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Bone repairing materials play an essential role in the repair treatment of bone defects. The presence of

calcium phosphate invertebrates is of significance for bone repairing processes. However, the

mechanical properties and osteogenic activities of many current calcium phosphate materials are not

ideal, which limit their biological applications. Therefore, it is an effective alternative strategy to study the

modification of calcium phosphate biomaterials to address these limitations. In this research, in order to

enhance the biological performance of tricalcium phosphate (b-TCP), metal species (Fe and Zn)

modified b-TCP materials through the co-precipitation method were successfully developed. The

physical, chemical and biological properties of the binary composites were carefully studied for the first

time. The bioactivities of the Fe-TCP and Zn-TCP were evaluated by simulating body fluid (SBF)

immersion experiments, blood compatibility, and cytotoxicity tests. The findings demonstrated that the

metal-TCP with excellent cytocompatibility and osteogenic properties shows good potential in medical

applications.
1 Introduction

Biomedical materials, especially high quality bone repair
materials, are in growing demand year by year because the
incidence of bone deciencies typically leads to unexpected
osteoporosis, trauma, congenital malformations, and surgical
resections.1 However, currently 90–95% of substitutional
materials for bone tissues are obtained from the patients
themselves and other donors. Moreover, the popular bone-
repair processes bring pains to the patients and donors and
increases the possibility of infection and other complications.2,3

Moreover, implant failure and even bone resorption may occur
due to mismatched elasticity between the implant metals and
adjacent bone tissues. To overcome these limitations, arti-
cially synthesized bone-repair materials can be used to effec-
tively decrease the damage caused by the second surgery and
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signicantly reduce the possibility of infection and complica-
tion. Furthermore, the use of synthesized bone-repair materials
is low cost, hence the research on the bone-repair materials is of
great signicance in medicine in view of economy. Biomaterials
based on tricalcium phosphate (Ca3(PO4)2, TCP) have similarity
with inorganic components and the bioactivity of human bone
tissue, so TCP biomaterials are widely used in both bone tissue
engineering and clinical medicine. Now their medical research
and application are one of the focuses among the universal
researchers.

TCP is one of the most important Ca/P-containing
compounds. TCP has a density of 3.14 g cm�3 and a Ca–P
mole ratio of 1.5, which is similar to that of Ca–P components in
human bodies. In addition, TCP has excellent biocompatibility
and osteoconductive properties.4 Furthermore, TCP can be
easily degraded to supply Ca and P elements for the require-
ment of human bone tissues to induce the growth of new bones.
TCP has typically two kinds of crystalline phases: one is known
as a-TCP (monoclinic) with high-temperature stability, which
can be obtained from the TCP precursor by calcination treat-
ment at above 1250 �C. Another one is b-TCP (hexagonal) phase
with low-temperature stability, which is generated from the TCP
precursor by calcination treatment at around 1000 �C. As one
crucial biomaterial used in biodegradation ceramics, b-TCP is
more widely studied than a-TCP. Even pure b-TCP does not exist
in hard tissues of human organisms, it is oen used as a repair
material for articial bones due to its excellent degradable
property and biocompatibility. Now there are many methods for
RSC Adv., 2019, 9, 781–789 | 781
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b-TCP preparation, such as precipitation,5 sol–gel technique,6

hydrothermal synthesis,7 solid state reaction,8 mechanochem-
ical reaction,9 and acid–base neutralization methods.10

However, according to some recent reports, b-TCP shows
a limitation in stimulation of the generation of bones or
restrain of the absorption of bones. Until now it is still a chal-
lenge to synthesize TCP materials with high degradable ability.
Hence the research on the modication of b-TCP materials has
vital sense to improve their biological properties. As an effective
alternative, b-TCP materials are generally modied with
macromolecules or doped ions.11–14

Metals are considered as ideal dopants for the modication
of b-TCP materials. b-TCP materials can be doped with many
kinds of metal elements. Doping the necessary trace elements
into b-TCP may afford it extra functionality or improve the
mechanical properties. In the degradation process of the metal-
doped composites, some elements for the growth of bone
tissues such as Ca and P, and several kinds of metal nutrient
elements, are released to improve the efficiency of bone repair
processes. Fe as an essential element for human necessary can
be combined with hemoglobin and participate in the trans-
portation and storage of oxygen, which greatly promotes the
bone growing development and the resistance to disease. On
the other hand, the iron (Fe) deciency will cause hypoferric
anemia. Fe element, with a high content in human bodies,
mainly exists as Fe2+ or Fe3+ ions in connection with hemo-
globin and myohemoglobin. Fe3+ ions have excellent bioactivity
in relationship to many kinds of the enzymes. They participate
in the hematopoiesis, oxygen transportation, synthesis for the
enzyme of protein and cytochrome. Zn element, as another
important one of the trace elements for human body necessity,
plays an essential role in the protein construction, assistance of
metabolism, and the synthesis of specic enzymes. Addition-
ally, it has a signicant impact on the maintaining the bone
metabolism since it can restrain the osteogenesis of osteoclast
and boost the osteogenesis of osteoblast. It is well known that
acalcerosis due to Zn deciency causes much orthopedics
diseases, but high-concentration of Zn in human bodies brings
serious side-effect.

Even progress has been made toward the development in
metal modied TCP, concerns are rising on the potential
release of harmful species of metal composites in vivo.15 The
degradation rate range of somemetal-doped b-TCP may still not
adequately satisfy clinical requirements. The mismatched
elasticity between the metals and bone tissues is another
widespread problem that results in implant failure and bone
resorption. Until now the research on Fe-doped TCP is not
much while Fe in the elementary form introduced into b-TCP
has been studied as a typical example.16 The toxicity of the
composite biomaterials doped with elementary Fe is still worthy
of investigation in depth. Zn-TCP materials with better bioac-
tivity can enhance the cell differentiation and the expression of
alkaline phosphatase.17 On the other hand, Zn-doped TCP
materials are now widely studied, but side effects of cytotoxicity
caused by the release of Zn2+ at a higher rate if a high amount of
Zn is doped into b-TCP materials, should be seriously consid-
ered. To our best knowledge, works involving in vitro
782 | RSC Adv., 2019, 9, 781–789
degradation and bioactivity for Fe/Zn-TCP biomaterials in
simulating body uid (SBF) are not deeply investigated and re-
ported. In this article, we studied the enhanced effect for the
bone repair by doping Fe and Zn elements into b-TCP materials.
The biological property aer the modication was evaluated in
detail. The effects of these metal ions in the crystalline struc-
tures and the thermal stability were also investigated.
2 Experimental
2.1 Reagents and instrumental

All the inorganic reagents, with AR purity or higher grade, were
purchased from Chengdu Kelong Chemical Reagent Company.
The CCK-8 solution was obtained from Shanghai Biyuntian
Biotechnology Co. Ltd. The PBS (phosphate buffer saline) and
SBF (simulated body uid) solutions were prepared according to
the standard manual in the laboratory. The DMEM (Dulbecco's
modied Eagle medium) incomplete high sugar medium
(KGM12800-500) was provided by Jiangsu Kaiji Biotechnology
Co. Ltd. De-ionized water (D.I. water) was used to prepare all
aqueous solutions.

The crystalline phase of the samples was examined by X-ray
diffraction analysis (XRD, Philips X'Pert, Netherlands) using
a Cu target working at 40 kV (l ¼ 1.540598 Å). The diffraction
angles (2q) were measured between 10� and 70�. Comparison of
the sample diffraction pattern with standard cards in ICCD-
JCPDS database was performed to identify the sample phase.

The surface morphologies of the samples were observed by
eld scanning electron microscopy (FE-SEM, S450, Hitachi,
Japan). The samples were sputtered with gold lms before
placed into the device. The SEM was operated at an accelerating
voltage at 5 kV.

The differential scanning calorimeter (TG-DSC) was carried
out to nd the phase transformation and to identify the prod-
ucts using STA449C (NETZSCH, Germany). The species used for
the test was cut about 10 mg from the bulk. The samples were
heated from 20 �C to 900 �C with a heating rate of 10 �C min�1

under nitrogen protection.
The mechanical experiment was carried out by a single-grain

compressive strength tester (TS-14, Chengdu, China) at
a loading velocity of 3 cm min�1. The ultimate tensile strength
and bending strength of the composites were examined. The
samples were cut to a standard cuboid with a 1 cm diameter and
0.5 cm thickness for the mechanical test with a loading rate of
441 N min�1.
2.2 Preparation process

The metal doped b-TCP precursors with different mole ratio (2,
5, and 10%) were prepared in the light of the P amount in mole
criterion. (NH4)2HPO4 solution was added into the metal-
containing HNO3 solution. Then the mixed solution was
adjusted by ammonia to pH 9–10 by fast stirring for 1 h. Aer
that, the product was ltrated and washed with D.I. water for 3
times, followed by placing in the oven at 100 �C for 24 h to
remove the absorbed water.
This journal is © The Royal Society of Chemistry 2019
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Octadecanoic acid (C18H36O2) (20% mass ratio), serving as
the pore-forming agent, was added into the as-prepared
precursor to generate the porous biomaterials. Aer the full
mixing process, the sample was soly ground. PVA (polyvinyl
alcohol, 3% mass ratio), serving as the binder agent, was then
introduced into the mixture. The obtained sample was put into
a pattern container and mould-shaped at a pressure of 10 MPa
for 3 min. The agglomeration of the solid material with a slice
shape was preceded in a muffle furnace. In this process, the
temperature was slowly increased to 200 �C and kept for 1 h,
then was increased to 1000 �C and kept for 2 h. Aer that, the
samples were slowly cooled at ambient condition. The as-
prepared compact slice material was directly tablet
compressed in the mould without porogen and adhesive agents.
The tableting treatment was performed at 10 MPa pressure for
3 min without moulding–shaping. Then the agglomeration of
the sample was carried out in the muffle furnace at 1000 �C for
2 h. The Fe/Zn-TCP preparation process is illustrated in Fig. 1 in
detail.

The Fe-TCP and Zn-TCP products with different doping
levels were characterized by XRD, IR, XPS, SEM, and TEM. The
replacements of Ca2+ ions by Fe3+/Zn2+ ions in the TCP crystal
lattice were discussed.
2.3. In vitro experiment

2.3.1. Metal ions releasing experiment. The Fe/Zn-TCP
samples (5% content) with micropores in slice shape aer the
agglomeration treatment were immersed in 30 mL of PBS
solution. Aer soaking in a water-bath shaker at 37 �C for the
scheduled period (7/14/21 days), the upper layer of clear solu-
tion was taken out, and 3 mL of HCl solution was added into it,
followed by diluting to 10 mL in total. The metal ion concen-
tration in the PBS solution was measured by Inductive Coupled
Plasma (ICP) Emission Spectrometer device.

2.3.2. In vitro immersion experiment. The SBF was
prepared by dissolving NaCl, NaHCO3, KCl, K2HPO4$3H2O,
MgCl2$6H2O, CaCl2, and Na2SO4 in sequence in D.I. water. Then
Fig. 1 Schematic elucidation the preparation of porous Fe-TCP and Zn-
TCP and Zn-TCP precursors can be produced from the mixed solution.
alcohol and octadecanoic acid. Finally, compression moulding shaping a
Fe-TCP and Zn-TCP.

This journal is © The Royal Society of Chemistry 2019
the solution was adjusted to pH 7.4 with (CH2OH)3CNH2 (Tris)
and HCl (1 M) at 37 �C. The Fe/Zn-TCP (5%) was sealed and
immersed in 10 mL of SBF (1.5 times) solution, placing in the
shaker bath for the ion releasing at constant 37 �C kept by an
incubator. The SBF solution was renewed every two days. Aer
the immersion process for a certain period (7/14/21 days), the
samples were taken out and dried to weight. Then aer sched-
uled days of soaking in SBF, the possible generation of apatite
on the sample surface was examined by SEM observation.
Meanwhile, the concentrations of possible released metal
species (Fe or Zn) from the TCP biomaterials were measured. A
pH meter (Sartorius, pb-10, Germany) was used to monitor the
pH value of the solution. Aer the immersion treatment, the
surface morphologies of the TCP samples were observed by SEM
aer covered with gold lms.

2.3.3. Hemolysis test. The blood sample was obtained from
Healthy New Zealand white rabbits (purchased from Third
Military Medical University, Chongqing, China), which con-
taining sodium citrate (3.8 wt%) in 9 : 1 ratio was diluted with
normal saline (4 : 5 volume ratio). The change of the species
concentration was monitored by a UV-visible spectrophotom-
eter (Shimadzu, UV-2401PC, Japan). We used themeasurements
of the light absorbance of the upper layer solution to detect the
hemoglobin released from the red blood cells (RBC). The
absorption value could be employed to estimate the hemolysis
property of the metal-TCP samples aer they contact the blood
for a certain time. Calculation of the hemolytic ratio is refer-
enced to eqn (1) as follows.

Hemolytic ratioð%Þ ¼

ODðexperimental groupÞ �ODðnegative control groupÞ
ODðpositive control groupÞ �ODðnegative control groupÞ

� 100% (1)

2.3.4. Cell toxicity evaluation. MG-63 cells were used to
examine the cell proliferation on the Fe/Zn-TCP composites.
TCP. Through adjusting pH value and under stirring condition, the Fe-
After washed, filtrated and dried, precursors were added by polyvinyl
nd agglomeration were carried to complete the production of porous

RSC Adv., 2019, 9, 781–789 | 783
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Fig. 3 XRD patterns of (a) the Zn-TCP precursors and (b) the Zn-TCP
products.
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The whole process included: (1) cell digestion; (2) cell count in
20 mL of cell culture media by microscope observation (count
unit: 4 � 104); (3) the diluted Fe/Zn-TCP samples were added
into the holes each lled with 5 � 103 of MG-63 cells; (4) CCK-8
dyeing was used for 1, 3, and 5 d, the absorption value of the
upper layer solution in the culture media was measured at
450 nm with an ELISA (enzyme-linked immunosorbent assay)
reader. Each group was two-fold parallel sampled. The RGR
(relative growth rate) value was calculated according to eqn (2).

Relative added valueð%Þ ¼

absorption value of experimental group

mean absoption value of negative control group
� 100% (2)

2.3.5. Statistics method. Six parallel samples in each group
were chosen to calculate the average and standard deviation,
which were employed to express the obtained data, and
a condential level of 95% (p < 0.05) was regarded as the
statistics difference.
3. Results and discussion
3.1. Characterization

3.1.1. XRD. XRD was used to compare the TCP precursors
and the Fe/Zn-TCP samples aer the agglomeration treatment.
There are noticeable differences in the XRD patterns of b-TCP
and the Fe/Zn-TCP products. The XRD patterns of the Fe-TCP
precursors are shown in Fig. 2(a), and the XRD characteriza-
tion for the Fe-TCP sample with different Fe content is indicated
in Fig. 2(b). The main component of all the samples is
hydroxyapatite. The XRD pattern of the Fe-TCP sample in main
peaks is in accordance with that of the standard b-TCP (PDF#09-
0169). The diffraction intensity is increased when the Fe3+

content is less than 10%. However, if the Fe3+ content is
continuously increased than 10%, the diffraction intensity is
decreased, and the crystalline level becomes poor. The crystal
cell parameters listed in Table S1 (ESI†) of the Fe-TCP products
are compared with the standard b-TCP sample, and they are in
high similarity when the doping level of Fe2+ reaches to 2%
content. If the Fe3+ concentration is higher than 5%, the crystal
cell parameter becomes smaller, indicating a shrinking of the
cell and lower crystalline level. The distance between the
Fig. 2 XRD patterns of (a) the Fe-TCP precursors and (b) the Fe-TCP
products.

784 | RSC Adv., 2019, 9, 781–789
crystalline facets gets shorter because some Ca2+ ions are
replaced by Fe3+ (0.064 nm) ions that have a smaller ion
diameter than that of Ca2+ (0.099 nm) ions. If 10% Fe3+ ions are
introduced into the cell lattice, in order to balance the charge,
some holes due to the loss of the Ca2+ ions are generated. In this
case, cavities are produced that leads to the decrease of the cell
lattice density. The presence of b-TCP is conrmed by the
reections at 27.8�, 25.9�, 31.2�, and 33.1�.18

Similarly, analysis of the Zn-TCP XRD results is based on the
curves in Fig. 3. The main component of them is also
hydroxyapatite from the analysis of the diffraction peaks of the
Zn-TCP precursors (Fig. 3(a)), which are similar to that of Fe-
TCP precursors. The diffraction peaks are as same as that of
the standard b-TCP samples (PDF#09-0169). The peaks at 28.9�

and 29.5� are caused by the presence of calcium pyrophosphate,
indicating a small amount of calcium pyrophosphate was
generated in the fabrication process. When the Zn doping level
reaches to 5%, the decreased cell parameters indicate
a shrinking of the crystal cell. Zn2+ ions replace some Ca2+ ions
in the cell along with the Zn2+ amount increasing. The distance
between the crystalline facets becomes shorter because some
Ca2+ ions are displaced by Zn2+ (0.074 nm) ions that have
a smaller ion diameter than that of Ca2+ (0.099 nm). As a result,
the crystal density gets larger and larger if more Ca2+ ions are
doped in the cell lattice. Comparisons of the crystalline cell
parameters and density between the Zn-TCP and b-TCP are
indicated in Table S2 (ESI†).

3.1.2. XPS. Differences between the b-TCP and Fe-TCP in
XPS patterns are shown in Fig. 4. The peaks of Ca (2p) of the b-
TCP and Fe-TCP are almost the same by careful comparison.
The characteristic peaks at 347.11 and 350.66 eV are attributed
to the b-TCP and hydroxyapatite (HA) respectively.19 The energy
spectral graph of the Fe (2p) of the Fe-TCP is indicated in
Fig. 4(b). The 723.97 and 710.60 eV peaks are ascribed to the Fe
2p1/2 and Fe 2p3/2 of the Fe–O bond.20 The energy spectra of O
(1s) are located at 532.35 eV and 530.55 eV (Fig. 4(c and d)) that
are resulted from OH� and PO4

3� groups.21 The 529.54 eV peak
in Fig. 4(d) is the characteristic peak of Fe2O3.22 The P (2p)
characteristic peaks, located at 132.86 eV and 132.24 eV, are
caused by PO4

3� groups as shown in Fig. 4(e and f).19 Based on
the analysis, we concluded that the samples contain a small
amount of HA. The Fe3+ ions in the Fe-TCP have two possible
pathways in the synthesis reaction: (1) Fe3+ ions replace some
Ca2+ ions in the b-TCP cell that causes the peak shi of O (1s)
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 XPS spectra of b-TCP (a, c and e) and 5% Fe-TCP (b, d and f)
with (a) Ca 2p, (b) Fe 2p, (c and d) O 1s, and (e and f) P 2p.

Fig. 5 XPS spectra of b-TCP (a, c and e) and 5% Zn-TCP (b, d and f)
with (a) Ca 2p, (b) Zn 2p, (c and d) O 1s, and (e and f) P 2p.

This journal is © The Royal Society of Chemistry 2019
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and P (2p); (2) Fe3+ is transformed in the Fe2O3 product in the
agglomeration process.

The XPS characterizations for comparison of the b-TCP and
Zn-TCP are indicated in Fig. 5. The Ca (2p) characteristic peaks
of the b-TCP and Zn-TCP are almost the same, which is like that
of the comparison of the b-TCP with the Fe-TCP. The peaks from
Zn (2p) at 1044.51 eV and 1021.42 eV are caused by the Zn (2p1/2)
and Zn (2p3/2) orbitals of the Zn–O bond as shown in Fig. 5(b).23

The O (1s) and P (2p) energy spectra of the b-TCP and Zn-TCP
have high similarity by comparison of the peaks in Fig. 5(c–f).
Like the Fe-TCP, the Zn-TCP contains a small quantity of HA.
The energy peaks shi a little because some Ca2+ ions are
replaced by the Zn2+ ions in the b-TCP crystalline lattice.

3.1.3. TG-DSC analysis. The TG-DSC analysis for the prod-
ucts (2%, 5%, and 10% metal content) was performed, and the
results are displayed in Fig. 6. All the tested products have
a similar two-step thermolysis curve. Moreover, all the TG curves
of the 3 samples show a similar change tendency. Each sample
desorbs water at �100 �C. Decomposition of the possible nitrate
presence in the products occurs in the 100–200 �C range.
Decomposition of the main content calcium decient hydroxy-
apatite (CDHA) phosphate was observed in the 200–400 �C range,
which transforms into b-TCP and H2O. Aer heating to 400 �C,
almost no weight changes of the samples were found. The TG-
DTA curves of the Zn products are displayed in Fig. 6 with the
content of 2%, 5%, and 10% of b-TCP respectively. Like that of
the Fe-TCP samples, the TG curves show almost the same change
rule and the tendency for all the three samples with different
metal content, which are in high accordance with that of the Fe-
TCP products except for a little shi of the endothermic and
exothermic peaks on the temperature scale.
Fig. 6 TG-DTA of Fe-TCPwith (a) 2%, (b) 5%, and (c) 10%; and TG-DTA
of Zn-TCP with (d) 2%, (e) 5%, and (f) 10% content.
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Fig. 7 Stress–strain curves of porous Fe-TCP and Zn-TCP.

Table 1 Mechanical properties of b-TCP, Fe-TCP, and Zn-TCP

Sample

Maximum
compressive
strength
(MPa)

Maximum
load
(N)

Maximum
load
deformation
(mm)

Modulus of
elasticity
(N mm–2)

b-TCP 1.24 62.07 0.08 863.57
Fe-TCP 1.65 82.83 0.12 770.91
Zn-TCP 1.32 66.09 0.15 653.47

Fig. 8 (a) Ca2+ and Fe3+ releasing curves of 5% Fe-TCP; (b) Ca2+ and
Zn3+ releasing curves of 5% Zn-TCP.

Fig. 9 SEM images of the porous 5% Fe-TCP soaked in the SBF for (a1)
and (a2) 7 d; (b1) and (b2) 14 d; (c1) and (c2) 21 d.
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3.2. Biological properties

3.2.1. Mechanical test. The stress–strain test of the Fe/Zn-
TCP samples was performed, and the results are shown in
Fig. 7. The corresponding mechanical parameters of the
samples are compared in Table 1. The modulus elasticity of the
b-TCP is 863.57 Nmm�2, and themaximum load deformation is
0.08 mm, which corresponds to a maximum compressive
strength of 1.24 MPa. The modulus elasticity of the 10% Fe-TCP
is 770.91 N mm�2, and the maximum load deformation is 0.12
mm, which is equivalent to amaximum compressive strength of
1.65 MPa with a 33% increase in comparison with the b-TCP.
This may be caused by the replacement of the Ca2+ ions by the
Fe3+ ions but without the impact on the crystal structure, which
is conrmed by the XRD analysis. The micropore size among
the crystal particles is decreased with the increase of Fe3+

doping level that can be observed from the SEM characteriza-
tion (Fig. S2 and S3, ESI†). When the metal doping level reaches
10%, the micropores almost disappear and the crystal particles
are closely compacted, thus improving the resist compression
of thematerial. Themodulus elasticity of the Zn-TCP is 653.47 N
mm�2 and the maximum load deformation is 0.15 mm, which
corresponds to a maximum compressive strength of 1.32 MPa
with a 6% increase rate compared with the original b-TCP. The
enhanced effect of the Zn-TCP is less than that of the Fe-TCP.

3.2.2. In vitro release of metal ions. The in vitro releasing
test of the products was carried out, and the results are indi-
cated in Fig. 8. It can be seen that the metal ions (Ca2+ and Fe3+)
concentrations increase with the immersion time. As a typical
786 | RSC Adv., 2019, 9, 781–789
example, the releasing rate of the metal ions on the 5% Fe-TCP
sample in the PBS solution is greatly increased versus the
immersion time (Fig. 8(a)). The releasing rate of the metal ions
reaches to a maximum level when soaking for 7–14 days, which
is faster than that for 14–21 days. Aer the immersion for 21
days, a maximum value of the releasing amount of Ca2+ and Fe3+

ions could be observed at 0.8845 and 0.0743 mg mL�1 for each
ion, respectively. Thus the goal of the introduction of nutrient
elements for bone tissues by the releasing of metal ions could
be successfully achieved.

A similar study on the 5% Zn-TCP was also performed, and
the releasing curves are shown in Fig. 8(b). The releasing rate on
the 5% Zn-TCP is almost as the same as that of the 5% Fe-TCP.
Aer soaking in the PBS for 21 days, a maximum value of the
releasing amount of Ca2+ and Zn2+ ions could achieve as 0.5810
and 0.0195 mg mL�1 for each. The slowing releasing rate of
metal ions could be used for the supply of nutrient elements for
the regeneration of bone tissues. The order of the releasing rate
This journal is © The Royal Society of Chemistry 2019
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Fig. 10 SEM images of the porous 5% Zn-TCP soaked in the SBF for
(a1) and (a2) 7 d; (b1) and (b2) 14 d; (c1) and (c2) 21 d.

Fig. 11 Weight gain rate of the (a) 5% Fe-TCP and (b) 5% Zn-TCP after
soaking in the SBF for scheduled days.

Fig. 12 Hemolysis graph of (a) Fe-TCP and (b) Zn-TCP, * represents p
< 0.05 between groups.

Fig. 13 Optical density measurements of the MG63 cell proliferation
on x% Fe-TCP, Zn-TCP after culturing for 1, 3 and 5 days. * represents
p < 0.05 between groups.
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for the metal-TCP samples follows the order: [Ca2+]@Fe-TCP >
[Fe3+]@Fe-TCP > [Ca2+]@Zn-TCP > [Fe3+]@Zn-TCP.

3.2.3. In vitro immersion test in SBF. Aer soaking in SBF
(1.5 times) media, the changes of the 5% Fe-TCP characterized
by SEM are indicated in Fig. 9. The images in Fig. 9(a1–c1) are
obtained in low magnication and that in Fig. 9(a2–c2) are the
corresponding high-resolution magnications. The agglomer-
ated clusters of coral-like crystallites with micropores are
dispersed on the interior surface. It can be observed that aer
soaking in the SBF, the boundary of the crystal particles become
blurring. The porous size is getting smaller with the increasing
soaking time, indicating a deposition layer is formed aer the
material surface in contact with the simulation solution. The
EDS (Energy Dispersive Spectrometer, Fig. S2 and S3, ESI†) of
the material indicates that a layer of phosphorite deposition
was formed on the material surface with a Ca/P mole ratio of
1.77 (that is 1.85 for Zn-TCP), illustrating the better bioactivity
of the Fe/Zn-TCP products. The porosity of the Fe/Zn-TCP is
similar as compared in Fig. 9 and 10. The macropore size and
their distribution can be ascribed to the same preparation
processes.

3.2.4. Weight gain evaluation. The weight gain rate of the
5% Fe-TCP soaking in SBF was investigated and as shown in
Fig. 11(a), a noticeable weight gain was found aer the soaking
treatment for scheduled days. The weight gain is more than 7%
aer soaking for 21 days, indicating the induced growth rate of
Ca/P-containing composites onto the material surface in the
SBFmedia. The same test was also performed on the 5% Zn-TCP
(Fig. 11(b)) sample, and the results are similar with that of the
This journal is © The Royal Society of Chemistry 2019
5% Fe-TCP. The weight gain results illustrate the Fe/Zn-TCP
materials have ideal bioactivity.

3.2.5. Hemolysis. Hemolysis of blood may occur when
articial biomaterials are in contact with blood because the
hemolysis level is sensitive to the extent of damages to eryth-
rocytes. Bone formation and healing processes can be affected
by the interaction between the biomaterials and blood. Hemo-
lysis usually causes the broken of red blood cells (RBC) and the
extravasation of the hemoglobin in the tissues. In this study the
hemolysis levels on the TCP samples with different doping
levels were evaluated. As shown in Fig. 12(a), a hemolytic ratio of
less than 0.3% is observed for the TCP without Fe doping. The
hemolytic ratio is increased with the increasing Fe3+ doping
RSC Adv., 2019, 9, 781–789 | 787
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Table 2 Cytotoxicity and RGR of MG-63 cells cultured on Fe/Zn-TCP for 5 d

Material b-TCP 2% Fe 5% Fe 10% Fe 2% Zn 5% Zn 10% Zn

RGR/% 113.6 133.8 124.7 124.9 143.4 121.8 127
Reaction grade 0 0 0 0 0 0 0
Cytotoxicity None None None None None None None
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level. When the Fe3+ doping level reaches to 10%, the hemolytic
ratio is up to 1.2% that is still of a high hemolysis level. It should
be noted that biomaterials have a high hemolysis level when the
hemolytic ratio is less than 5%. The results suggested TCP
materials with certain Fe3+ doping level will not lead to hemo-
lytic reactions and the Fe-TCP materials have nice hemolysis.
Similarly, the hemolysis results of the Zn-TCP are displayed in
Fig. 12(b), which show difference from that of Fe-TCP samples.
The 2% Zn-TCP sample has the best hemolysis with a hemolytic
ratio of less than 0.2%. The hemolysis assessments demon-
strated well hemocompatibility of the Fe/Zn-TCP composites.
The Fe/Zn dopants at less than certain level will not cause
hemolysis reactions.

3.2.6. Cell proliferation (cytotoxicity). Absorbance
measurements were used for the evaluation of the cell toxicity.
The optical density measurements for the MG-63 cell prolifer-
ation of the Fe/Zn-doped TCP aer culturing using a CCK-8
assay for scheduled days are shown in Fig. 13. By measuring
the optical absorption value of the cells on the Fe/Zn-TCP
samples for certain time, the increment level of the MG-63
cells on the material surface can be evaluated.24–26 In addition,
the cell growth rate (RGR/%) of the cells is further obtained.
Thus the cell toxicity can be determined according to the reac-
tion level standard.

The RGR value was obtained aer the cell cultured in the
nutrient solution containing Fe/Zn-TCP species for several days
and the results are shown in Fig. 13. In vitro activities of the MG-
63 cells cultivating with the Fe/Zn-TCP biocomposites were
tested at 1, 3, and 5 days. Cell proliferation is in close rela-
tionship with the amount of the bone formation. Excellent cell
proliferation has high possibility to generate a more consider-
able amount of bone tissues around the implant area. The
studied Fe/Zn-TCP composites show ideal time-dependence cell
activity according to the RGR data (Table 2). The cells display
notable difference among the groups, and the Zn-TCP (10%)
sample possesses the highest cell multiplication among these
biomaterials, indicating that the exposure of the Zn-TCP may
have a much positive impact on the cytocompatibility. In this
case, the bioactivity of the Fe/Zn-TCP materials is improved
compared with the pure b-TCP. The osteogenic activity of the
cell on the bio-interfaces, which is correlated with the bone-
repair function, plays an important role in bone formation.
4 Conclusions

Fe-TCP and Zn-TCP biomaterials were prepared by the co-
deposition method to enhance the bioactivity of synthetic
bone-repair materials. All the pure b-TCP and the Fe/Zn-TCP
samples possess hydroxyapatite as the main component via
788 | RSC Adv., 2019, 9, 781–789
XRD analysis. It was found that part of the Ca2+ ions is replaced
by the doping Fe3+ and Zn2+ ions in the TCP crystalline lattice.
The presence of the main Ca/P component of the TCP was
conrmed by TG-DTA measurements. SEM observation indi-
cates a typical porous-containing structure with interconnected
micropores for the TCPs. The maximum compression strengths
of the Fe-TCP (10%) and the Zn-TCP (10%) increase 33% and
6% for each compared with the original b-TCP. The in vitro
experiments indicated the Fe/Zn-modied b-TCP can effectively
release Fe3+ and Zn2+ nutrients for a long time. In addition, the
bioactivity and dissolution property of the Fe/Zn-TCP in SBF was
studied by immersing the samples for scheduled days. The Fe/
Zn-TCP materials demonstrate good biocompatibility with
a hemolytic ratio lower than 2%, showing good cell activity. This
research will offer a crucial scientic fundamental to propel the
metal-TCP biomaterials as novel bone-repair materials with
high-performance engineering plasticity for further clinical
applications.
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