implants (Table 7).

Fig. 9a illustrates change on radiodensity as a result of the degrada-
tion process of the implants where degraded implants transmitted
more X-ray than that of non- or less degraded implants. The increase
of degradation attack correlates with lower material density and surface
irregularities as confirmed by optical observation of the explanted im-
plants (data not shown).

Fig. 9b shows that within 2 weeks after implantation, the radiodensity
(opacity) of all implants increased, due mostly to the tissue healing pro-
cess |39]. However, the radiodensity decreased as the implantation time
increased due to implant degradation. The decrease was found to be
higher for the Fe-TCP which is consistent with the in vitro immersion
test (Fig. 4, Table 4). The increasing and decreasing trends were not appli-
cable to the SS316L implant as degradation process did not occur exce pt
for the abrupt decrease from day 14 to day 35 which happens to all
implants. It is also observed that the radiodensity of the Fe-HA and
Fe-TCP increased from day 35 to day 50 but then decreased at day 70
(Table 7). Meanwhile, for the Fe-BCP implants the radiodensity showed
a consistent increase after day 35. This trend is suspected to be related
to the bioactive effect of bioceramics that promotes bone healing or
bone formation around the Fe-bioceramic composite implants as also
shown during the in vitro test (Fig. 7). It has been reported that the deg-
radation of various bioceramic implants induced different kinds of bone
formation [4041].

4. Conclusion

In conclusion, the iron-based bioceramic (HA, TCP and BCP) compos-
ites were successfully prepared through the powder sintering process.
The composites showed a slight decrease in yield and compressive
strength com pared to pure-Fe. Degradation of the Fe-bioceramic com-
posites was slightly higher than the pure-Fe due to the incorporation
of the degradable ceramics. The higher cell viability and cell prolifera-
tion of Fe-bioceramic composites demonstrate a positive effect of
incorporating bioceramics into pure-Fe. X-ray radiographs confirmed
the healing process and the degradation progress of all pure-Fe,

Fe-bioceramic composite and 553 16L implants. The radiographs also in-
dicate the superiority of the composite implants in terms of bone
healing and formation.
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