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A B S T R A C T   

Investigation of thermostability will lead the groundbreaking of unraveling the mechanism of influence of ion- 
doping on the properties of calcium phosphates. In this work, octacalcium phosphate (OCP), a metastable pre-
cursor of biological apatite, was used as a stability model for doping ions (Fe3+ and Sr2+) with different ionic 
charges and radii. After treated under hot air at different temperatures (110–200 ◦C), the phase, morphology, 
structure, physicochemical properties, protein affinity, ions release, and cytological responses of the ion-doped 
OCPs were investigated comparatively. The results showed that the collapse of OCP crystals gradually 
occurred, accompanying with the dehydration of hydrated layers and the disintegration of plate-like crystals as 
the temperature increased. The collapsed crystals still retained the typical properties of OCP and the potential of 
conversion into hydroxyapatite. Compared to the undoped OCP, Fe-OCP, and Sr-OCP had lower and higher 
thermostability respectively, leading to different material surface properties and ions release. The adjusted 
thermostability of Fe-OCP and Sr-OCP significantly enhanced the adsorption of proteins (BSA and LSZ) and the 
cytological behavior (adhesion, spreading, proliferation, and osteogenic differentiation) of bone marrow 
mesenchymal stem cells to a varying extent under the synergistic effects of corresponding surface characteristics 
and early active ions release. This work paves the way for understanding the modification mechanism of calcium 
phosphates utilizing ion doping strategy and developing bioactive OCP-based materials for tissue repair.   

1. Introduction 

Based on the understanding of biological apatite of hard tissues, 
numerous trace elements, e.g. magnesium, zinc, iron, and strontium, 
have been utilized to improve the biological properties of calcium 
phosphate-based materials for tissue repair by doping methods owing to 
their distinct prominent functions [1–4]. Mg is beneficial to the adhesion 
of osteoblasts and the formation of new bone [3]. The introduction of Mg 
could inhibit the nucleation of growth of hydroxyapatite (HA) crystal, 
resulting in the lattice defects and the increments of the solubility, 
biodegradability, and osteoconductivity of HA [2,3]. As one of the key 

structural elements of many enzymes, Zn promotes the proliferation of 
osteoblasts, the synthesis of osseous proteins, and the formation of new 
bone in vivo [5]. Zn doping could promote the formation of poorly 
crystalized apatite-like phases, and osteogenic differentiation within a 
certain dose range [2,6,7]. Zn doping is also reported to endow calcium 
phosphates with antibacterial properties which were mainly derived 
from the release of Zn2+ [8,9]. Fe plays a crucial role in blood circula-
tion, enhancing angiogenesis [10–12]. Fe incorporation could improve 
the stability and fracture toughness of calcium phosphates by incorpo-
rating Fe-containing ductile phase coupled with the matrix, and even 
endow them with unique magnetic properties [2,13,14]. Sr enhances the 
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proliferation and differentiation of pre-osteoblasts, meanwhile inhibited 
the formation and activity of osteoclasts [3,15]. Sr substitution could 
result in the lattice distortion of calcium phosphates, altering the crys-
tallinity and biodegradability of the materials [15,16]. Consequently, 
these bioactive elements were introduced into calcium phosphates 
generally accompanied by the adjustments of their component, 
morphology, structure, physicochemical, and biological properties. 
Nevertheless, there were still few comparative studies concerning the 
impact of different ions on the physicochemical and biological proper-
ties of calcium phosphates, which could help further understand the 
distinctive changes brought about by ion doping. 

We have previously discussed the influence of bioactive metal ions 
(Fe3+ and Sr2+) with different ionic radii and charges on the formation, 
phase, and structure of octacalcium phosphate (OCP) comparatively 
[17]. The previous work highlighted the different replacements of 
complex Ca sites by Fe and Sr in OCP structure, but the cytological and 
biological evaluations were still limited. Beyond that, there are even no 
other research regarding the distinct influences of bioactive ion doping 
on the various properties of calcium phosphates, not to mention a 
detailed investigation from other perspectives. Herein, we attempted to 
understand the ionic doping strategy of calcium phosphates from a new 
perspective of stability, especially thermostability. 

OCP, which is a key precursor of biological apatite, is an appropriate 
model to discuss the effect of ionic doping on the stability of calcium 
phosphates due to its controllable metastable characteristics [18,19]. 
OCP is easy to be converted into relatively stable apatite in vivo and in 
vitro, and that is, OCP-HA phase conversion occurs [18–21]. This con-
version process, accompanied by the release of phosphate ions and the 
uptake of calcium ions, is generally recognized as an important reason 
for the excellent in vivo osteogenesis of OCP materials [18,22,23]. 
Important in this process are the changes in material surface properties: 
adsorption properties and protein-mineral interactions. At present, 
several studies were conducted to synthesize OCP samples with different 
degrees of conversion in these ways: 1) hot water incubation (60–80 ◦C) 
[24,25]; 2) fluorine-containing aqueous environment [24,26]; 3) or-
ganics or surfactants modification [25,27]; 4) high-temperature treat-
ment (>700 ◦C) [25], etc. The post-treated OCP products generally had 
good protein affinity and osteogenic properties [24–29]. However, these 
rather drastic methods generally produced OCP products of extremely 
high degrees of conversion. There are still few studies reporting the 
protein affinity and biocompatibility of partially converted OCP mate-
rials obtained under milder conditions despite how sensitive OCP is to 
the surrounding environments. Moreover, except for fluorine ion, few 
studies paid attention to the conversion of OCP materials and the cor-
responding properties in the case of ionic doping. Suzuki and his co-
workers improved the bioactivity of OCP-based materials by several 
milder methods (e.g. sterilized by heating at 120 ◦C) and studied the 
stability of the materials [6,18,30–32]. However, the influencing 
mechanisms of mild low-temperature treatment (e.g. at around 
110–200 ◦C) on the stability of OCP materials modified with different 
bioactive ions remain unclear. Furthermore, the effect of the mild 
methods on the structural properties and ions release behaviors of OCP 
materials as well as subsequent biological responses still needed to be 
further unraveled in detail. Besides, it could be an effective way of using 
mild methods to further enhance the bioactivity of ion doped OCP ma-
terials by regulating the corresponding conversion degrees. 

In this study, we comparatively introduced iron and strontium with 
different ionic radii and changes into OCP structure to regulate the 
physicochemical and biological properties of these materials by heat 
treatment at low temperatures (around 110–200 ◦C) under air. The 
hypothesis was that the heat treatment could mediate the protein af-
finity and biological responses of ion doped OCPs to varying extent 
owing to their different thermostability. The mechanism behind the 
relationship between the thermostability and the performances of OCP 
doped with distinct ions was unraveled based on the analysis of the 
phase, morphology, structure, physicochemical properties, ions release 

behaviors, and cytological responses of OCP materials treated at 
different temperature. This study can help to understand the roles of 
bioactive ions in the modification of calcium phosphates in vitro and in 
vivo, and to develop OCP-based biomaterials for tissue repair. 

2. Experimental 

2.1. Preparation procedure 

OCP sample was synthesized by a homogeneous precipitation 
method as described in our previous work [17]. Briefly, a mixed solution 
containing 20 mM Ca(CH3COO)2, 15 mM NH4H2PO4, and 50 mM CO 
(NH2)2 (carbamide) was gently stirred at 25 ◦C for 5 min and then 
vigorously stirred at 90 ◦C for 2 h. Subsequently, a white precipitate was 
collected, washed, centrifuged, and air-dried at 60 ◦C for 24 h. Fe 
(NO3)3•9H2O and Sr(CH3COO)2 were used to synthesize iron- and 
strontium-doped OCPs (Fe-OCP and Sr-OCP), respectively. The 
Fe/(Fe+Ca) and Sr/(Sr+Ca) both were 5 mol.%. These synthetic sam-
ples were treated under hot air at 110, 130, 150, 170, and 190 ◦C for 2 h, 
respectively. The untreated samples of undoped OCP, Fe-OCP, and 
Sr-OCP were respectively employed as the corresponding controls. All 
the used chemicals were analytical reagents (purity >99.0%) and pur-
chased from Sinopharm (China). 

2.2. Characterization 

The weight change of the samples by heat treatment was measured 
by a simultaneous thermal analyzer (STA449C, Netzsch, Germany) at a 
heating rate of 5 ◦C/min. The phase of the samples was identified by X- 
ray diffraction (XRD; X’Pert PRO, PANalytical, Netherlands) using CuKα 
radiation (λ = 1.5418 Å, 40 kV, 40 mA) at a step size of 0.033◦. Fourier- 
transform infrared spectroscopy (FTIR) analysis was performed by a 
spectrometer (Vector 33-MIR, Brukev Optik, Germany) using samples in 
the form of pellets formed with spectroscopic grade potassium bromide 
(Sigma-Aldrich, USA). The morphology of the samples was observed by 
a field emission scanning electron microscope (FESEM; Nova NanoSEM 
430, FEI, USA) at an accelerating voltage of 15 kV. The samples were 
spray coated with platinum before the observation. The zeta potential of 
the samples was measured by Zetasizer Nano ZS (Malvern, UK) after 30 
min of ultrasonic dispersion in 10 mM potassium chloride solution at a 
particle concentration of 0.5 mg/mL. The specific surface of the samples 
was examined by N2 adsorption-desorption porosimetry using a surface 
area analyzer (Nova 4000e, Quantachrome Instruments, USA). 

2.3. Protein adsorption evaluation 

Bovine serum albumin (BSA; Sigma Aldrich, USA) and lysozyme 
(LSZ; Sigma Aldrich, USA) were dissolved in phosphate buffer solution 
(PBS; 10 mM, pH 7.4, Toscience, China) at an initial concentration of 1 
mg/mL. Afterward, OCP particles were immersed in the protein solu-
tions at a concentration of 10 mg/mL at 37 ◦C for 3 h. The supernatants 
were collected by centrifugation at a speed of 13000 rpm after immer-
sion. The concentration of proteins in the supernatants was tested by a 
BCA kit (Pierce BCA Protein Assay Kit, Thermo Scientific, USA). The 
absorbance was read at 562 nm by a microplate reader (Varioskan Flash 
Multimode Reader, Thermo Scientific, USA). 

2.4. Cell culture 

The mouse bone marrow mesenchymal stem cells (mBMSCs; CRL- 
12424, ATCC, USA) were maintained in culture flasks in a cell incu-
bator at 37 ◦C (5% CO2 atmosphere, 95% relative humidity). High- 
glucose Dulbecco’s Modified Eagle’s Medium (H-DMEM; Gibco, USA) 
with 10 vol% fetal bovine serum (FBS; Gibco, USA) was applied for the 
cell culture and replenished every other day. The cells were detached by 
0.25% trypsin/EDTA (Gibco, USA) and used for the following seeding, 
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attachment, viability, proliferation, and differentiation assays. The cells 
at population of 4–6 passages were used in these experiments. 

2.5. Cell seeding, attachment, viability, and proliferation 

The OCP samples were sterilized by Co60 gamma radiation. Cells 
were directly seeded onto the culture plates at a density of 2 × 104 cells/ 
cm2. The culture media were refreshed with OCP-particles-containing 
media (1 mg/mL) after cell adhesion and this moment was set as the 
initial culture time. After cultured for 24 h, the cells were rinsed with 
PBS thrice and fixed with 4 vol% formaldehyde solution for 4 h. The 
fixed cells were dehydrated with a graded series of ethanol (30, 50, 60, 
70, 80, 90, 95 and 100 vol%) and air-dried at room temperature for 24 h. 
The attachment and morphology of cells were observed by the FESEM. 

Cells were cultured with OCP particles at a density of 5 × 103 cells/ 
cm2. After cultured for 3 days, the cells were rinsed with PBS thrice and 
double-stained with Calcein-AM (Biotium, USA) and propidium iodide 
(Biotium, USA) following the instructions. The fluorescence images of 
cells were acquired by an inverted fluorescence microscope (Eclipsc 
Ti–U, Nikon, Japan) equipped with a digital camera (40FL Axioskop, 
Zeiss, Germany). Quantitative cell viability was measured by a Cell 
Counting Kit-8 (CCK-8; Dojindo, Japan) assay. After cultured with OCP 
particles for 1, 3, and 5 days, the cells were incubated with the CCK-8 
working solution at 37 ◦C for 1 h. Afterward, the absorbance of the su-
pernatants was read at 450 nm by the microplate reader. 

2.6. Alkaline phosphatase (ALP) activity test 

Cells were cultured with OCP particles at a density of 5 × 104 cells/ 
cm2. The cells were cultured in the osteogenic medium which was 
supplemented with 10 mM sodium β-glycerophosphate (Merck Milli-
pore, USA), 100 nM dexamethasone (Sigma Aldrich, USA) and 50 mg/L 
ascorbic acid (Sigma Aldrich, USA). The medium was refreshed every 
other day. After cultured with OCP particles for 7, 10 and 14 days, the 
cells were gently rinsed by cold PBS thrice and lysed by 10 mM Tris-HCl 
solution (pH 7.4) containing 500 μM MgCl2 and 0.1 vol% Triton X-100 at 
4 ◦C for 1 h. The supernatants were collected by sonication and centri-
fugation at 4 ◦C. The total protein content of the supernatants was tested 
by the BCA kit. ALP activity was measured by colorimetry at pH 10.4 in a 
glycine buffer containing 100 mM glycine, 1 mM MgCl2, 1 mM ZnCl2, 
and 5 mM para-nitrophenyl phosphate (p-NPP, Sigma Aldrich, USA). 
The absorbance was read at 410 nm by the plate reader. The ALP activity 
was normalized using the total protein contents. 

2.7. Real-time qPCR (RT-qPCR) 

Gene expression was quantitatively analyzed by the RT-qPCR 
method. For adhesion-related gene expression: after cultured with 
OCP particles at a density of 2 × 104 cells/cm2 for 24 h, cells were lysed 
to isolate the total RNA by HiPure Total RNA Micro Kit (Magen, China). 
Afterward, the cDNA was yielded by the iScript cDNA Synthesis Kit (Bio- 
Rad, USA) and subjected to the qPCR test. The mRNA expressions of 
integrin α5 and β1 were measured, while β-actin was used as the 
housekeeper gene. The qPCR analysis was conducted by SYBR green 
assay (iQTM SYBR Green Supermix, Bio-Rad, USA). The gene expres-
sions were calculated by Equation 1, where Ct represents the cycle 
number when an arbitrarily placed threshold was reached.  

Gene expression = 2Control group (Ct
target gene 

- Ct
housekeeper gene
) - Sample group (Ct

target 

gene 
- Ct

housekeeper gene
)                                                                        (1) 

For osteogenesis-related gene expression: after cultured with OCP 
particles in the osteogenic media at a density of 2 × 104 cells/cm2 for 7 
and 14 days, the qPCR test was performed to examine the mRNA ex-
pressions of Runx2, collagen 1 (Col1), and osteocalcin (OCN). 
Glyceraldehydes-3-phosphate dehydrogenase (GAPDH) was employed 

as the housekeeper gene. The forward and reverse primer sequences are 
listed in Table 1. 

2.8. Immunofluorescence microscopy 

Cells were cultured with OCP particles at a density of 2.5 × 104 cells/ 
cm2. After cultured for 24 h, the cells were rinsed with PBS thrice and 
then fixed by 4 vol% formaldehyde solution for 20 min. The fixed cells 
were permeabilized with 0.1 vol% Triton X-100 (Sigma Aldrich, USA) 
for 10 min. The actin microfilaments and nuclei of cells were stained by 
phalloidin (AAT Bioquest, USA) and 4′,6-Diamidino-2-Phenylindole 
(DAPI; Beyotime, China). Focal adhesion (FA) contact was stained by 
vinculin using an anti-vinculin antibody (Abcam, USA) and Cy3- 
conjugated Affinipure Goat Anti-Rabbit IgG (H+L) (Protein Tech 
Group, USA). Integrin α5 were stained by anti-integrin α5 antibody 
(Abcam, USA) and Cy3-conjugated Affinipure Goat Anti-Rabbit IgG 
(H+L) (Protein Tech Group, USA). The cytoskeleton arrangement, FA 
contact, and integrin α5 distribution of cells were analyzed by a confocal 
laser scanning microscope (CLSM; TCS SP5, Leica Microsystems, 
Germany). 

2.9. Ions release test 

OCP particles were immersed in culture media at a concentration of 
1 mg/mL and incubated in a shaker (770R, APlus, USA) at 37 ◦C. The 
media were refreshed every other day and collected at the pre-
determined intervals. The ionic concentrations of calcium, phosphate, 
iron, and strontium in the well-digested medium was tested by an 
inductively coupled plasma atomic emission spectroscope (ICP-AES; 
Optima 5300DV, PerkinElmer, USA). 

2.10. Statistical analysis 

The proteins adsorption and cell experiments were repeated four 
times. The tests of zeta potential and the ions release test were repeated 
five and three times, respectively. Quantitative data were averaged and 
expressed as the standard deviation to the mean. Statistical analyses 
were performed using a one-way analysis of variance (one-way 
ANOVA). A comparison between two means was made using the Tukey’s 
test with statistical significance set at P < 0.05. 

3. Results and discussion 

3.1. Thermostability, phase, morphology, and structure of ion doped 
OCPs after treatment 

Fig. 1 gives the TG-DTG plots of undoped OCP, Fe-OCP, and Sr-OCP. 
Thermal weightlessness was detected in all the samples within a range of 
temperatures from 40 ◦C to 280 ◦C. The weight loss of both Fe-OCP and 

Table 1 
Validated primer sequences for real-time PCR.  

Gene Direction Sequence (5′-3′) 

Integrin α5 Forward TGCAGTGGTTCGGAGCAAC 
Reverse TTTTCTGTGCGCCAGCTATAC 

Integrin β1 Forward ATCATGCAGGTTGCGGTTTG 
Reverse GGTGACATTGTCCATCATTGGGTA 

β-actin Forward TGACAGGATGCAGAAG GAGA 
Reverse GCTGGAAGGTGGACAGTGAG 

Runx2 Forward CACTGGCGGTGCAACAAGA 
Reverse TTTCATAACAGCGGAGGCATTTC 

Col1 Forward ATGCCGCGACCTCAAGATG 
Reverse TGAGGCACAGACGGCTGAGTA 

OCN Forward AGCAGCTTGGCCCAGACCTA 
Reverse TAGCGCCGGAGTCTGTTCACTAC 

GAPDH Forward TGTGTCCGTCGTGGATCTGA 
Reverse TTGCTGTTGAAGTCGCAGGAG  
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Sr-OCP samples was lower than that of undoped OCP. Besides, the DTG 
peaks of Fe-OCP and Sr-OCP shifted to the right (higher temperature) 
compared to that of undoped OCP. It was reported that OCP crystals 
could lose three of five structural water molecules and finally convert 
into poorly crystallized apatite during the thermal process, which 
included two steps: the first step (<100 ◦C) is a reversible process, where 
dehydration of one water molecule led to a slight shrinkage of OCP 
crystals; the second step (130–150 ◦C) is an irreversible process, where a 
further dehydration of two water molecules induced the gradual phase 
conversion of OCP into poorly crystallized apatite [33,34]. The thermal 
procedure would involve chemical reactions as follows:  

Ca8H2(PO4)6⋅5H2O → Ca8H2(PO4)6⋅4H2O + H2O↑ (<100oC)                (2)  

Ca8H2(PO4)6⋅4H2O → Ca8H2(PO4)6⋅2H2O + 2H2O↑ (130-150oC)           (3) 

According to the thermal analysis, the weight loss process of OCP 
could be roughly divided into three stages: (I) 40–100 ◦C, first dehy-
dration stage; (II) 100–210 ◦C, second dehydration stage; (III) 
210–280 ◦C, phase conversion stage. In this regard, the second stage 
could even continue to 210 ◦C rather than in the range of 130-150 ◦C. 
During the third weight loss stage, a structural transformation (or 
arrangement) of the “water-free” dehydrated OCP gradually took place. 
Thermostability is generally determined by the residual weight of solid 
phases or the temperature at which a certain weight loss ratio reaches 
after heat treatment. According to the weight loss ratio of the samples at 
different temperature points from the TG curves, in order of best ther-
mostability, it went: Sr-OCP, Fe-OCP, and undoped OCP. Moreover, the 
thermostable difference mainly occurred in the latter two irreversible 
stages. It was indirectly indicated that iron and strontium had been 
doped into the structure of OCP crystals on the basis of the previous 
work [17]. It is reported that Sr2+ incorporation can stabilize the 
metastable calcium phosphate phases (such as OCP) by performing 
first-principles calculations of substitutional Sr2+ defects in OCP [35]. 
From an experimental perspective, it provided evidence that the incor-
poration of moderate amount of Sr could stabilize the stability of OCP 
crystals to some extent. Hence, the incorporation of iron and strontium 
enhanced the thermostability of OCP crystals to some extent. 

Fig. 2 shows the XRD patterns and FTIR spectra of undoped OCP, Fe- 
OCP, and Sr-OCP treated at different temperature. An exclusive phase of 
octacalcium phosphate (JCPDS PDF#26–1056) was detected for all the 
untreated samples which maintained their phases at 110 ◦C. As the 
temperature increased to 130 ◦C, a shoulder diffraction peak near 2θ =

4.7◦ [face (100)OCP], which was attributed to the face (100) of the 
dehydrated OCP structure, appeared in the diffraction patterns of all 
OCP samples. Meanwhile, the main specific diffraction peaks of OCP 
became weaker or even disappeared along with the appearance of 
apatite-like diffraction peaks. With the increment of temperature, the 
intensity of the diffraction peak of the face (100)OCP markedly 
decreased, whilst that of the shoulder peak gradually increased. At 
190 ◦C, the peak of the face (100)OCP almost disappeared, and that of 
other lattice faces, such as (-302), (620), (-421) and (700), also dis-
appeared or broadened. By contrast, the intensity of the face (002)OCP 
was hardly altered or even enlarged by the heat treatment, and just a 
very slight shift to the peak position of the face (002) of HA (JCPDS 
PDF#09–0432) or enlargement of the diffraction peak of the face was 
detected for the samples treated at 190 ◦C (as marked by blue arrows in 
Fig. 2b). Specifically, at 170 ◦C, a more obvious phase change was found 
for Fe-OCP compared to that of undoped OCP. Conversely, Sr-OCP was 
more thermostable because of the greater intensity of the faces (100)OCP 
and (700)OCP compared to undoped OCP. The crystallite sizes of these 
samples were calculated based on the Scherrer Equation after pattern 
fitting (Fig. 2c). The heat treatment lowered the crystallite sizes of OCP 
crystals gradually in a temperature-dependent manner. Notable lattice 
contraction was also detected for the treated OCP crystals according to 
the refined results obtained by performing the Rietveld refinement using 
the structural model of OCP (ICSD #65347) (see Table S1). Smaller 
lattice parameters of the a- and b-axes as well as the unit cell volume of 
the treated OCP crystals were revealed compared to those of untreated 
crystals. The structural collapse and disintegration of these crystals were 
directly resulted from the dehydration process especially in the hydrated 
layers of OCP crystals. 

From FTIR spectra, two sharp bands of PO4
3− at 560 and 602 cm− 1 

were ascribed to crystalline calcium phosphate. The broad band at 860 
cm− 1 was attributed to the characteristic adsorption of HPO4

2− in the 
hydrated layers of OCP crystals. Two bands at 962 and 1038 cm− 1 were 
attributed to the P–O stretching vibration of PO4

3− . A shoulder band at 
1124 cm− 1 belonged to HPO4

2− . These main vibration peaks of PO4
3− and 

HPO4
2− groups were typical of the OCP structure [17]. The characteristic 

bands of all OCP samples were comparable with each other after heat 
treatment. That was, no obvious difference in structural characteristics 
of phosphate groups was detected among all OCP samples. Herein, the 
dehydration process slightly affected the apatite layers of OCP crystals, 
the structure of which is very similar to that of HA crystals. It was in 
accordance with the XRD results which indicated the structural 

Fig. 1. The thermostability of OCP was affected by the ionic doping. TG-DTG plots of undoped OCP, Fe-OCP, and Sr-OCP.  
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Fig. 2. Heat treatments significantly altered the phase components of OCP samples. XRD patterns (a, b), calculated crystallite sizes (c) and FTIR spectra (d) of 
undoped OCP, Fe-OCP, and Sr-OCP heat-treated at different temperatures. 

H. Shi et al.                                                                                                                                                                                                                                      



Bioactive Materials 6 (2021) 1267–1282

1272

rearrangement of the face (002)OCP to its structurally similar (002)HA 
along the c-axis [34,36]. In this regard, the dehydration was supposed to 
mainly occur in the hydrated layers of OCP crystal, leading to the 
structural changes of OCP and the formation of “collapsed OCP” [34]. 
The specific diffraction patterns of these collapsed OCP were close to 
that of apatite, marking a new stage where the structure was about to 
convert into that of HA. The XRD results also indicated a lower ther-
mostability of Fe-OCP compared to that of undoped OCP, which was 
inconsistent with the TG analysis. In our previous work, nanosized ferric 
phosphates were deposited on the surface of Fe-OCP crystals. It was 
inferred that the ferric phosphate deposits had a very low weight loss 
ratio (or degree of dehydration), which would interfere the result of TG 
analysis and thus covered up the true thermostability of Fe-OCP to some 
extent. Sr-OCP remained a more complete characteristic of OCP 

structure, indicating the role of strontium as a stabilizer of OCP crystals. 
Therefore, the phase conversion of OCP was mainly derived from the 
dehydration in hydrated layers accompanied by slight changes of apatite 
layers at around 110–190 ◦C. In addition, the doping of iron or strontium 
notably altered the thermostability of OCP crystals. 

Fig. 3 displays the SEM images of undoped OCP, Fe-OCP, and Sr-OCP 
treated at different temperature. All OCP crystals revealed typical plate- 
like feature. With the increment of temperature, these plates gradually 
disintegrated into smaller fragmentary crystals as a result of the dehy-
dration process which was consistent with the XRD results. The 
appearance of all OCP crystals treated at 110 ◦C was similar to that of the 
untreated samples, accompanied by a few disintegrated crystals. As 
temperature increasing to 190 ◦C, the disintegration phenomenon of 
these crystals was extremely obvious. Specifically, the plate-like Fe-OCP 

Fig. 3. Heat treatments significantly altered the morphology of OCP samples. SEM images of undoped OCP, Fe-OCP, and Sr-OCP heat-treated at different tem-
peratures. Scale bar = 20 μm. 
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crystals almost completely converted into uniform fine crystals. By 
contrast, Sr-OCP crystals were relatively more stable and a certain 
amount of Sr-OCP plates was still observed. It was of indicative that 
incorporation of strontium improved the thermostability of OCP crystals 
whereas iron doping did the reverse, which was consistent with the 
results above. 

3.2. Surface nature and protein adsorption of ion doped OCPs after 
treatment 

Fig. 4 shows the surface zeta potentials, specific surface areas, and 
proteins (BSA and LSZ) adsorption behaviors of undoped OCP, Fe-OCP, 
and Sr-OCP treated at different temperature. Compared to undoped OCP 
(− 9.38 ± 3.40 mV), Fe-OCP had a significantly more negative surface 
(− 25.20 ± 3.21 mV), whilst Sr-OCP was weakly electronegative (− 5.98 
± 2.89 mV). The electronegativity of undoped OCP and Fe-OCP gradu-
ally decreased with the increase of temperature, and that of Sr-OCP had 
no evident changes. The specific surface areas of all the samples grad-
ually enlarged as the temperature increased. In comparison to undoped 
OCP and Fe-OCP, the specific surface area of Sr-OCP had a relatively 
smaller change. After the heat-treatment, an obviously enhanced 
adsorption behaviors of both proteins were determined for undoped 
OCP samples, which was not associated with the temperature; Fe-OCP 
samples had an improved BSA adsorption capacity without any influ-
ence of temperature, but a reduced LSZ adsorption performance in a 
temperature-dependent manner; there was no obvious difference of 
proteins adsorption between the untreated and the treated Sr-OCP 

samples. 
Generally, the surface potential of biomaterials is one of the critical 

properties which are involved in direct interactions of bioprotein mol-
ecules and materials surface, especially the process where electrostatic 
interaction plays a major role [37,38]. Here, the surface of all OCP 
samples was negative in the simulated physiological environments, 
which could be beneficial for their cell response [39]. Moreover, the 
surface potential changes of these OCP samples were broadly in line with 
their corresponding thermostability. It was reported that Sr2+ mainly 
replaced the Ca2+ sites in the hydrated layers of OCP crystals, which 
could stabilize the layers and maintain a more complete crystal structure 
after dehydration of the layers [17,35]. In this regard, Sr-OCP could 
remain a certain structural reversibility. As resuspended in an aqueous 
solution, the hydrated layers vacancies resulted from Sr2+ occupancy 
would provide diffusion channels for the uptake of water molecules, 
maintaining relatively similar physicochemical properties of Sr-OCP 
after heat treatment. For Fe-OCP, Fe mainly replaced the Ca2+ sites in 
apatite layers in the form of Fe3+ and ferric hydroxo ions [Fe(OH)2

+/Fe 
(OH)2+] [17]. The dehydration could lead to the destruction of the hy-
drated layers of Fe-OCP, and the apatite layers of that were also some-
how destroyed because of the instability of ferric hydroxo ions. Thus, 
Fe-OCP was less stable than undoped OCP. The report has suggested 
that surface potential of OCP crystals is closely related to their solubility: 
in the aqueous solution, Ca2+ concentration increased with the increase 
of solubility of OCP, resulting in a wholly enlargement of zeta potential 
[40]. Hence, the heat treatment improved the solubility of undoped OCP 
to some extent accompanied with a slight increase of its zeta potential; 

Fig. 4. Heat treatments significantly altered the surface characteristics and protein behaviors of OCP samples. Surface potentials (a), specific surface areas (c), and 
proteins adsorption (c, d) on undoped OCP, Fe-OCP, and Sr-OCP heat-treated at different temperatures. 
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Sr-OCP was more stable and its surface potential had little change; 
Fe-OCP had a greater solubility and released a higher-dose Ca2+ after the 
treatment, generating a gradual decrease of surface electronegativity. 

The increased specific surface of OCP samples was a direct result of 
crystal disintegration generating new fresh surface. Fe-OCP and undo-
ped OCP were more sensitive to the heat treatment in the light of their 
rapidly rising surface area; by contrast, Sr-OCP was more stable 
confirmed by its smaller change of surface area. The results provided 
direct evidence for the SEM observation. It was noted that, Fe-OCP 
group had higher specific surface areas than other groups, which was 
probably derived from the presence of nanosized ferric phosphate de-
posits. The altered surface characteristics of OCP samples by heat 
treatment should further affect the protein adsorption behaviors of the 
materials. BSA and LSZ were selected as the model proteins for their 
distinctly different electrostatic properties. BSA is a flexible globular 
macromolecule (Mw ~66 kDa) with an isoelectric point of 4.7 [41]. BSA 
adsorption is generally driven by its conformational change and the 
electrostatic interaction of surface-molecule [41]. For undoped OCP, 
compared to the untreated samples, the preponderant BSA adsorption 
on the heat-treated samples could be mainly due to the lower electro-
static repulsions of surface-BSA and the conformation changes of BSA 
molecules on the surface based on the result of specific surface area 
normalization (see Fig. S1); by contrast, the enhanced BSA adsorption of 
Fe-OCP samples came more from the contribution of the significantly 
larger specific surface area after treatment. LSZ was a smaller rigid 
molecule (Mw ~14 kDa) with an isoelectric point of 11.1. LSZ adsorp-
tion mainly comes from the contributions of electrostatic force [37]. LSZ 
was positively charged and preferred adsorbing on the negative surface 
in the environment. The most electronegative Fe-OCP had the largest 
LSZ adsorption among all OCP samples (Figs. 4d and S1). Moreover, the 
behavior of LSZ adsorption on the heat-treated Fe-OCP had a direct 
relationship with the significant changes of surface electronegativity as 
mentioned above. Specifically, a passivation behavior in the proteins’ 
adsorption of the heat-treated Sr-OCP was detected, which could be 

derived from the higher thermostability and the more stable surface of 
Sr-OCP compared to undoped OCP and Fe-OCP. 

3.3. Cell responses of ion doped OCPs after treatment 

Fig. 5 demonstrates the SEM images of mBMSCs adhered on the heat- 
treated undoped OCP, Fe-OCP, and Sr-OCP after co-cultured for 24 h. All 
OCP samples revealed good cellular affinity. The cells contacted with 
these samples, adhered and spread well on them. Fig. 6 further gives the 
immunofluorescence images of DAPI, F-actin and focal adhesion (FA) of 
mBMSCs after co-cultured with heat-treated undoped OCP, Fe-OCP, and 
Sr-OCP for 24 h, respectively. The cells in both undoped OCP and Fe- 
OCP groups showed good spreading morphology. Meanwhile, the 
heat-treated samples in the two groups had a promotion effect in vin-
culin expression of mBMSCs compared to their control samples. All Sr- 
OCP samples also had a good cellular affinity, however, a slight 
weaker vinculin expression was observed in their heat-treated samples 
than that in the control. ImageJ 1.51r software (National Institutes of 
Health, NIH; USA) was used to quantitatively analyze cellular areas and 
FA areas of cells adhered on the samples. The cells on the heat-treated 
undoped OCP and Fe-OCP samples had comparable spreading areas 
and higher FA fluorescence intensity compared with the corresponding 
controls. By contrast, greater spreading areas and lower FA fluorescence 
intensity were determined for cells on the heat-treated Sr-OCP samples 
than those on the control. Herein, the treatment affected cellular affinity 
and adhesion of OCP samples. In addition, compared to the control, both 
the heat-treated undoped OCP and Fe-OCP samples up-regulated the 
vinculin expression of mBMSCs, while the heat-treated Sr-OCP down- 
regulated this expression to some extent. 

To further investigate the influence of heat treatment on the cellular 
adhesion behaviors on OCP samples, the integrin α5β1 mRNA expression 
level of mBMSCs on OCP samples was tested by the RT-qPCR method 
and immunofluorescence staining, as shown in Fig. 7. Compared to the 
control, both the heat-treated undoped OCP and Fe-OCP samples 

Fig. 5. The heat-treated OCP samples showed good cell affinity. Cells had good spreading state accompanied with decoration by small mineral particles derived from 
the evolution of OCP crystals. SEM images of BMSCs adhered on heat-treated undoped OCP, Fe-OCP, and Sr-OCP after co-cultured for 24 h, respectively. Scale bar =
20 μm. 
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Fig. 6. Heat treatments significantly altered the cell adhesion performance of OCP samples. Immunofluorescence images of DAPI (blue), F-actin (green), focal 
adhesion (FA, red), and their merged images of BMSCs after co-cultured with heat-treated undoped OCP, Fe-OCP, and Sr-OCP for 24 h, respectively. Scale bar = 50 
μm. Spreading of BMSCs was quantified by measuring cellular areas and FA areas of more than 200 cells. Data were presented as mean ± S.D., n = 4. * Heat-treated 
samples compared with the control sample. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 7. The improved adhesion-related gene expression of BMSCs was determined as cultured with the heat-treated OCP samples. Immunofluorescence images of 
DAPI (blue), F-actin (green), integrin α5 (red), and their merged images, as well as cellular adhesion-related gene expression of BMSCs after co-cultured with heat- 
treated undoped OCP, Fe-OCP, and Sr-OCP for 24 h, respectively. Scale bar = 50 μm. Data were presented as mean ± S.D., n = 4. * Heat-treated samples compared 
with the control sample. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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notably promoted the mRNA expression of integrin α5β1 in a 
temperature-dependent manner; the mRNA expression of integrin α5β1 
on the heat-treated Sr-OCP had no significant difference. From immu-
nofluorescence staining images, the fluorescence intensity of integrin α5 
of mBMSCs on both the heat-treated undoped OCP and Fe-OCP samples 
was significantly higher than that on the control; the heat-treated Sr- 
OCP samples showed a comparable immunofluorescence staining result 

with the corresponding control. The immunofluorescence observation 
was in accordance with the mRNA expression of integrin above. Hence, 
after heat-treatment, undoped OCP and Fe-OCP samples markedly up- 
regulated cellular adhesion related integrin gene expression, whereas 
Sr-OCP samples made no difference. According to the results above, 
heat-treatment altered the surface physicochemical properties of OCP 
samples, which could activate corresponding surface layers to some 

Fig. 8. The improved proliferation of BMSCs was determined as cultured with the heat-treated OCP samples. Live/dead staining fluorescence images and prolif-
eration of BMSCs after co-cultured with heat-treated undoped OCP, Fe-OCP, and Sr-OCP for 1, 3, and 5 days, respectively. Scale bar = 500 μm. Data were presented as 
mean ± S.D., n = 4. * Heat-treated samples compared with the control sample. *P < 0.05, **P < 0.01, ***P < 0.001. 
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extent. Fe-OCP was relatively more unstable and easier to be activated 
into a positive state in favor of cellular adhesion and migration; Sr-OCP 
revealed more stable and was desensitized to the treatment. In addition, 
some divalent cations (e.g. Ca2+, Mg2+, and Mn2+) can participate 
cellular adhesion process by interacting with integrins molecules 
through metal ion-dependent adhesion site (MIDAS), thus regulating the 

functions of integrins [42–44]. In general, most integrins have 
high-affinity Ca2+ sites, which are critical for integrin αβ heterodimer 
formation. Moreover, the intracellular Ca2+ fluxes can activate calpain, 
which regulates cluster formation of leucocyte integrins [40]. Herein, 
the expression of integrins is associated with the concentration of Ca2+

in the culture media. Heat treatment can lead to the dehydration of OCP 

Fig. 9. The improved osteogenic differentiation of BMSCs was determined as cultured with the heat-treated OCP samples. ALP activity (a) and osteoblast-related 
gene expression (b) of BMSCs after co-cultured with heat-treated undoped OCP, Fe-OCP, and Sr-OCP for 7, 10 and 14 days, respectively. Data were presented as 
mean ± S.D., n = 4. * Heat-treated samples compared with the control sample. *P < 0.05, **P < 0.01, ***P < 0.001. 
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crystals with active surface layers, which released higher dose of Ca2+

and enhanced the integrin expression. It was inferred that more Ca2+

could be released from unstable heat-treated Fe-OCP and undoped OCP 
samples, and up-regulated the integrin expression; more stable Sr-OCP 
released relatively less Ca2+ and had slight effects on the integrin 
expression. 

The live/dead staining fluorescence images and proliferation of 
mBMSCs after co-cultured with heat-treated undoped OCP, Fe-OCP, and 
Sr-OCP for different days are given in Fig. 8. The cells had good 
spreading shape and viability on all the OCP samples. As the culture time 
extended, the cells on all the OCP samples grew steadily, which indi-
cated that all the OCP samples were nontoxic. Compared to the controls, 
the heat-treated undoped OCP and Sr-OCP samples were both beneficial 
to cellular viability in a temperature-dependent manner; the heat- 
treated Fe-OCP samples had no distinct difference in cellular viability. 
The quantitative results of cellular viability were determined by the 
CCK-8 method. The stable proliferation ability of mBMSCs was identi-
fied for all the OCP samples, which was consistent with the fluorescence 
observation. Compared to the relevant control, the heat-treated undo-
ped OCP and Sr-OCP samples significantly promoted the proliferation of 
mBMSCs, and besides, the promotive effects enhanced with the incre-
ment of treatment temperature; the heat-treated Fe-OCP samples had a 
slight inhibition effect on the cellular proliferation. On the basis of these 
results, compared to the control, the promotive effects of heat-treated 
undoped OCP samples were attributed to their more active surface 
and higher dose of active ions (such as Ca2+) in the early culture stage; 
for the heat-treated Fe-OCP samples, but excess Fe3+ release had an 
inhibitory effect on the cellular proliferation ability which neutralized 
the promotive effect of activated particle surface to some extent, and 
besides, the deposited nanosized ferric phosphates probably stripped out 
and gave birth to slight toxicity to cells after the heat treatment; the 
surface of the heat-treated Sr-OCP samples was relatively more stable 
(lower proteins adsorption), whilst the release of high dose of active ions 
(Ca2+ and Sr2+) and its mildly activated surface synergistically pro-
moted the cellular proliferation. 

Fig. 9 shows the ALP activity and osteogenesis-related gene expres-
sion of mBMSCs after co-cultured with heat-treated undoped OCP, Fe- 
OCP, and Sr-OCP for different days. After 7 days of culture, compared 
to the control, all the heat-treated OCP samples up-regulated the ALP 
protein expression of mBMSCs. As the culture time prolonged to 10 days, 
the positive effects of these samples relatively decreased, whilst the 
heat-treated Fe-OCP samples even had no significant positive effects for 
the ALP activity. After 14 days, compared to the control, the heat-treated 
undoped OCP and Fe-OCP samples obviously down-regulated and up- 
regulated the ALP expression, respectively, whilst the heat-treated Sr- 
OCP samples had little impact on the ALP activity. The results showed 
that all the heat-treated OCP samples had notably promotive effects on 
the ALP activity and made the peak expression of this protein to different 
extent. In addition, the heat-treated Fe-OCP samples still played a pos-
itive role in the later culture stage. It was supposed that heat treatment 
could promote the ALP expression by improving the surface bioactivity 
of materials and the release of active ions. It should be noted that the 
positive effects of the heat-treated Fe-OCP samples were relatively weak 
in the early stage, which was probably due to the excessive release of 
Fe3+ at early stage and the free nanosized ferric phosphate. With the 
culture time prolonged, the concentration of Fe3+ gradually decreased, 
meanwhile the free nanoparticles were also gradually redeposited by 
mineralization or removed with the renewal of the culture media, 
leading to the gradual disappearance of the potential side effects, and 
thus the heat-treated Fe-OCP samples could still enhance the ALP ac-
tivity of mBMSCs in the later stage. According to the results of mRNA 
expression of osteogenesis related genes, compared to the control, all the 
heat-treated undoped OCP and Sr-OCP samples as well as the Fe-OCP 
samples treated in low temperature (110 ◦C) down-regulated the 
mRNA expression levels of Runx2, Col1 and OCN, whilst the Fe-OCP 
samples treated in high temperature (190 ◦C) up-regulated the genes 

expression after 7 days of culture. As the culture time reached 14 days, 
compared to the control, all the heat-treated undoped OCP and Fe-OCP 
samples as well as the Sr-OCP samples treated in high temperature 
(190 ◦C) up-regulated the gene expression, whilst the Sr-OCP samples 
treated in low temperature (110 ◦C) down-regulated the gene expres-
sion. It was indicated that all the heat-treated OCP samples had inhibi-
tory effect on the early mRNA expression of these genes, which could be 
due to the negative feedback regulation of osseous protein expressions 
[45,46]. Herein, these samples significantly promoted the advance 
expression of osteogenic proteins (such as ALP) and down-regulated the 
expression of osteogenesis related genes through the negative feedback 
system at the same time; in the later culture stage, as these samples 
stimulated osteogenic differentiation, the mRNA expression levels of 
osteogenesis related genes increased to a comparable or higher level 
compared to the control. In addition, OCP samples treated in higher 
temperature notably promoted the gene expression of mBMSCs 
compared to those in lower temperature, which was related to the cor-
responding higher surface activity and greater dose of released active 
ions. 

3.4. Ions release in vitro of ion doped OCPs after treatment 

The ions release behaviors of these OCP samples were tested via 
being immersed in the culture media. Tables 2 and 3 summarize the 
concentrations of Ca2+, Fe3+, and Sr2+ in the immersion media of heat- 
treated undoped OCP, Fe-OCP and Sr-OCP samples. After two days of 
immersion, the concentration of Ca2+ in the immersion media of all the 
heat-treated OCP samples was comparable with that of the control. As 
the immersion time went on, after six days, the concertation of Ca2+ in 
the immersion media of all the heat-treated OCP samples significantly 
higher than that of the control. Although the basic culture media 
(DMEM) could be used as immersion media to simulate the ionic envi-
ronment during cell culture of OCP particles samples, at the same time, 
the cells also participated in the calcification process, which would 
promote the combination of calcium and phosphate as well as the 
further formation of calcified nodules, thus accelerating the exchange 
process of Ca2+. In this regard, significant difference in [Ca2+] between 
all the heat-treated OCP samples and their controls would manifest at an 
earlier culture stage, thus supporting the early active ions release be-
haviors during corresponding culture process. The behaviors of Ca2+

release also confirmed the stability difference between Fe-OCP and Sr- 
OCP. In addition, the concentrations of Fe3+ and Sr2+ released respec-
tively from the heat-treated Fe-OCP and Sr-OCP samples were signifi-
cantly higher than that of the controls during immersion process. It was 
also indicated that heat treatment could obviously improve the ionic 
exchange activity of Fe-OCP and Sr-OCP. In particular, the dose of Fe3+

released from the heat-treated Fe-OCP samples had reached a relatively 
higher level. As the cell culture went on, Fe3+ could be gradually fixed 
due to cellular metabolism, absorption, and calcification, and the cor-
responding concentration would be lower, but according to the results of 
Table 3, the concentration of Fe3+ might still be within the toxic range 
during cell culture. 

Table 2 
Ca2+ concentration of immersed media of heat-treated undoped OCP, Fe-OCP 
and Sr-OCP samples after immersion for 2 and 6 days, respectively.  

Samples Ca2+ concentration-2 days (mM) Ca2+ concentration-6 days (mM) 

control 110 ◦C 190 ◦C control 110 ◦C 190 ◦C 

undoped 
OCP 

0.53 ±
0.01 

0.51 ±
0.01 

0.55 ±
0.01 

0.73 ±
0.01 

1.09 ±
0.01 

2.22 ±
0.02 

Fe-OCP 1.05 ±
0.01 

1.31 ±
0.01 

0.90 ±
0.01 

1.89 ±
0.02 

2.84 ±
0.01 

2.38 ±
0.02 

Sr-OCP 0.65 ±
0.01 

0.58 ±
0.02 

0.65 ±
0.01 

0.75 ±
0.01 

0.83 ±
0.01 

0.92 ±
0.01  
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3.5. A brief mechanism for thermal-triggered activation of ion doped 
OCPs 

Surface physicochemical properties and active ions release syner-
gistically play important roles in the protein adsorption and cytological 
responses of the ion doped biomaterials. Here, the ion-doped OCP ma-
terials with different conversion degrees were successfully prepared by 
controlling the temperature (110–200 ◦C) of heat treatment. The effect 
of heat treatment on the protein adsorption and cytological responses of 
the ion doped OCP materials were preliminarily discussed from the as-
pects of surface activity and early ions release, as summarized in Table 4. 
It was of indicative that the heat-treated samples were beneficial to 
protein adsorption and cellular adhesion, spreading, proliferation and 
osteogenic differentiation compared to the untreated samples. 
Regarding material surface, OCP material still retains its main structural 
characteristics after heat treatment, but OCP crystals would generate 
defects and form a new phase called “collapsed OCP” after partial 
dehydration. The vacancy of hydrated layer makes the apatite layer be 
exposed and interact more actively with the medium, and thus acti-
vating the surface layer structure and increasing the specific surface area 
of the material to some extent. As immersed in culture medium, the 
material was more favorable for specific protein adsorption and subse-
quent cytological responses. With respect to ions release, heat treatment 
not only caused defects in the surface layer of materials but also pro-
moted the ionic uptake and release in the material-medium interface 
region. In particular, the vacancy of hydrated layers of the “collapsed 
OCP” could provide more favorable and active channels for ionic ex-
change. The released active ions (e.g. Ca2+, Fe3+, and Sr2+) had been 
proved to have good biocompatibility and could mediate the adhesion, 
proliferation and osteogenic differentiation of mBMSCs to different de-
grees [11,47,48]. Heat treatment mainly alerted the ionic exchange state 
of OCP material at the early stage of cell culture. With the extension of 
culture time, the ions release behaviors of “collapsed OCP” in the culture 
medium would gradually approach those of the untreated OCP, and the 
corresponding ionic exchange activity would gradually decrease. 
Therefore, the effect of active ions on the cellular behaviors of the 
heat-treated materials was mainly reflected in the first-half stage of cell 
culture. 

Based on the two aspects above, for undoped OCP, active surface 
properties and early Ca2+ release synergistically promoted the protein 
adsorption and cellular adhesion, proliferation and osteogenic differ-
entiation of the heat-treated samples. Fe-OCP was relatively unstable. 
The heat treatment could improve the surface activity, and at the same 
time, led to higher doses of early Fe3+ release and stripping out of partial 
nanosized particles, thus producing side effects on the proliferation in 
the early culture stage to some extent. As the culture time prolonged, the 
concentration of Fe3+ decreased and the free nanoparticles were 
removed, then the side effects gradually disappeared and the positive 
effects of heat treatment on the cellular behaviors gradually reflected in 
the later culture stage. By contrast, Sr-OCP was more stable. The heat 
treatment had no significant effects on its main characteristics. Never-
theless, the heat treatment could still activate the surface of Sr-OCP and 
promote its early release of the active ions (e.g. Sr2+) to some extent, 
thus enhancing the proliferation and osteogenic differentiation of 

mBMSCs. 
Herein, the heat treatment had affected the surface physicochemical 

properties of the ion-doped OCP materials as well as their early release 
of active ions (Ca2+, Fe3+ and Sr2+), thereby changing the adsorption 
behaviors of specific proteins and regulating the subsequent cytological 
responses, including cellular adhesion, spreading, proliferation activity 
and osteogenic differentiation ability. 

4. Conclusions 

Octacalcium phosphate materials doped with different ions (Fe3+

and Sr2+) were heat treated under air at different temperature 
(110–200 ◦C). The effects of the heat treatment on the phase, 
morphology, structure, surface properties, protein adsorption behaviors, 
ions release behaviors and cytological responses of the ion doped OCP 
materials were investigated comparatively. After heat treatment, the 
hydrated layer of OCP crystals gradually dehydrated, while the apatite 
layer did not change significantly. With the increase of temperature, 
plate-like OCP crystals gradually disintegrated into nanosized flake-like 
crystals with the increase of their surface areas. The obtained “collapsed 
OCP” crystals still retained the typical properties of OCP and had the 
potential of OCP-HA transformation. Compared to the control, Fe-OCP 
and Sr-OCP had lower and higher thermostability, respectively. This 
thermostable difference directly affected the physicochemical properties 
of material surface, especially the electronegative changes: as the tem-
perature increased, the surface electronegativity of undoped OCP and 
Fe-OCP decreased gradually, while that of Sr-OCP remained almost no 
change, which further mediated the adsorption capacity of proteins (e.g. 
BSA and LSZ). The thermostable difference also altered the early active 
ions release behaviors of the ion doped OCP materials. Surface charac-
teristics and early active ions release regulated cytological responses, 
mainly promoting the adhesion, spreading, proliferation and osteogenic 
differentiation of bone marrow mesenchymal stem cells to different 
degrees and stages. 
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Table 3 
Concentration of Fe3+ and Sr2+ released from heat-treated Fe-OCP and Sr-OCP 
samples after immersion for 2 and 6 days, respectively.  

Samples Mn+ concentration-2 days (μM)a Mn+ concentration-6 days (μM)a 

control 110 ◦C 190 ◦C control 110 ◦C 190 ◦C 

Fe-OCP 22.66 ±
0.25 

27.10 ±
0.15 

95.41 ±
0.50 

72.06 ±
0.26 

100.45 
± 0.86 

133.06 
± 1.55 

Sr-OCP 10.73 ±
0.08 

10.50 ±
0.08 

16.07 ±
0.05 

2.72 ±
0.04 

2.83 ±
0.05 

5.74 ±
0.03  

a Mn+. Represents Fe3+. Or Sr2+. 

Table 4 
Protein adsorption and cellular response of heat-treated undoped OCP, Fe-OCP 
and Sr-OCP samples as well as the correlated influencing factorsa.  

Biological 
events 

undoped 
OCP 

Fe- 
OCP 

Sr-OCP Related factors 

Surface 
properties 

Early 
bioactive 
ions release 

BSA adsorption ↑↑↑ ↑↑↑ n.s. ✓ - 
LSZ adsorption ↑↑↑ ↓↓ n.s. ✓ - 
Cellular 

adhesion area 
n.s. n.s. ↑ ✓ - 

Focal adhesion 
expression 

↑ ↑ ↓↓ ✓ - 

Integrin α5β1 
expression 

↑↑↑ ↑↑ n.s. ✓ ✓ 

Cellular 
proliferation 

↑↑ ↓ ↑↑↑ ✓ ✓ 

ALP activity ↑ ↑↑ ↑ ✓ ✓ 
Osteogenesis- 

related gene 
expression 

First↓↓ 
Then↑↑ 

First↓↓ 
Then↑↑ 

First↓↓↓ 
Then↑↑ 

✓ ✓  

a ↑, ↑↑ and ↑↑↑ represent significant improvements (P < 0.05, 0.01, and 0.001, 
respectively); ↓, ↓↓ and ↓↓↓ represent significant inhibitions (P < 0.05, 0.01, and 
0.001, respectively); n.s. Represents no significance.. 
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