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Abstract
β-tricalciumphosphate (β-TCP, Ca3(PO4)2) is biodegradable ceramics with chemical andmineral
compositions similar to those of bone. It is a potential candidate for bone repair surgery, and
substituting the Fe ions can improve its biological behavior. In this study, we investigated the effect of
Fe ions on the structural deviation and in vitro behavior ofβ-TCP. Fe-dopedβ-TCPwere synthesized
by the co-precipitationmethod, and the heat treatment temperature was set at 1100 °C. The chemical
state of the Fe-dopedβ-TCPwas analyzed by x-ray photoelectron spectroscopy, while structural
analysis was carried out by Rietveld refinement using the x-ray diffraction results. Fe ions existed in
both Fe2+ and Fe3+ states and occupied theCa-(4) andCa-(5) sites. Fe ions enhanced the degradation
ofβ-TCP and resorption behavior onto the surface ofβ-TCP during the immersion test. As a result, Fe
ion improves the initial cell adhesion and proliferation behavior ofβ-TCP.

1. Introduction

β-tricalciumphosphate (β-TCP,Ca3(PO4)2) is one of the biocompatible, osteoconductive, and biodegradable
calciumphosphate ceramics [1–5]. It is stable at room temperature and transition intoα-TCP above 1150±30
°C [6, 7]. It has beenwidely used formedical applications such as bone tissue engineering, drug delivery systems
[8–10], and bone reconstruction [11–13]. However,β-TCPhas a lack of osteoinductive properties [2]. Ion
substitution is known as an effective way tomodify the osteoinduction ofβ-TCP. Especially, essential trace
elements for proper functioning of the human body such asMg [14–16], Zn [17, 18], Sr [19, 20], Na [21, 22], K
[21, 22], etc [23, 24] are used for Ca2+ ion substitution. These essential trace elements influence the bone
formation process by themselves [25, 26] and affect the structural and chemical properties ofβ-TCP [14–24].

Among the trace elements, Fe, which exists in blood and bonemarrow, plays an essential role in the human
body involving vitaminDmetabolism andmaturation of collagen [26–30]. Also, iron promotes the nucleation
of apatites [31] and has a hyperthermia effect required for cancer therapy [32]. Therefore, various studies have
shown that Fe ions affect the crystallinity, solubility [33–35], and bioactivity of calciumphosphate [36–38].
Especially forβ-TCP,Guangda Li et al reported that Fe-dopedβ-TCP shows antibacterial properties [38].
Although various studies have been carried out to investigate the effect of Fe ions on the properties ofβ-TCP
[39, 40], the effect of Fe-doping on the degradation behavior forβ-TCPhas not been investigated yet.

The structure change occurringwhen Fe ions are substituted toβ-TCP affects its physicochemical
properties, especially degradation behavior. Since Fe ions (both Fe2+ and Fe3+) are smaller than theCa2+ ion
and have different charge valences (in the case of Fe3+), Fe substitution changes the interatomic distance and
lattice constants ofβ-TCP [40, 41]. Previous studies have shown that the Fe substitution-induced structural
changes ofβ-TCPdepend on the amount of Fe ions [38].

In this study, the structure and chemical states of Fe-dopedβ-TCP calcined at 1100 °Cwere studied in detail.
To investigate the structural changes, various Fe-dopedβ-TCP powderwas synthesizedwith different amounts
of Fe ion concentration. Structural analysis was carried out using Rietveld refinement. Also, the effect of the Fe
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ion on theβ-TCP on its degradation behavior was studied through immersion in the culturemedium. After the
immersion test, the effect of the degradedmaterial and by-product on cell behavior were also evaluated. Fe
contained tricalciumphosphate could be used for various biomedical applications such as bone graft [42, 43],
drug delivery systems [44, 45], and dental implants [46]. Also, It is expected that it will bemore utilize variously
through surface coating [42, 46].

2. Experimental procedure

2.1. Preparation of Fe-dopedβ-TCPpowder
β-TCP and Fe-dopedβ-TCPwere prepared by the co-precipitationmethod. Ca(NO3)2·4H2O (Junsei,>98%),
(NH4)2HPO4 (Junsei,>99%), and Fe(NO3)3·9H2O (Junsei,>99%)were used as theCa, P, Fe ions precursors,
respectively. To prepare pureβ-TCP powder, Ca(NO3)2·4H2O and (NH4)2HPO4were dissolved in deionized
(DI)water under stirring at 45 °C for 30 minCa(NO3)2·4H2Owas added dropwise(13 ml min−1) to
(NH4)2HPO4. To synthesize the Fe-dopedβ-TCP powder, various Fe ion concentrations (3, 6, 9 mol%)were
usedwhilemaintaining a (Ca+Fe)/P ratio of 1.5.Ca(NO3)2·4H2O and Fe(NO3)3·9H2Owere dissolved inDI
water (solution 1), and (NH4)2HPO4was dissolved separately inDIwater (solution 2). Solution 2was stirred at
45 °C for 30 min, and solution 1was slowly added dropwise(13 ml min−1) to it. The pHof the resulting solutions
wasmaintained at 7 by addingNH4OH.The solutionwas stirred for 2 h at 45 °C (500 rpm), and aged 1day at a
water bath (40 °C)for the precipitatematuration. The precipitated suspensionwaswashed and filtered to remove
unreacted products with 1 l ofD.I. water. After filtration, dried at 80 °C for one day and ground into fine
powders. The four sampleswere labeled as Fe 0, Fe 1, Fe 2, and Fe 3. After the drying process, each powderwas
calcined at 1100 °C for 2 h (at a heating rate of 6 °Cmin−1 and natural cooling) in the air.

2.2. Powder characterization
To analyze the thermal stability, each 10 mg of dried powders were subjected to differential scanning calorimeter
(DSC, STA 8000, PerkinElmer Inc.,Ma,USA) using a heating rate of 25 °Cmin−1 and a peak temperature of
1400 °C in an oxygen atmosphere (for aflow rate of 20 ml min−1). X-ray diffraction patterns (XRD,Ultima 4,
RigakuCorp., Japan)were obtained to identify the phase of the calcined powder using CuKα radiation
(1.540562 Å). The diffractometer operated at 40 kV, 40 mA, and a step size of 0.01, and counting of 8 s were
used. To obtain the crystallographic information file (CIFs) for the synthesized samples, we used an integrated
x-ray powder diffraction software package PDXL (Rigaku, Version 2.1.3.4) ICSD card no. 97500. The structural
analysis revealed that theβ-TCPpowder showed anR3c space group. The crystal structure analysis of the
calcined powderwas carried out byRietveld refinement using Fullprof software. The global instability(GII)was
also calculated by the BondStr program in Fullprof.

X-ray photoelectron spectroscopy (Theta ProbeAR-XPS, Thermo Fisher Scientific,Waltham,MA,USA)
was performed using a theta probeAR-XPS using amonochromatic Al Kα (1486.6 eV) at 15 kV and 150W.The
composition of the samples was observed using an inductively coupled plasma atomic emission
spectrophotometer (ICP-AES, ACTIVA, JYHORIBA), 0.05 g of samples were pretreatedwith 2 ml of nitric acid
and 1 ml of hydrochloric acid solution.

2.3.Degradation test
For the degradation test, cylindrical samples (D=10 mmandH=2 mm)were prepared by the press (2 tons
for 5 min)and sintered at 1100 °C for 10 h (at a heating rate of 6 °Cmin−1 and natural cooling). For degradation
test with culturemedium, fullmedia containingminimal essentialmedium-alpha (α-MEM,Gibco), 10% fetal
bovine serum (FBS,Merck), 1%penicillin-streptomycin (PS, Gibco), and 5 μg Ml−1 plasmocin (InvivoGen, San
Diego, CA)was prepared. The cylindrical samples were immersed in a culturemedium (pH7.71) for 1 day and 5
days (37 °C, 50 rpm), respectively. After the degradation test, themass loss (%) of samplesmeasured after
washing (D.I. water) and drying (37 °C).

( ) ( ) ( )/= - ´Mass loss % W W W 100 W: initial weight, W : weight after degradationii d i d

( ) ( )
=

-
´Mass loss

W W
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2.4. Cell behavior related to degradation
To evaluate the effect of degradation on cell behavior, cell proliferation, and adhesion tests were performed by
Cholecystokinin octapeptide assay (CCK-8) andfield emission scanning electronmicroscopy (SEM,MIRA3,
TESCAN) images. For cell tests, the hDPSCs at passage 7were used. Cell proliferationwas assessed using
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D-Plus™CCKcell viability assay kit (Donginbio, KOREA). The hDPSCswere cultured 1×104 cells in 48-well
plates and incubated for 1 day before treatment. After 1 day, the culturemediumwas replacedwith extracted
culturemedium (after degradation test day1, day5) and incubated for 1, 2, 3 days. Subsequently, cells were

Figure 1. (a)DSCand (b)TGA curves for the Fe-dopedβ-TCP samples with different amounts of Fe ion.

Figure 2.XRDpatterns for the samples with different contents of Fe ion; (a) 2θ: 5–70, (b) 2θ: 30.7–31.3, and (c) Lattice constant and
(d) unit cell volume, c/a ratio (d: Ca

3
(PO

4
)
2
; ICDD00-055-0898,◇: Ca

19
Fe

2
(PO

4
)
14
; ICDD00-049-1223.
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treatedwith 20 μl CCKperwell and incubated for 1 h at 37 °C.The absorbance of the resulting solutionwas
measured by a plate reader at 450 nm.

To evaluate the cell adhesion behavior, themorphology of adhered on the sample surfacewas investigated.
After immersed in culturemedium for 1, 5 days, 1×105 cells were seeded on the cylindrical sample (for control,
using non-degraded sample) for 1 day. All samples were washed in phosphate buffer saline (PBS) and fixed in 4%
paraformaldehyde (PFA)/2.5% glutaraldehyde in PBS for 30 min. Afterward, the samples were washedwithD.I.
water and dehydrated (30, 50, 70, 90, 94, 100 vol% ethanol, each for 15 min). Drying the samples were using
ethanol-hexamethyldisilazane (HMDS, Sigmaaldrich) solution at a 50, 100 vol%ofHMDS (each 15 min at RT).
After drying, all sampleswere coatedwith gold and observed by FE-SEM (at 5 kV).

3. Results and discussion

3.1. Powder characterization
The effect of Fe substitution on the phase transition temperature of theβ-TCP samples was investigatedwith
theirDSC andTGA curves (figure 1). It shows an endothermic peak around 740 °C – 840 °C(figure 1(a)). This
endothermic peak is associatedwith the dehydroxylation of the amorphous apatite(CDHA) phase intoβ-TCP
[46]. Itmight be attributed to removing theOH ions of CDHA, as reported in the following chemical reaction
[47]:

( ) ( )( ) ( ) ( ) +- -Ca Fe HPO PO OH Ca Fe PO H O3x x x x1 9 4 4 5 1 3 4 2 2

For Fe-doped samples (Fe1, Fe 2, and Fe 3), the endothermic peak inDSC curves was shifted to lower
temperatures (figure 1(a)). Also, in the presence of Fe ions (Fe 1, Fe 2, and Fe 3), characteristic peaks of
exothermic reactions were observed before the formation ofβ-TCP (around 740 °C). These peakswould be
related to Fe and P ions because it is similar to the exothermic behavior whenwatermolecules were lost in
FePO4·2H2O [48]. According to previous results related toMg-doped TCP [49], these exothermic peak related
dehydroxylation reaction. Around 1260 °C, except for the Fe3 sample, all the samples showed peaks
corresponding to theβ→α phase transition [14, 48, 50]. This result revealed that the Fe3 sample had a different
thermal behavior compared toβ-TCP. This behavior will be explainedwith the XRDpattern later. In addition,
the phase transition (β→α) temperature increasedwith increasing the amount of Fe ions, suggesting that Fe ion
improves the thermal stability of theβ-TCP phase [48]. Compared toMg-doped TCP, Fe-doped TCP ismore
stable(Mg1%: 1270,Mg 3%: 1330 °C) [48, 50]. TGA curves of Fe-doped TCPpowder showedweight losses
(figure 1(b)). Theweight loss that occurred between 760 °C, and 820 °Cwas attributed to the loss of water, and
this reaction is related to the formation ofβ-TCP [50]. The ICP results of the samples (Table. 1) revealed that ß-
TCP consisted of Fe ions.

TheXRDpatterns of the Fe-dopedβ-TCP powder calcined at 1100 °Care shown infigures 2(a) and (b). All
the samples (except for Fe3) showed only the single phase ofβ-TCP (ICDD00-055-0898), and these results are
consistent with those reported previously (no secondary phasewas formedwhen<7.5 mol%of Fe ionswere
present) [40, 41]. On the point of themain peak (figure 2(b)), the peakmoved to the left as the amount of Fe ions
increased. These phenomena can explain with the variation of lattice parameter with the substitution of Fe ion in
β-TCP. Infigures 2(c) and (d) show the changes in the lattice constants and volume of the samples as a function
of the amount of Fe ions. The lengths of the a, b axes decreasedwith an increase in the amount of Fe because the
radius of Fe2+ (0.78 Å) and Fe3+ (0.64 Å) ionswas smaller thanCa2+(0.99 Å)) ion. Therefore, the presence of Fe
ions reduced the unit cell volume ofβ-TCP, and it increases the thermal stability ofβ-TCP [46]. On the other
hand, themain peak for the Fe3 samplemoved to the right (as shown infigure 2(b)) compared to Fe1 and Fe2
samples. It would be attributed to the formation of theCa19Fe2(PO4)14 (ICDD00-049-1223) phase as a
secondary phase due to the excess addition of Fe ions [38]. Fe ions contained calciumphosphate, as for the
calcium iron phosphate(Ca9Fe(PO4)7), it has no phase transition between room temperature and 1400 °C [47].

Table 1.Notation of different amounts of Fe ions substituted inβ-TCP
samples.

Sample

notation

Femol%

(calculated)
Femol% (measured by

ICP-AES)

Fe0 0 0

Fe1 3 2.82

Fe2 6 5.78

Fe3 9 8.83
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Therefore, it would explainwhy secondary phase has no endothermic peak corresponding to the phase
transition (β→α) as shown in theDSC result infigure 1.

3.2. Substitution states and site of Fe-dopedβ-TCP
The high-resolutionXPS spectra of the Fe-dopedβ-TCP samples with different Fe ion contents (0, 3, 6, and
9 mol%) are shown in figures 3 and 4. Figure 3 shows theO 1s, Ca 2p, P 2p spectra [6, 51, 52], and the peak
positions are summarized in table 2. It can be seen that the Ca 2p peak at 346.9 eV of the Fe 0 sample decreased in
comparisonwith that of the Ca 2p peak in Fe3 peak (346.77 eV). This shifting of binding energy can be ascribed
to the interaction betweenCa2+ and Fe2+ or Fe3+ ions. The Fe 2p spectra (Fe 2p3/2 and Fe 2p1/2 peaks,
740–700 eV) of the samples are shown infigure 4. These Fe 2p peaks can be attributed to Fe3O4 [52–55], and the
multiple peaks that come frombinding energies higher than 710 eV can be corresponded to Fe3+ ions. On the
other hand, peaks that occurred at lower than 710 eV can be attributed to Fe2+ ions [52, 53].

In general, theβ-TCP supplies different substitution sites depending on the types of substitutingmetal ions
[21, 56]. Figure 5 shows the schematic diagram for the available substitution site while replacing the Fe ionwith
Ca ion in theβ-TCPphase. As shown infigure 5, Fe ions can coexist as divalent ion and trivalent ion. Therefore,

Figure 3.XPS spectra for the samples with different amounts of Fe ion.

Figure 4.Background-subtracted Fe 2p spectra for the samples with different contents of Fe ion.
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Ca-(4) andCa-(5) sites are considered an alternative to substitution sites. Previous studies have shown that Fe3+

ions substituted in Ca-(5) sites and simultaneously vacancies are formed inCa-(4) sites, resulting in decreasing
the site occupancy for Ca-(4) sites [21, 56]. In the case of Fe2+ ions, it can substitute bothCa-(5) sites and vacancy
of Ca-(4) sites. Therefore, when Fe2+ions are substituted to TCP structure, the site occupancy for Ca-(4) sites
increase [21, 56].

To identify the site occupancy for substitution Fe ion inCa site inβ-TCP, the Rietveld refinementwas
carried out. The results were summarized in table 3 andfigure S1 (available online at stacks.iop.org/MRX/7/
125403/mmedia). As can be seen in table 3, the site occupancy of Fe ions and the distance betweenCa-(4) and
P-(1) sites were increasedwith increasing the amount of substituted Fe ions. The total occupancy at theCa-(4)
sites increasedwith increasing of the content of Fe ions because Fe ions are substituted at Ca-(4), vacancy at Ca-
(4), andCa-(5) sites. Also, the substitution of Fe ions (which are smaller thanCa ions) intoCa-(4) sites increases
the distance between theCa-(4) and the surrounding cations(P-(1)) due to the repulsive force between them
[53]. In the point of GII (global instability index), the value of GIIwas increasedwith an increase in the content of
Fe ion. It implies that the crystallinity of Fe-dopedβ-TCPwasmore unstablewith the addition of Fe ion, which
will accelerate the degradation behavior [57].

3.3. In vitro degradation behavior of Fe-dopedβ-TCP
The results of immersion in the culturemediumduring 1 and 5 days are shown infigure 6. As shown in
figure 6(a), theweight loss of the Fe 0 samplewas lower than the Fe 1 and Fe 2 samples after 1 day.However, after

Figure 5.The schematic diagram forβ-TCP (a) Structuremodel of Fe0, and (b) substitution sites ofβ-TCP (yellow circles).

Table 2.Binding energies and atomic ratios on the surface of samples.

Sample notation
Peak position (eV) Atomic ratio (Ca+Fe)/P

O1s Ca 2p2/3 P 2p Surface (XPS) Measured (ICP)

Fe0 530.69 346.9 132.79 1.35 1.50

Fe1 530.6 346.8 132.7 1.30 1.47

Fe2 530.61 346.81 132.76 1.28 1.47

Fe3 530.59 346.77 132.68 1.35 1.48

Table 3.Rietveld refinement results for the Fe-dopedβ-TCP samples. Reliability factors, site occupancy, and inter-atomic
distance of the substitution sites.

Sample Reliability factors (%)
Ca(5) siteOcc. Ca(4) siteOcc.

Ca(4)—P(1) GII

Rp/Rwp/Rexp/RBragg Ca Fe Ca Fe sum

Fe0 6.17/8.58/4.45/3.01 0.99 0.0 0.429 0.0 0.429 3.0(11) 0.56

Fe1 6.73/9.83/6.10/2.94 0.82 0.18 0.38 0.071 0.451 3.0(11) 0.64

Fe2 6.51/9.15/6.1/2.28 0.62 0.38 0.21 0.12 0.33 3.3(11) 0.68

Fe3 6.59/9.24/6.1/2.47 0.43 0.57 0.26 0.06 0.32 3.4(16) 0.60
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5 days of Fe 0 sample, theweight loss was higher than the others. It implies that the Fe ion increases theβ-TCP
degradation rate and resorption of calciumphosphates onto the surface ofβ-TCPduring in vitro experiments
[58]. As can be seen in figures 6(b), (c), and S2, the new by-products (arrow)were observed on the surface. These
by-products were analyzed by EDS pointmapping(figure S2). Infigure S2, the small particle namedA is
composed of Ca, P, Si ions. In the case of Fe1, Fe2 samples, large adsorbate is also observed on the surface, which
is considered to be a calciumphosphatematerial because it is composed of Ca and P. As a result, the substitution
of Fe ion inβ-TCP can enhance the degradation behavior and the formation of new calciumphosphates.
According to previous research [59], adsorption occurs well in grains in the c-axis because of local residual
charge. Therefore, new calciumphosphate by-products weremore adsorbed in Fe-doped samples, which have a
longer length of c-axis.

3.4. Cellmorphologywith immersion time
To observe the variation of cellmorphology, the cell adhesion test was carried out with a cell culturemedium for
1 day. After the cell adhesion test, themicrostructure of the surface was observedwith the aid of SEM.As shown
infigure 7, the new calciumphosphates on the surface of each sample were formed (represent by arrow). The
cells seeded on the surfaces displayed elongated, branched shapes and formed clusters (dash). As shown in
figure 7(a) (without immersion time), the Fe 1 and Fe 2 samples hadmore cell populations compared to Fe 0

Figure 6.Results of degradation test using culturemedium: (a)weight loss, and surfacemorphology of Fe-dopedβ-TCP after
degradation test at culturemedium for (b) 1 day and (c) 5 days.
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sample, indicating the Fe ions help the cell attachment onto the surface of theβ-TCP sample. Besides, the cell
adhesion behavior was improvedwith Fe ion.

As shown infigures 7(b) and (c), the cell attachmentwasmore plentiful than compared towithout pre-
immersed in culturemedium (figure 7(a)). Therewere increases in cell coverage onto the surfacewith increasing
of the immersion time (0 to 5 days) except for the Fe 0 sample. It suggests that the cell adhesion could extensively
spread out the surfacewhen the resorption of new calciumphosphates onto the sample surface proceed. The

Figure 7.Themorphology of hDPSCon the Fe-dopedβ-TCP disc (1 day cultured): (a)non-immersed disc (D0) and after degradation
test (b) 1 day (D1) (c) 5 days (D5).

Figure 8.The proliferation of hDPSCwith degraded by-product: Extracted culturemedium for (a) 1 day and (b) 5 days (control:
culturemedium stored at 37 °C for 1, 5 days).
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resorption process can be observed on Fe-doped samples after immersion test following the degradation
process. In the case of the Fe 0 sample, cell adhesion did not proceed significantly atD 0 andD1-Fe 0 samples
because the Fe 0 sample was only degraded until 5 dayswithout the resorption process as shown infigure 6(a).
Therefore, the Fe ion enhanced the degradation behavior ofβ-TCP and helped the formation of new calcium
phosphate onto the surface ofβ-TCP during the immersion test. These results induced that the doped Fe ions
can improve the initial cell adhesion and proliferation behavior.

3.5. Effects of degradation by-products on cell proliferation
From the results of the previous degradation test, it was confirmed that resorption occurred on the 5 days (in
figure 6). Also, the results of the cell adsorption experiment confirmed that cell adhesion occursmore easily in Fe
ion-dopedTCP (infigure 7). Finally, a cell proliferation test was performed to confirm the cell proliferation of
the by-products inwhich decomposition and resorption occurred. Figure 8 presents the results of cell
proliferation using extracted culturemedium after samples immersed for 1, 5 days. Absorbance values increased
for 3 days in all specimens andwere higher than the control. Also, the degradation by-products for Fe 2 samples
showed the highest cell proliferation. These results found that the Fe 0, Fe 1, and Fe 2 samples did not show any
cytotoxicity against hDPSC, indicating good biocompatibility. This also suggests that all samplesmay have better
physiological compatibility.

When calciumphosphate is degraded, and ion elution occurs, cell proliferation should be better [60, 61].
However, there was no significant difference in comparing cell proliferation using a solution extracted after 1
day and 5 days. There would be no significant change in each extract’s composition because it was inferred that
degradation and resorption simultaneously occurred on the 1 and 5 days.

4. Conclusions

The aimof this studywas to investigate the effect of Fe substitution on the structure and physicochemical
properties ofβ-TCP. The addition of Fe ion inβ-TCPwas changed in the range of 3 mol%, 6 mol%, and
9 mol%.Up to 6 mol%, there is no found secondary phase. However, at a 9 mol% content, the Ca19Fe2(PO4)14
as the secondary phase was formed. DSC results represent that Fe ions increased the phase transition (β→α)
temperature ofβ-TCP and improved the thermal stability of theβ-TCPphase. Because Fe ion is smaller thanCa
ion, the lattice volume of Fe-dopedTCP ismore diminutive than pure TCP.However, the length of the c-axis
increased because Fe ion substituted in bothCa-(4), a vacancy of Ca-(4), andCa-(5) sites ofβ-TCP. In point of
in vitro behavior, the Fe ion increases theβ-TCPdegradation rate and resorption of calciumphosphates onto the
surface ofβ-TCP during in vitro experiment. Besides, the cell adhesion behavior wasmore improvedwith Fe ion.
Synthetically, the doped Fe ion inβ-TCP enhanced the degradation behavior and helped the resorption of new
calciumphosphates onto the surface ofβ-TCP.
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