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Iron-matrix composites with calcium silicate (CS) bioceramic as the reinforcing phase were fabricated
through powder metallurgy processes. The microstructures, mechanical properties, apatite deposition
and biodegradation behavior of the Fe-CS composites, as well as cell attachment and proliferation on
their surfaces, were characterized. In the range of CS weight percentages selected in this study, the
composites possessed compact structures and showed differently decreased bending strengths as
compared with pure iron. Immersion tests in simulated body fluid (SBF) revealed substantially enhanced
deposition of CaP on the surfaces of the composites as well as enhanced degradation rates as compared
with pure iron. In addition, the composite containing 20% CS showed a superior ability to stimulate
hBMSCs proliferation when compared to pure iron. Our results suggest that incorporating calcium sili-
cate particles into iron could be an effective approach to developing iron-based biodegradable bone
implants with improved biomedical performance.
© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Over the last decade, biodegradable metallic implants for or-
thopedic applications have gained substantial interest, as they can
avoid the negative effects related to the use of permanent implants,
such as inflammation and stress shielding [1,2]. In recent years, iron
and its alloys have been proposed as candidate materials poten-
tially for orthopedic applications, especially for the applications
where strong mechanical support during the bone healing process
is needed [3]. Although concerns over the potential toxic effect due
to the excessive intake of the iron element have been raised [4], a
number of in vitro and in vivo studies on iron-based implants have
demonstrated good biocompatibility and biosafety of pure iron for
orthopedic applications [5e7]. However, being similar to Mg-based
biodegradable materials, iron-based materials developed so far
have shown a number of deficiencies in biomedical performance.
uan).
nications Co., Ltd.
rk.

ing by Elsevier B.V. on behalf of Ke
d/4.0/).
One of the deficiencies, probably being the biggest one, concerns
the rather low degradation rate of iron. An in vivo study conducted
by Kraus et al. [8], for example, showed that the degradation rate of
the iron implant over an implantation period of 52 weeks was
inadequately low and thus its suitability as a temporary implant for
osteo-synthesis applications became doubtful. In addition, the
surface bioactivity of iron would need to be improved, as it was
demonstrated by other researchers that the virtual inability of iron
to stimulate bone formation was quite similar to that of bio-inert
stainless steel [9].

It is obvious that further research efforts are needed to accel-
erate the degradation of iron-based biomaterials and in the
meantime to enhance their bioactivity. To date, most of the
research on the subject has been focused on accelerating the
degradation of iron-based biomaterials by means of alloying. It has
been found that alloying iron with elements such as manganese,
palladium or silver can indeed enhance its degradation rate
[5,10,11]. However, in order to achieve effective increases in
degradation rate, these alloying elements have to be added in very
largeweight percentages, e.g., greater than 15%Mn [11], whichmay
lead to uncertainties about the biocompatibility of the alloys.
Moreover, alloying with these elements is unlikely to improve the
Ai Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
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Table 1
Composition of SBF (1000 mL) used in the immersion tests.

NaCl NaHCO3 KCl K2HPO4$3H2O MgCl2$6H2O

Amount 8.035 g 0.355 g 0.255 g 0.231 g 0.311 g
Purity (%) 99.5 99.5 99.5 99.0 98.0

1.0M-HCl CaCl2 Na2SO4 Tris 1.0M-HCl

Amount 39 mL 0.292 g 0.072 g 6.118 g 0e5 mL
Purity (%) e 95.0 99.0 99.0 e
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bioactivity of iron.
In recent years, the development of metal matrix composites

(MMCs) has been recognized as an alternative approach to devel-
oping iron-based biomaterials with accelerated degradation rates.
Ulum et al. [12], for example, developed a series of biocomposites
by incorporating hydroxyapatite (HA), b-tricalcium phosphate
(TCP) or HA-TCP mixtures into pure iron. The degradation rates of
the biocomposites were found to be slightly higher than the
degradation of pure iron, which was attributed to the presence of
these bioceramics in the composite structure. From the results of an
in vivo evaluation in their follow-up study, Ulum et al. [9]
confirmed the enhanced bioactivity of the composites as
compared with pure iron.

Although the research in this field has yet been quite scarce, the
feasibility of improving the degradation rate and bioactivity of iron
by incorporating bioceramic particles has beenwell acknowledged.
Nevertheless, more research efforts are needed to optimize the
compositions of iron-matrix composites in order to achieve more
effective improvements in degradation and bioactivity properties.
For example, one may hypothesize that the use of bioceramic
having a higher degradation rate and bioactivity than HA and TCP
can lead to the attainment of the desired improvements. Another
possible approach is to enlarge the weight percentages or volume
fractions of bioceramic particles added to the iron matrix.

The aim of the present study was to develop a new class of iron-
matrix composites by optimizing both the selection and the content
of the bioceramic phase. In this study, instead of calcium
phosphate-based bioceramics such as HA and TCP, the calcium
silicate (CS) bioceramic was chosen as the reinforcement phase for
the iron matrix. Among all the silicate-based bioceramics, calcium
silicate (CS) presents the simplest chemical composition. A number
of studies have already confirmed its superior biodegradability and
bioactivity, as compared with calcium phosphate-based bio-
ceramics, including HA and TCP [13e15]. These characteristic
properties make CS an interesting reinforcement material for pure
iron, when enhanced biomedical properties are desired. In addi-
tion, in comparison with the relatively low weight percentages
(around 10%) of bioceramics in the biocomposites found in the
literature [9,12,16], in this study, the weight percentage of CS
incorporated into the iron matrix was significantly increased in
order to clarify the effect of CS addition on the degradation
behavior and surface bioactivity of the biocomposites. With the Fe-
CS biocomposites successfully prepared, their microstructures,
mechanical performance and degradation behavior were charac-
terized. Furthermore, the in vitro surface bioactivity of the com-
posite materials was evaluated by means of immersion tests in
simulated body fluid (SBF) and their in vitro cytotoxicity was
evaluated through direct contact with human bone marrow stro-
mal cells (hBMSCs).

2. Materials and methods

2.1. Composite fabrication and structural characterization

An iron powder with 99.5% purity and a mean particle size of
20 mm (Haotian Nano Technology, China) and a CS powder were
used as the starting materials. The CS (CaSiO3) powder was syn-
thesized by means of a chemical precipitation method using
Ca(NO3)$4H2O and Na2SiO3$9H2O as the rawmaterials according to
our previous study [17] and it had a mean powder particle size of
10 mm. The fabrication of pure iron and Fe-CS composites was based
on a powder metallurgy method. Firstly, the iron and CS powders
weremixed for 1 h to preparemixtures with 0, 20, 30 and 40% CS by
weight, and the materials were denoted as Fe, Fe-20CS, Fe-30CS
and Fe-40CS, respectively. Prior to sintering, the mixtures were
uniaxially pressed under a pressure of 8 MPa into pellets with a
diameter of 10 mm. The pellets were heated at a rate of 5 �C/min to
1120 �C in a tube furnace with an argon atmosphere and then
sintered for 2 h, followed by furnace cooling to room temperature.

For microstructural characterization, the as-fabricated iron and
Fe-CS composite samples were ground by sandpapers down to a
grid size of 2400 and polished with a lubricant containing 3 mm
diamond particles. An X-ray diffractometer (XRD; Geiger-Flex,
Rigaku, Japan) was used to identify the phases in the composite
materials, for which the 2-theta angles were set from 10 to 80�. The
surface morphologies and elemental compositions of the Fe-CS
composites were investigated by using a scanning electron micro-
scope (SEM; JSM-6700F, JEOL, Japan) equipped with an energy
dispersive X-ray (EDX) spectrometer (INCA Energy, Oxford
Instruments).

To confirm the structure compactness of metallographic sam-
ples, the as-sintered density values of specimens were determined
by using a densimeter (ET-320VP, Etanln, China). For reproduc-
ibility, three specimens were used.

2.2. Mechanical tests

The mechanical properties of the materials were evaluated in
terms of compressive and bending strengths. To determine the
compressive strengths of the materials, cylindrical specimens with
a diameter of 10 mm and a height of 15 mm were prepared.
Compression tests were carried out at room temperature using a
universal testing machine (Instron 5566 with a force capacity of
10 kN, USA), according to the ASTM E9-09 standard [18]. To
determine the bending strengths, specimens with dimensions of
4 � 4 � 50 mm3 were prepared. Three-point bending tests with a
span of 45 mm between the two supporting pins were carried out
at a crosshead speed of 1 mm/min (Instron-5566, USA). At least six
repeat specimens were used in the compression and bending tests.

2.3. Static immersion tests in simulated body fluid

To evaluate the mineralization ability of the Fe-CS composites,
disk-shaped specimens with a diameter of 10 mm and a height of
2 mm were prepared. Simulated body fluid (SBF) was prepared
according to the method described by Kokubo [19] and its
composition is given in Table 1. Specimens were soaked in SBF and
placed a shaking water bath at a constant temperature of 37 �C. The
ratio of the surface area of the specimen to the volume of SBF was
set to 0.1 cm2/ml [19]. The immersion medium was completely
refreshed once a day. After 7 days of immersion, the specimens
were taken out of the immersion medium, rinsed with deionized
water and then air-dried. The morphologies and elemental com-
positions of the deposited layer on the surfaces of the specimens
were characterized by using SEM (Hitachi S8220, Japan) equipped
with EDX.

The in vitro degradation behavior of the Fe-CS composites was
evaluated by performing weight loss measurement over a total
period of 1 month. Disk-shaped specimens with a diameter of



Fig. 1. XRD spectra of pure Fe (a), Fe-20CS composite (b) and CS (c).
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10 mm and a thickness of 2 mm were ground, polished and
weighed before testing. The specimens were then soaked in SBF.
The immersion tests were performed at 37.0 �C in a water bath at a
constant shaking speed of 120 rpm. For each specimen, a 50 mL
Tris-HCl buffer solution was used, considering that the volume/
surface area (SV/SA) ratio would not cause any significant influence
on the corrosion rate of the specimen when it was higher than 6.7
[20]. The immersion medium was refreshed once a week. After a
pre-selected period, specimens were taken out of the soaking
medium, rinsed by distilled water and ethanol, and dried by
flowing hot air. The corrosion products were removed by using a
solution composed of 100 mL HCl, 5 g SnCl2 and 2 g Sb2O3 [21,22].
The specimens were then dried in the same way as after specimen
collection. Subsequently, the specimens were weighed and the
corrosion rate (CR) was calculated according to Eq. (1):

CR ¼ Dm=At (1)

where CR is the corrosion rate (g m�2 d�1), Dm the weight loss of
Fig. 2. SEM micrographs of the as-fabricated pure Fe (a), Fe-20CS (b), Fe-30CS (c) an
the specimen (g), A the original specimen surface area exposed to
the soaking medium (m2), and t the immersion time (d). For
reproducibility, three specimens were used for each group.

2.4. Cytocompatibility tests

2.4.1. Cell isolation and culture
Human bone mesenchymal stem cells (hBMSCs) were isolated

from human bone marrow according to the method reported pre-
viously [23]. The procedure was approved by the Ethics Committee
of Shanghai Jiao Tong University. Total bone mesenchymal stem cell
culture medium (Cyagen Biosciences, USA), consisting of bone
mesenchymal stem cell basal medium, 5% fetal bovine serum, 1%
stem cell growth supplement and 1% penicillin/streptomycin, was
used as hBMSCs' culture medium. The cell culture medium was
replaced every 2 days. Only early passages (i.e., passages 2e7) of the
hBMSCs were used in this study.

2.4.2. Immunofluorescence staining
To investigate cell morphology, adhesion and distribution on

iron and Fe-CS composite plates, F-actin staining was applied on
hBMSCs after hBMSCs had been cultured for 24 h. Rhodamine
phalloidin R415 (Invitrogen, USA) and 4-6-diamidino-2-
phenylindole (DAPI) (FluoProbes, USA) were applied to stain actin
filaments and the nuclei of hBMSCs, according to the supplier's
procedure. The cytoskeletal and nuclear organizations were
observed and photographed using a confocal microscope (Leica TCS
SP5, Germany) equipped with a CCD camera (Leica DFC 420C,
Germany).

2.4.3. hBMSCs proliferation assay
To quantify the proliferation of cells on iron and Fe-CS com-

posite plates, hBMSCs were seeded on Fe, Fe-20CS and Fe-40CS in
48-well plates at a density of 5� 103 cells per well and cultured in a
humidified 37�C/5% CO2 incubator with the total bone mesen-
chymal stem cell culture medium for 1, 3 and 7 days. Cells cultured
on iron plates were regarded as controls. The mediumwas replaced
d Fe-40CS (d) composites. Red arrows point to the CS phase in the composites.



Fig. 3. SEM morphology of the Fe-30CS composite (a), on which a line scan EDX analysis across a boundary region from the Fe matrix to a CS particle was performed to reveal the
elemental distributions of Fe (b), Si (c), Ca (d) and O (e).
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every 2 days. At each selected time point, a Cell Counting Kit (CCK)-
8 assay (Beyotime, China) was performed according to the manu-
facturer's instructions to evaluate cell proliferation. The absorbance
of the supernatant was measured by an enzyme-linked immu-
noadsorbent assay microplate reader (Synergy 2, Bio-TEK) at a
wavelength of 450 nm (n ¼ 6).
2.4.4. Statistical analysis
The results were expressed as mean ± standard deviation. Three

independent experiments were carried out and at least six samples



Fig. 4. Compressive strengths (a) and bending strengths (b) of the Fe-CS composites
with different weight percentages of CS.
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per each test were taken for statistical analysis. Statistical signifi-
cance between two groups was calculated using two-way analysis
of variance (ANOVA) and performed with a Student's t-test pro-
gram. Differences were considered significant when p < 0.05 (*) or
p < 0.01 (**).
3. Results and discussion

3.1. Phasic and microstructural characteristics of the Fe-CS
composites

Fig. 1 shows the XRD patterns of pure iron, Fe-20%CS and pure
CS. Only the peaks of the Fe phase and CS phase were identified in
the XRD patterns of pure Fe and CS samples, respectively. For the
Fe-20%CS composite, the peaks corresponding to Fe and CS were
identified. No new crystalline compounds, such as Fe3O4 or inter-
metallic compounds, could be detected. The results of the XRD
analysis indicated that there were no severe chemical interactions
occurring between Fe and CS during the mixing, compaction and
sintering processes, suggesting that Fe and CS in the composites
could maintain their individual chemical properties after compos-
ite fabrication.

The microstructural features of pure iron and the Fe-CS com-
posites, as observed using the back-scattered electron mode in
SEM, are presented in Fig. 2. It can be seen in Fig. 2a that the pure
iron sample had a compact microstructure and a relative sintered
density larger than 99%, but the morphological characteristics of a
few original powder particles were still discernible. This
observation was in agreement with the findings in earlier studies
on the sintering behavior of powdered iron alloy under similar
conditions [24]. By contrast, the microstructures of the Fe-CS
composites consisted of two distinct phases, i.e., a grey back-
ground and homogeneously distributed black particles. It was
obvious that the grey background and black particles belonged to
the Fe and CS phases, respectively. All the Fe-CS composites con-
taining up to 40% CS exhibited compact structures and the homo-
geneously distributed CS particle all over the Fe matrix. It could be
expected that these Fe-CS composites would possess homogeneous
bulk properties. It was however noted that as the content of CS
became higher than 30%, CS particles became in contact with each
other and tended to merge to form larger CS clusters in the struc-
ture (Fig. 2ced). As the sintering temperature of the composites
used in the present study was slightly higher than the typical sin-
tering temperature of pure CS powder (around 1100 �C) [25], it was
reasonable to assume that the sintering of CS took place together
with that of iron particles and Fe-CS particles, given that a larger CS
content increased the chance for CS particles to be neighboring
ones. Clearly, the sintering taking place between CS particles would
benefit the formation of the compact structures of the Fe-CS
composites.

From a composite material design point of view, it is of great
importance to ensure strong bonding at the interfaces between the
metal matrix and ceramic particles, as it is well known that the
interfaces often act as the preferential sites for the initiation of
cracks and are responsible for the occurrence of premature failure
once the stress on the composite exceeds a limit [26,27]. In this
study, the interfaces between the Fe phase and CS phase in the Fe-
CS composites were investigated by means of EDX line scan anal-
ysis. The results obtained from the analysis of the Fe-30%CS com-
posite served as a representative and are presented in Fig. 3. It is
clear that the sintering process in this study yielded sound FeeCS
interfaces that were free from any discernible pores. In addition, it
was found that there was slight elemental diffusion from the Fe
matrix towards CS particles (Fig. 3aeb) and the depth of penetra-
tion was about several tens of nanometers. As the XRD analysis of
the composites (Fig. 1) did not reveal the formation of any com-
pounds formed between the Fe and CS phases, iron must have
diffused and been incorporate into the crystal lattice of CS near the
interfaces. Similar results have been reported in another study on
Fe-incorporated hydroxyapatite (HA) bioceramics [28]. The atomic
diffusion from the Fe matrix towards CS particles may be favorable
for the formation of a strengthened bonding between the two
phases, which is desirable because premature failure due to weak
interface bonding is often a serious problem for MMCs [26].

3.2. Mechanical properties of the Fe-CS composites

The compressive and bending strengths of the Fe-CS composites
as compared with those of pure iron are presented in Fig. 4a and
Fig. 4b, respectively. The compressive strengths of the Fe-CS com-
posites were determined from the compression curves at a strain of
30%. It can be seen that the compressive strengths of the Fe-CS
composites were all significantly lower than the strength of pure
iron and the compressive strength decreased with increasing
content of CS particles in the composite. The lowered compressive
strengths could be attributed to the inherent brittle nature of the CS
ceramic, as well as its large amounts in the composites [29]. It is
however of great interest to note that, being different from the
compressive strengths, the bending strengths of the composites
were not so much decreased from the bending strength of pure
iron, when the weight percentage did not exceed 30% (Fig. 4b). We
believed that such a phenomenon was due to strong interface
bonding between the Fematrix and CS particles, as indicated by the



Fig. 5. SEM morphologies of pure Fe (a, b), Fe-20CS (c, d), Fe-30CS (e, f) and Fe-40CS (g, h) composites after immersion in SBF for 7 days. Images b, d, f and h present the surface
morphology of the corrosion layer at higher magnifications.

Table 2
Results of the EDS elemental analysis on the surfaces of pure-Fe and Fe-CS composite
samples after immersion in SBF for 7 days.

Fe
(at.%)

Ca
(at.%)

Si
(at.%)

P
(at.%)

O
(at.%)

Pure Fe 19.83 0.50 / 15.79 61.84
Fe-20CS 17.85 5.00 0.70 14.03 59.90
Fe-30CS 13.65 7.05 0.22 12.92 56.59
Fe-40CS 12.47 7.37 2.70 11.96 58.80
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interface analysis shown in Fig. 3 [30]. However, an excessive
addition of CS particles to iron, namely 40% in the current study,
indeed caused a significant decrease in the bending strength of the
composite, which must have been related to the relatively low
bending strength of the CS ceramic [31]. Further investigation is
needed to reveal the underlying mechanisms of early crack initia-
tion and propagation, leading to the reducedmechanical properties
of the Fe-CS composites, especially when the addition of CS exceeds
20%.

The compressive strength of human compact bone ranges from
130 to 240 MPa [32] and its bending strength ranges from 103.5 to
225.0 MPa [33]. In the present study, the compressive and bending
strengths of the iron-matrix composites containing 20% and 30% CS
were higher than the high-end value of compressive strength and
the low-end value of bending strength of human compact bone,
respectively, suggesting their suitability for the repair of bone de-
fects in load-bearing sites. However, as the content of CS increased
to 40%, the bending strength of the composite was lower than the
low end value of human compact bone, which would mean that
this composite might not be able to provide sufficient mechanical
support to resist flexural loading after implantation.



Fig. 6. Degradation rates determined from the mass loss measurements of pure Fe and
the Fe-CS composites with different weight percentages of CS.

Fig. 8. Proliferation of hBMSCs cultured on the surfaces of Fe, Fe-20CS and Fe-40CS
composites. ** represents P < 0.01 when the data are compared with the control
(pure Fe).
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3.3. Apatite formation ability and biodegradation rates of the Fe-CS
composites

After immersion in the SBF solution for 7 days, both pure Fe and
Fe-CS MMCs specimens were covered by a corrosion layer. The
corrosion layer on pure iron had a dark brown color, while that on
the composites had a light brown color. The SEM images of the
corrosion layer on the surfaces of pure iron and the Fe-CS com-
posites are shown in Fig. 5. It can be seen that the corrosion layer on
the surface of pure iron after immersion in SBF for 7 days was
composed of plate-like crystals (Fig. 5a). By contrast, the corrosion
layer on the surfaces of the Fe-CS composites was composed of
agglomerates of lath-like tiny crystals, regardless of the content of
CS in the composites. The elemental compositions of the corrosion
product formed on Fe and the Fe-CS composites are presented in
Table 2. The corrosion product on pure iron after immersion in SBF
for 7 days was rich in Fe, O and P, and only a small amount of Cawas
detected. The corrosion layer was considered to be mainly
composed of hydrated iron oxide and iron phosphate, being similar
to those reported in previous studies [21,22,24]. On the surfaces of
the composites also after immersion in SBF for 7 days, however, a
larger amount of Ca was detected and the Ca concentration
increased with increasing CS content in the composite. Clearly, the
presence of CS indeed encouraged the deposition of calcium
phosphate, which was attributed to the excellent ability of CS to
induce the formation of a CaP layer as a result of interactions with
SBF [14,15]. The role of the CaP layer in affecting the progress of
corrosion will be ascertained in further research.

The degradation rates of the Fe-CS composites as comparedwith
the degradation rate of pure iron during the immersion tests in SBF
are shown in Fig. 6. Both pure Fe and Fe-CS MMCs specimens
maintained their structural integrity over the whole period of the
immersion tests for one month. It can be seen that the degradation
Fig. 7. F-actin staining images of HBMSCs cultured on the su
rates of the Fe-CS composites were significantly higher than the
degradation rate of pure iron and the rate was enhanced with
increasing content of CS particles in the composite. Such a trend
could be explained by the relatively higher solubility of CS in the
physiological environment [14] through decomposition of CaSiO3

and then interaction with water. The degradation rate of the Fe-
40CS composite, being the highest among all the composites, was
nearly 8 times higher than that of pure iron, demonstrating that an
excessive addition of CS particles to iron led to accelerated degra-
dation and this degradation rate was higher than the degradation
rates of any other Fe-matrix composites studied earlier, containing
relatively low amounts of bioceramics [12]. However, it should be
kept in mind that the incorporation of CS into the Fe matrix could
lead to a decrease in mechanical strength. Therefore, a further in-
crease in the content of CS may not be desirable, especially when a
load-bearing capacity is required for a particular orthopedic
application.

From the results of the immersion tests, it is clear that the Fe-CS
composites are advantageous over pure iron in terms of surface
bioactivity and biodegradability. As the corrosion layer on the
surfaces of the Fe-CS composites immersed in SBF is rich in Ca and
P, a strengthened bonding between the implant and the sur-
rounding bone tissue can be expected [34,35], which is highly
desirable for metal-based implants. On the other hand, the faster
degradation of the Fe-CS composites is preferable, as it has been
proven that the inappropriately slow degradation of pure iron,
despite its good biocompatibility, has made it unsuitable for
application as a biodegradable implant [8]. More importantly, in
this study, enhanced degradation rates of the Fe-matrix composites
are achieved without alloying with elements that might raise
concerns about biosafety [12,34,36]. From a biomedical point of
rfaces of Fe, Fe-20CS and Fe-40CS composites for 24 h.
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view, this endows the Fe-CS composites developed in this study
with additional benefits.

3.4. Cell adhesion and proliferation on the surfaces of the Fe-CS
composites

Cell adhesion on pure Fe, Fe-20CS and Fe-40CS specimens was
evaluated on day one by fluorescence staining for F-actin and the
results are presented in Fig. 7. It can be seen that all the samples
supported cell adhesion on their surfaces and the actin cytoskeletal
organizationwas well-defined. The cells attached on the surfaces of
the specimens did not show any significant differences in
morphology or distribution, indicating that the incorporation of CS
into iron did not exert a significant impact on cell adhesion, as
compared with cell adhesion on pure Fe surface. However, it was
noticed that the apparent density of cells on the surface of Fe-40CS
specimen in the field of view was lower than that on iron and Fe-
20CS specimens. To confirm this trend, the proliferation behavior
of hBMSCs on pure Fe, Fe-20CS and Fe-40CS specimens was
investigated bymeans of the CCK-8 assay and the results are shown
in Fig. 8. It can be seen that all the specimens supported the pro-
gressive proliferation of cells with progressing time. As compared
with pure iron, the Fe-20CS composite exhibited a more pro-
nounced stimulatory effect on the proliferation of cells, whereas a
further increase in CS content to 40% (Fe-40CS) showed an inhibi-
tory effect along with prolonged incubation.

It is well known that the success of a bone implant relies on the
formation of a stable and strong interface between the biomaterial
and bone tissue, which involves a series of processes occurring
through the initial adhesion of cells on the implant [37,38].
Therefore, cell adhesion on the surface of a bone substitution ma-
terial and subsequent cellular responses, including cell prolifera-
tion, are critically important parameters for osteointegration and
osteoconduction [39]. The results of the current study demonstrate
that the Fe-20CS composite possesses an enhanced ability to pro-
mote the proliferation of hBMSCs, as compared with pure iron,
which can be attributed to the release of Ca and Si ions from the CS
component that is known for increasing cell proliferation over a
certain concentration range [40,41]. Considering the fact that the
osteointegration and osteoconduction behaviors of pure iron are
similar to those of stainless steel [8,9], such improvements are
especially desirable, when Fe-based implants are to be applied in
the orthopedic field. It is however cautioned that a further increase
in the content of CS to 40% will create an inhibitory effect on the
proliferation of cells, as compared with pure Fe, as a result of the
excessive release of Ca and Si ions from the surface of the composite
or surface alkalization caused by the dissolution of the CS compo-
nent [40,42]. Nevertheless, the results of this study clearly
demonstrate that it is indeed feasible to improve the surface
bioactivity of Fe-based materials by incorporating CS particles to
the Fematrix. Further investigations will prove the positive effect of
CS on cell differentiation and in vivo bone-forming behavior.

4. Conclusions

Iron-matrix composites containing large amounts (20e40%) of
calcium silicate (CS) bioceramic particles were successfully pre-
pared by means of powder metallurgy processes. The Fe-CS com-
posites exhibited compact structures. The bending strength of pure
iron was only slightly decreased, when the content of CS was
limited to 20%. Homogenously distributed CS particles in the
composites induced enhanced deposition of CaP on the surfaces of
specimens after immersion in the SBF solution for seven days. In
addition, the degradation rates of the Fe-CS composites were
significantly higher than the degradation rate of pure iron, thanks
to the high solubility of the CS bioceramic in SBF. Furthermore, the
composite containing 20% CS exhibited a superior ability to stim-
ulate hBMSCs proliferation to pure iron. In summary, our study
showed that calcium silicate could be an effective reinforcement
phase to be added to iron or Fe-based alloys to enhance their
degradation behavior and biological performance.
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