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W
hitlockite (WH: Ca18Mg2(HPO4)2-
(PO4)12) is one of the main com-
ponents of hard tissue in living

creatures;1�6 however, its importance and
role have not been fully identified. While
bone acts as a storehouse for 99% of
the Ca2þ and more than 50% of the Mg2þ in
our body,2,7 themajoritymineral is hydroxy-
apatite (HAP: Ca10(PO4)6(OH)2),

8�10 which
almost cannot incorporate Mg2þ in its lat-
tice structure.2,11 The WH proportion may
be estimated to be approximately 20% in
bone mineral based on the amount of
Mg2þ.2 In addition, dentin can contain ap-
proximately 26% to 58% WH by weight.2

Notably, the ratio of WH to HAP is higher
in younger individuals12 and during the
earlier stages of mineralization.13 However,
currently, very little is known about WH in

terms of its mechanism of formation or
contribution in our body. The basic reason
for this mystery is that detecting WH in
our body is difficult because it exists locally
only over a short-range. Another reason
is that synthesizing a pure phase of WH in
an aqueous-based physiological system
is also difficult. Thus, despite the signif-
icant amount of WH in our body, related
fields have encountered difficulties in in-
vestigations. Biologically existing WH has
never been implemented in a clinical trial,
whereas the synthetic analogue trical-
cium phosphate (TCP, Ca3(PO4)2) has been
widely used in implants and cell-culturing
scaffolds.
WH is a biologically important phase in

bone but is difficult to synthesize, most
likely because it is thermodynamically
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ABSTRACT The synthesis of pure whitlockite (WH: Ca18Mg2(HPO4)2(PO4)12) has

remained a challenge even though it is the second most abundant inorganic in

living bone. Although a few reports about the precipitation of WH in hetero-

geneous phases have been published, to date, synthesizing WH without utilizing

any effects of a buffer or various other ions remains difficult. Thus, the related

research fields have encountered difficulties and have not been fully developed.

Here, we developed a large-scale synthesis method for pure WH nanoparticles in a ternary Ca(OH)2�Mg(OH)2�H3PO4 system based on a systematic

approach. We used excess Mg2þ to impede the growth of hydroxyapatite (HAP: Ca10(PO4)6(OH)2) and the formation of other kinetically favored calcium

phosphate intermediate phases. In addition, we designed and investigated the synthesis conditions of WH under the acidic pH conditions required to

dissolve HAP, which is the most thermodynamically stable phase above pH 4.2, and to incorporate the HPO4
2� group into the chemical structure of WH. We

demonstrated that pure WH nanoparticles can be precipitated under Mg2þ-rich and acidic pH conditions without any intermediate phases. Interestingly,

this synthesized nano-WH showed comparable biocompatibility with HAP. Our methodology for determining the synthesis conditions of WH could provide a

new platform for investigating other important precipitants in aqueous systems.

KEYWORDS: biomineralization . bone growth . whitlockite . nanoparticle . calcium phosphate . inorganic synthesis . biomaterial

A
RTIC

LE



JANG ET AL . VOL. 8 ’ NO. 1 ’ 634–641 ’ 2014

www.acsnano.org

635

stable over a narrow region. It has been long hypothe-
sized thatWH can be formed in slight preference to the
well-known intermediate dicalcium phosphate dehy-
drate (DCPD: CaHPO4 3 2H2O) or defective hydroxyapa-
tite (DHA: Ca9(HPO4)(PO4)5(OH)) only between pH 7
and pH 8 but transforms into HAP, which is the most
stable calcium phosphate crystal, above pH 4.2.14 This
long-conceived prediction is based on the estimation
of the ion activity product from a compositional anal-
ysis of the precipitates. However, only a few studies
have been conducted to further understand the
formation mechanism and to identify the stabiliz-
ing conditions of WH. The experimental difficulty is
mainly due to the existence of too many intermediate
phases, including DCPD, octacalcium phosphate (OCP:
Ca8(HPO4)2(PO4)4 3 5H2O), and dicalciumphosphate an-
hydrous (DCPA: CaHPO4), which eventually transform
into HAP near pH 7.
Previously, there have been only limited reports

about obtaining the WH phase from aqueous
solutions.1,2,15�17 Rowles simultaneously mixed CaCl2,
MgCl2, and Na2HPO4 in water at 100 �C to prepare
WH.18 WH has also been prepared by the dropwise
addition of a solution containing Ca2þ and Mg2þ ions
into a phosphate solution.15,19 However, both meth-
ods suffered from the formation of other heteroge-
neous phases, such as HAP and various amorphous
secondary phases, which affected the overall crystal-
linity. WH has also been prepared by Rogez et al. using
Ca(NO3)2, Mg(NO3)2, and (NH4)2HPO4.

17 In this study,
we designed and presented a simple synthesis of WH
in a ternary Ca(OH)2�Mg(OH)2�H3PO4 system, with-
out any other secondary ion or buffer effect. The entire
process was conducted in an aqueous system and was
always maintained below 100 �C.

RESULTS AND DISCUSSION

To determine the appropriate synthesis conditions
for WH, we organized a ternary diagram with the
possible precipitants resulting from Ca(OH)2, Mg(OH)2,
and H3PO4 at 80 �C, as illustrated in Figure 1. In the
Ca(OH)2�H3PO4 binary system, HAP, DCPA, andMCPM
are precipitated based on their composition ratio in the
chemical formula. In the Mg(OH)2�H3PO4 binary
system, dimagnesium phosphate (MP), monomagne-
sium phosphate (MMP), and trimagneium phosphate
(TMP) can be synthesized following their chemical
formula. However, we observed that WH could not be
precipitated under the stoichiometric conditions of its
product (f in Figure 1). Instead, the majority product
formed under these conditions was HAP, as HAP is the
most thermodynamically stable phase near neutral
pH14 and is a nonstoichiometric compound that can
adopt a wide range of atomic disorders due to its
flexible framework.20 Therefore, the location of the
theoretical composition of WH is in a region with
a strong preference for HAP precipitation, and thus,

synthesizing WH in the Ca(OH)2�Mg(OH)2�H3PO4

ternary system appeared difficult.
To determine the precipitation conditions for

WH and to learn from the previously made TCP, we
first analyzed how the phase stability of TCP changes
depending on the Mg content and pH. We learned
from many previous studies that Mg substitu-
tion in TCP (TCMP) stabilizes the phase at low pH
compared with pure TCP.2,21 A detailed example of
the activity diagram for the Ca(OH)2�Mg(OH)2�H3PO4

system at 25 �C indicated that TCMP drastically de-
creased its solubility compared with TCP and even
more than HAP. However, Mg2þ is known to inhibit
HAP2,18,22 and other kinetically favored intermediate
phases of calcium phosphate compounds, such as
DCPD,2,23 DCPA,2,24 and OCP.2,25 This fact could sug-
gest a hypothesis that WH is stable under acidic
conditions. Because the atomic arrangement in the
unit cell is similar for WH and TCP, we hypoth-
esized that the substitution of Mg2þ could result in a
similar contribution to its stability under acidic
conditions.
As illustrated in Figure 2, TCP and TCMP are very

closely related to WH. We show the basic unit
cell structure of WHwith lattice parameters a = 10.35 Å
and c = 37.085 Å in Figure 2a. In the z-axis direction, we
observe that WH is composed of two types of columns
that are periodically arrayed. In each column, Ca2þ

ions and PO4
3� ions are regularly arrayed. The B

column remains the same in TCP and WH structure
compounds, while the differences usually occur in
the A column. For example, whenMg2þ is incorporated
in the TCP structure and produces the TCMP structure,
Mg2þ substitutes into the previous Ca5 position,
as illustrated in Figure 2b. After the Ca5 position is fully
substituted with Mg2þ, the Ca4 position can also
be substituted with Mg2þ. For the WH compound,
HPO4

2� is also incorporated together with Mg2þ

Figure 1. Ternary diagram of precipitants in a Ca(OH)2�
Mg(OH)2�H3PO4 aqueous system after 24 h of aging at
80 �C. The newly discovered synthesis conditions of
whitlockite examined in this work (gold diamond) and its
theoretical composition (magenta star) are indicated. Other
closely located calcium phosphate precipitants andmagne-
sium phosphate precipitants are also indicated.
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into the A column and forms a crystal structure that is
stable enough to be precipitated without requiring
a high-temperature sintering process. In addition, TCP
and WH also have similar XRD patterns based on
rhombohedral crystal structures, and their ratios be-
tween cations and anions are similar. Thus, several
researchers have previously been confused in distin-
guishing TCP and WH and have used these terms
interchangeably.
It is true that TCP and WH are closely related;

however, we can clearly distinguish them by the stable
region of their phases and the existence of HPO4

2� in
their structure. TCP is a high-temperature phase that
cannot be produced in our 37 �C bodies. In addition,
TCP cannot avoid transforming into a heterogeneous
bulk state after heat treatment. In contrast, WH exists in
biological systems and can also be synthesized as
nanoparticles below the boiling temperature of water.
In addition, we can easily distinguish WH from TCP by
detecting the HPO4

2� bond using FT-IR. During heat
treatment, a decrease in the weight of WH can also
be observed due to the dehydration of HPO4

2� in its
structure. Then, notably, WH can transform into the
TCMP structure after losing its HPO4

2� group at high
temperature.2,26�28

As further rationale to design the experimental condi-
tions, we paid attention to the fact that WH contains
HPO4

2� together with PO4
3� in its unit cell, which is a

notable difference from HAP, which contains PO4
3� only

in its theoretical chemical formula. This difference could

provide additional evidence that WH can be precipitated
at low pH.
Therefore, for our systematic approach, we selected

the binary system of CaHPO4 and MgHPO4. Both
compounds contain HPO4

2� as an anion and are
known to be precipitated more favorably than HAP.
Along the compositional line of 50 at. % H3PO4, the
atomic percentage of Mg in the total cation (Mgþ Ca)
was varied from 0 to 20%, 40%, 70%, and 100%. The
(MgþCa):PO4 ratiowas fixed at 1:1, and only theMg:Ca
ratio was varied. Ca(OH)2 powder andMg(OH)2 powder
were dissolved at the various ratios in 500 mL of
aqueous solution at 80 �C. The total mole concentra-
tion of the cation was fixed at 0.5 M. Then, 500 mL
of 0.5 M H3PO4 was added dropwise to the 500 mL
of Ca(OH)2 and Mg(OH)2 solution at a rate of
12.5 mL/min. Thus, the final ratio of Mg:Ca:P was equal
to x:(0.5 � x):0.5 (x = 0, 0.1, 0.2, 0.35, 0.5). After 24 h of
incubation under vigorous stirring, the precipitants
were collected with a filter press and dried using a
lyophilizer for further characterization.
XRD analysis was performed to identify the crystal

structure of the precipitants. At x = 0, pure CaHPO4 was
precipitated without any minor phase. Notably, at x =
0.1, a minor peak that corresponded to WH started to
be observed in addition to the major CaHPO4 peaks. At
x = 0.2, the CaHPO4 peak disappeared and instead the
MgHPO4 peak appeared along with the WH peak. As x
increase to 0.35, the intensity of MgHPO4 increased
and that of WH decreased, indicating that the ratio of

Figure 2. (a) Unit cell of whitlockite (WH) and its x�y plane view from the z-axis direction. Looking down from the z-axis, the A
and B columns are periodically arranged in the unit cell of WH. (b) Comparison of the differences in the A column among
tricalcium phosphate (TCP), magnesium-substituted tricalcium phosphate (TCMP), and WH; all three compounds have the
same atomic arrangement in the B column. The variations in the A column were induced by the incorporation of Mg2þ and
HPO4

2�. The sizes of main atoms have been exaggerated for easier comparison.
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WH in the precipitants decreased. This experiment
clearly demonstrated that the WH could precipitate
in an acidic environment with the incorporation of
Mg2þ, which prevented HAP precipitation.
To better understand the mechanism and to obtain

pure WH, we focused on the region between x = 0.1
and x = 0.2. The results indicated that the pure
WH phase precipitated when x = 0.13, between the
WHþ DCPA heterogeneous region (x < 0.125) and the
WHþMP heterogeneous region (x > 0.135). According
to inductively coupled plasma (ICP) analysis, well-
synthesized WH was a stoichiometric compound with
a ratio of Ca:Mg:P = 1.27 ( 0.06:0.14 ( 0.02:1, which
matches the theoretical ratio (1.28:0.14:1).
In Figure 3a, XRD analysis of our synthesized WH

demonstrated that a pure WH phase was formed.
We heat-treated the WH at temperatures as high as
1450 �C to verify its high purity. If secondary phases
exist in the amorphous state, high-temperature heat
treatment can crystallize these phases and make them
detectable by XRD. However, no secondary phase
appeared after heat treatment at 1450 �C. Therefore,
we confirmed that WH was precipitated in a comple-
tely homogeneous phase. There was also no indication
of a phase change in XRD pattern during heat treat-
ment until WH transformed into the liquid phase at
approximately 1600 �C. In addition, as illustrated in
Figure 3b and c, our synthesized WH particles were
homogeneous, with rhombohedral shapes and sizes of
approximately 50 nm. The interplanar distance of the
WH nanoparticles wasmeasured to be 8.067 Å by high-
resolution transmission electron microscopy (HRTEM)
(bottom right inset of Figure 3c), which corresponded

well to the d-spacing value of the WH (0 1 2) plane
(JCDPS No. 70-2064).
To distinguish our synthesized WH from the TCP

phase, we provided evidence of the existence of
HPO4

2� in the WH structure. As shown in Figure 4a,
Fourier transform infrared spectroscopy (FT-IR) analysis
demonstrated that P�O�H bonds were present only
in the WH compound formed using the precipitation
method, while only P�O related bondswere present in
the ss-TCP and ss-TCMP prepared using the solid-state
method. In addition, we observed that this P�O�H
group in the WH structure could be lost during heat
treatment by thermogravimetric (TGA) analysis, as
shown in Figure 4b. While the initial decrease in the
WH weight is caused by the evaporation of water
molecules, the subsequent peaks at approximately
449 and 752 �C suggest the transformation of HPO4

2�

into P2O7
4� and PO4

3�.1,29 The rapid decrease in the
WH weight at approximately 932 �C is also a unique
phenomenon of WH during heat treatment.27 After
these dehydration processes, WH loses its HPO4

2�

group and transforms into the TCP structure.2,26�28

In contrast, there was no weight change in ss-TCMP
during TGA analysis, and a rather slight weight increase
occurred due to N2 gas adsorption on the surface of

Figure 3. (a) XRD patterns showing the pure phase of the
synthesized whitlockite (WH: red line). WH maintained its
pure phase even after being heat-treated at 1450 �C for 2 h
(gray line). (b) FESEM image of homogeneously formedWH
nanoparticles. (c) High-resolution TEM image of rhombohe-
dral shape of WH nanoparticles with approximately 50 nm
size. As shown in the bottom right inset, the d-spacing value
was measured to be 8.067 Å for the WH nanoparticles,
which corresponded to the (0 1 2) plane of WH.

Figure 4. (a) FT-IR analysis result of our synthesized whit-
lockite (WH: red line), revealing the existence of P�O�H
bonds from the HPO4

2� group in its structure. However, the
tricalcium phosphate (ss-TCP: green line) and magnesium-
substituted tricalcium phosphate (ss-TCMP: yellow line)
only contained bonds from PO4

3� without any P�O�H
bonds. (b) TGA analysis ofWH (red line) revealing a decrease
in weight due to the dehydration of the HPO4

2� group.
However, no weight decrease was observed in ss-TCMP
(green line). (c) FT-IR analysis result demonstrating that the
P�O�H bond in WH gradually decreased with increases in
the temperature of the heat treatment. (d) XRD analysis of
WH (red line),WH after heat treatment at 1450 �C (gray line),
ss-TCMP (yellow line), and ss-TCP (green line), demonstrat-
ing that the incorporation of Mg2þ and HPO4

2� induced
shifts of the (3 0 0), (0 2 10), and (1 2 8) peaks toward higher
angular positions.
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the particles. In Figure 4c, we compare the FT-IR results
of the WH compounds after being heat treated at
different temperatures, and we confirmed that the
P�O�H peak disappeared above 800 �C but remained
until 700 �C. Therefore, WH can maintain its structural
properties below this temperature. In Figure 4d, we
carefully compare the XRD peak positions of various
TCP, TCMP andWH samples. As the substitution ratio of
Mg2þ increased from TCP to TCMP (Ca:Mg ≈ 20:1 in
mole %) to WH (Ca:Mg ≈ 9:1 in mole %), the lattices
contracted and the XRD peaks shifted toward higher
angular positions according to Bragg's law. Similarly,
when HPO4

2� was lost in WH by heat treatment at
1450 �C, the peaks shifted again to higher angular
positions. All these analysis results clearly demonstrate
that WH could be distinguished from TCP and TCMP.
To locate the overall precipitation region of WH, we

investigated an optimized ratio between Ca(OH)2,
Mg(OH)2, and H3PO4, starting from the aforementioned
location of Ca(OH)2:Mg(OH)2:H3PO4 = 37%:13%:50%
(in mole %). On the basis of the experimental results,
we marked all the possible synthesis regions of pure
WH in Figure 5a and also presented them in Figure 1.
Other than these conditions, impurities, such as DCPA
or MP, can also be precipitated (Figure S1). To be more
specific, WH was produced in more acidic pH condi-
tions with excess Mg2þ ions present in the environ-
ment. Because MP (K0MgHPO4 = 0.0011 M at 25 �C) has a
lower thermodynamic dissociation constant than
DCPA (K0CaHPO4 = 0.0020 M at 25 �C),30 we hypothesize
that Mg2þ combines with HPO4

2� more competitively
than Ca2þ and constructs the A column of WH. Thus, a
greater amount of Mg2þ may be required to combine
with HPO4

2� and inhibit calcium phosphate com-
pound nucleation when the anion-to-cation ratio is
higher. When this balance between cations and anions
is not maintained, other secondary phases, such as
DCPA or MP, are immediately produced and form the
heterogeneous region.

We also observed stability of WH in various pH
regions. The precipitated WH was neutral in distilled
water and maintained its homogeneous phase even
after aging for 15 days in a 90 �C alkaline environment
(0.01 g/mL WH in 100 mL of disodium hydrogen
phosphate/sodium hydroxide buffer, pH 12), as de-
monstrated in Figure S2. In addition, we compared the
remaining amounts of WH and HAP after aging 24 h in
H3PO4 aqueous solutions (0.01 g/mL WH and HAP in
100 mL of a H3PO4 aqueous solution from pH 2.5 to
pH 5) at room temperature. Notably, as demonstrated
in Figure 5b, when the pH decreased from 4.2 to 4.0,
the remaining amounts of WH and HAP decreased
from 0.804 and 0.89 g to 0.702 and 0.32 g, respectively.
These data suggest that WH has higher stability than
HAP below pH 4.2. An interesting future issuewould be
to investigate the correlation between the formation of
WH and the acidic environment in our body.8,31�33

Local areas in vivo are often exposed to acidic environ-
ments. For example, old andweak parts of the bone are
continuously dissolved by acidic chemicals secreted by
osteoclast cells, which are estimated to have pH values
of 3�4.5.31�33

To compare biocompatibility, we grew human os-
teoblast cells (Lonza Clonetics) on the surface of WH,
HAP, and TCP that were all fabricated into cylindrical
pellet form. Cells were seeded on the surface of the
pellet with a diameter of 1 cm, at a density of 1 � 105

cells/mL. Cell proliferation level on each material
(n = 10) was compared by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay at
day 1, day 4, day 7, and day 10 after seedingpoint (day 0).
It is already known that HAP has better biocompatibility
than TCP for cell growth,34 and our result also showed a
similar tendency (Figure 6a). Interestingly, cells grown
on the WH pellet showed an even better proliferation
state than the growth level of cells on the HAP pellet. In
addition, as shown in Figure 6b�g, the cell growth
state on the surface of each material was directly
observed by staining nuclei and the actin cytoskeleton
network in cells by DAPI (green) and phalloidin (red),
respectively, at day 4 and day 7. Analogous with the
MTT result, cells grew vigorously on the whole surface
of bothWHandHAP.On the contrary, few cells grewon
the surface of the TCP pellet.
In addition, to verify that bone cells were not only

proliferating on the surface of the WH pellet but also
active in the bone formation process, quantified gene
expressions associated with the bone-mineralization
process were compared relative to HAP, as described
in Figure 6h. After 2days of osteoblast cell growthon the
surface of HAP and WH pellet, RNA was extracted from
the cells of each sample. Real-time quantitative PCR
(RT-qPCR) analysis was conducted to evaluate the
mRNA level of cells from each sample (n = 5), andΔΔCt
method was used on the basis of mRNA level of cells
grown on the HAP surface. The data from the RT-qPCR

Figure 5. (a) Synthetic conditions of pure whitlockite (WH)
from the Ca(OH)2�Mg(OH)2�H3PO4 system, which are
plotted as blue cross symbols, with the x-axis being the
ratio of the anion (P) to cations (CaþMg) in mole% and the
y-axis being the content of Mg in the total cation (CaþMg),
also in mole %. (b) Solubility test of WH and hydroxyapatite
(HAP) in the acidic pH region. The remaining amounts ofWH
and HAP after 24 h of aging in 100 mL of aqueous solution
were compared. The initial amount of each powder was 1 g,
and the pH was titrated using H3PO4 at room temperature.
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analysis showed that WH reinforced osteoblast cell
function equivalent to the bone cells grown on HAP.
The growth rate and the gene expression level of the

human bone cells grown on the WH scaffold were

similar or slightly higher compared to that of HAP and
TCP in the current experiment model. However, in
addition to the intrinsic property of WH, we notice that
better biocompatibility of WH might be induced from
many factors such as nanostructure, mechanical hard-
ness, and roughness. Therefore, careful analysis of the
exact mechanism can be the next important issue that
can be investigated. For example, we found that the
Vickers hardness value of the scaffold made from WH
was approximately 0.9 GPa, while that of HAP and TCP
were about 0.42 and 0.19 GPa, respectively. Addition-
ally, it is possible that Mg incorporation in WH can be
one of the enhancing factors, as previously studied in
other Mg-doped calcium phosphate systems. Incre-
ment of adhesion, proliferation, gene expression re-
lated to bone mineralization, and amount of calcium-
containing mineral deposition of osteoblast grown on
the Mg-doped calcium phosphate compounds have
been reported before.35�38 Although the exact me-
chanism is still under study, the data presented here
suggest a great possibility that can initiate the devel-
opment and application of WH.

CONCLUSIONS

The approach presented here for the synthesis
of pure WH nanoparticles has scientific importance
because of the discovery of new precipitation
conditions in the ternary Ca(OH)2�Mg(OH)2�H3PO4

system and offers technological potential for further
applications. Our results demonstrated that pure
WH can precipitate under acidic pH conditions. Ex-
cess Mg2þ in the system also impeded the formation
of HAP and other kinetically favored calcium phos-
phate intermediate phases. Synthesized pure WH
nanoparticles showed excellent biocompatibil-
ity, which was comparable with HAP and much
better than previous bulk TCP. We expect that this
study will contribute to the understanding of the
precipitationmechanism of calcium phosphate com-
pounds in physiological systems and become a plat-
form for synthesizing technologically important
bioceramics.

METHODS
WH was synthesized using a precipitation method with

calcium hydroxide (Ca(OH)2, 99.0%, High Purity Chemical,
Japan), magnesium hydroxide (Mg(OH)2, 95.0%, Junsei Chem-
ical Co., Japan), and phosphoric acid (H3PO4, 85.0%, Junsei
Chemical Co., Japan) in a water-based system. Initially,
Ca(OH)2 and Mg(OH)2 were mixed at the suggested ratios in
Figures 1 and 5a, and heat was applied between 60 and
90 �C to achieve a fast kinetic reaction. Then, according to
Figures 1 and 5a, an appropriate amount of H3PO4 was
added dropwise at a rate of 12.5 mL/min into the Ca(OH)2
and Mg(OH)2 mixed solution using a digital buret (Metrohm
876, Dosimat Plus) while vigorously stirring. The precipitates
were aged for more than 9 h and then filter-pressed and dried
using a lyophilizer. HAP was also synthesized using a similar

precipitation method with identical starting materials. First,
500 mL of a 0.5 M Ca(OH)2 aqueous solution and 500 mL
of a 0.3 M H3PO4 aqueous solution were prepared. Then, the
H3PO4 solution was added dropwise at a rate of 12.5 mL/min to
the Ca(OH)2 aqueous solution while continuously stirring. After
24 h, the precipitants were filter-pressed to be collected and
freeze-dried. TCP (Ca3(PO4)2) and TCMP (Ca2.86Mg0.14(PO4)2)
were synthesized using a general solid-state method with
calcium carbonate (CaCO3, 99.99%, High Purity Chemical,
Japan), magnesium carbonate (MgCO3, 99.9%, High Purity
Chemical, Japan), and diammonium hydrogen phosphate
((NH4)2HPO4, 99.0%, Junsei Chemical Co., Japan). Each sample
was prepared according to its molar ratios and mixed with 1%
dispersant in an ethanol solution. The weight ratio between
ethanol and the whole powders was 1 to 1. After all the samples

Figure 6. (a) MTT cell proliferation test of human osteoblast
cells grown on the surface of hydroxyapatite (HAP, black),
tricalcium phosphate (TCP, red), and whitlockite (WH, blue)
in cylindrical pellet form. From the initial seeding point
(0 day), the amount of cells on each sample was compared
after 1, 4, 7, and 10 days (n= 10). (b�g) Fluorescence images
of cells grown on the surface of a cylindrical pellet made of
(b) HAP, (c) TCP, and (d) WH after 4 days and (e) HAP, (f) TCP,
and (g) WH after 7 days. Nuclei and the actin cytoskeleton
networkof cellswere stainedbyDAPI (green) andphalloidin
(red), respectively. (h) Relative gene expression evaluated
by quantitative real time PCR indicated that osteoblasts
grown on WH expressed an equivalent level of bone for-
mation associated genes compared to the cells grown on
HAP. The statistical significances between the two groups
were determined by Student's t test. †p< 0.1, ††p< 0.05, *p <
0.01, **p < 0.005, ***p < 0.001.
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were ball milled for 48 h, the green powders were sintered at
1100 �C for 2 h.
The atomic structure in Figure 2 was drawn using the soft-

ware CrystalMaker (CrystalMaker Software Ltd., Oxford, England
(www.crystalmaker.com)) based on previously reported data-
bases of the crystal structures ofWH,28 TCP,39 and TCMP.40 X-ray
diffraction (XRD, M18XHF-SRA, MAC Science Co.) with mono-
chromatic Cu KR radiation (λ = 1.5405 Å) was used to analyze
the crystal structure of WH and other reference samples at a
scan rate of 1�/min. Field emission scanning electron micro-
scopy (FESEM, JSM-6330F, JEOL) was used to examine the
overall morphologies of the WH nanoparticles. To examine
the individual shapes of the WH nanoparticles, the WH nano-
particles were dispersed in ethanol and loaded on a copper
grid. Then, the WH nanoparticles were observed using high-
resolution transmission electron microscopy (HRTEM, JEM-3000F,
JEOL), and their d-spacing values were also measured. Fourier
transform infrared (FT-IR, Nicolet 6700, Thermo Scientific) anal-
ysis was conducted to confirm HPO4

2� group existence in WH.
Each sample was homogeneously grounded with potassium
bromide (KBr) and pelletized to be analyzed in transmission
mode. Thermogravimetric analysis (Simultaneous DTA/TGA
analyzer, TA Instruments) was performed at temperatures as
high as 1100 �C with a 10 �C/min heating rate in a nitrogen
atmosphere to examine the dehydration phenomenon of WH.
In addition, the ratios of Ca, Mg, and P in the WH samples
synthesized from various experimental conditions were ana-
lyzed using an inductively coupled plasma optical emission
spectrometer (ICP-OES, Varian 720-ES). To test the stability of
WH in various pH regions, 1 g of WHwas dispersed in 100 mL of
distilled water for 1 month. WH was also dispersed in a pH 12
sodium hydrogen phosphate/sodium hydroxide buffer for 15
days at 90 �C. In addition, 1 g of WH and HAP were dispersed in
100 mL of H3PO4 aqueous solutions, which were titrated from
pH 2.5 to pH 5.0 at room temperature. After 24 h of aging, each
remaining powder was collected by centrifuge (13 000 rpm,
10 min) and freeze-dried. Then, the remaining amount of the
powder from each condition was measured to compare its
solubility. Each sample was subjected to analysis in triplicate.
To compare the biocompatibility of the WH with HAP and TCP,

all powders were pressed into cylindrical pellet form with a
diameter of 1 cm and heat treated up to 700 �C for 2 h. After
sterilization, each pellet was placed in a 24-well plate. Lonza
Clonetics human osteoblasts were seeded on the surface of each
pellet at a density of 1� 105 cells/mL (day 0) with Lonzaosteoblast
basal medium containing fetal bovine serum (FBS), ascorbic acid,
and GA-1000. Then, cell-seeded samples were kept in a water-
jacketed incubator maintained at 37 �C and 5% CO2. After 1, 4, 7,
and 10 days, pellets with cells growing on its surface were taken
out, and each pellet was gently washed with phosphate-buffered
saline (PBS, Cellgro, Mediatech. Inc.). Then 20 μL of a 5mg/mLMTT
(thiazolyl blue tetrazolium bromide, Sigma) solution diluted with
media (MTT:media = 1:9) was added on the top surface of each
pellet. All the samples were kept in the CO2 incubator for 2 h. After
PBS washing, 200 μL of dimethyl sulfoxide (DMSO, Sigma) was
added tobreak the cellmembrane. Solution from the each sample
was collected, and the absorbance was measured by the multiple
plate reader (Victor 3, Perkin-Elmer) at 544 nm. For the cell stained
image, after 4 and 7 days, cells grown on the surface of each
sample were fixedwith 3.7% formaldehyde (Sigma) diluted in PBS
for 10 min. Then, the cells were permeabilized with 0.2% Triton
X-100 (Sigma) diluted in PBS for 10 min. The actin cytoskeleton
network was stained with phalloidin (fluorescein isothiocyanate
labeled, Sigma) for 90min, and then, nucleiwere stainedwithDAPI
(40 ,6-diamidino-2-phenylindole dihydrochloride, Sigma) for
10 min. After every step, the samples were gently washed with
PBS. Finally, the cell proliferation state was observed by fluores-
cencemicroscopy (Axio Observer invertedmicroscope, Carl Zeiss).
Real-time PCR was performed by Rotor Gene Q (Qiagen, Santa

Clarita, CA, USA) using the Rotor Gene SYBR green PCR kit. RNA of
cells grown on each sample was extracted by an RNA extraction
reagent (RNAios Plus, Takara). First-strand cDNA was synthesized
from collected RNA with a QuantiTech reverse transcription kit
(Qiagen). The following primers from the QuantiTect primer assay
(Qiagen) were used: 18S rRNA (RRN18S, QT00199367), alkaline

phosphatase (ALP, QT00012957), bone gamma-carboxyglutamate
(Gla) protein (BGLAP, QT00232771), bone morphogenetic protein
2 (BMP2, QT00012544), collagen type I (COL1, QT00037793),
integrin-binding sialoprotein (BSP, QT00093709), runt-related tran-
scription factor 2 (RUNX2, QT00020517), and secreted protein
acidic cysteine-rich (SPARC, QT00018620). To amplify cDNA, the
initial activation step was 3 min at 95 �C. Then a denaturation and
annealing extension cycle proceeded at 3 s at 95 �C and 10 s at
60 �C, respectively. Differences in gene expression between
samples were calculated using the ΔΔCt method. The numbers
of samples used for WH and for the control HAP were both n = 5,
and each sample was analyzed in triplicate. The statistical analyses
were performed using SPSS version 21.0. The statistical signifi-
cances between two groupswere compared using Student's t test
after their normal distributionwas confirmedby the Shapiro�Wilk
test (†p < 0.1, ††p < 0.05, *p < 0.01, **p < 0.005, ***p < 0.001).
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