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ABSTRACT: The constituent ions of calcium phosphate in body fluids are
in the supersaturated state and tend to form minerals physiologically or
pathologically. Inorganic pyrophosphate (PPi) has been considered as one of
the most important inhibitors against the formation of calcium phosphate
minerals. However, serum PPi concentrations in humans are maintained at a
level of several μmol/L, and its effectiveness and mechanism for
mineralization inhibition remain ambiguous. Therefore, this work studied
the mineralization process in an aqueous solution, explored the effective
inhibitory concentration of PPi by titration, and characterized the species
during the reactions. We find that PPi at a normal serum concentration does
not inhibit mineralization significantly. Such a conclusion was further
confirmed in the PPi-added serum. This work indicates that PPi may not be
a major direct inhibitor of mineralization in serum and possibly functions via
alternative mechanisms.

1. INTRODUCTION
Biomineralization is an essential physiological process in
human body that produces biominerals (mainly calcium
phosphate) in specific tissues and is a key step toward the
formation of hard tissue.1 From a chemical perspective, bone
tissue is composed of organic and inorganic substances, and
the main component of inorganic substances is hydroxyapatite
(HAP, a form of calcium phosphate), which are responsible for
certain biological and mechanical functions of the body.2−4 It
is generally accepted that biomineralization proceeds through a
series of intermediates, ranging from prenucleation species5,6

and amorphous solids7−9 to nano/microcrystals,10,11 which
then progress to stable forms.12 Proteins (e.g., OPN,13 matrix
GLA) and cells (e.g., osteoblasts, ameloblast, chondrocytes,14

smooth muscle cells,15 endothelial cells16,17) are involved in
regulating the mineralization process.14 In addition to normal
physiological mineralization, ectopic mineralization also occurs
in human body, generating calcium salt deposits at tendon
attachments,18 vessel walls,19,20 skin,21 brain parenchyma,22

etc., and often leading to clinical symptoms.
The constituent ions of biominerals in the body fluids are in

a supersaturate and dynamic state.23 Serum phosphate
concentrations usually fluctuate in the range of 1.0−1.4
mmol/L,24−26 and serum calcium is in 2.3−2.8 mmol/L.27,28

In contrast, when the concentrations of PO4
3− or Ca2+ are

abnormally elevated, such as in patients with hyperphospha-
temia where serum inorganic phosphate can be 5.0 mmol/L,
the body is susceptible to high mineralization pressure and

thus more susceptible to ectopic mineralization.29,30 In this
case, as one of the adverse consequences, the so-called
calprotectin tends to form via the mineralization of specific
proteins in the serum (e.g., fetuin-A),31 which would
eventually cause abnormal calcification of blood vessels,
kidneys, etc.,32 if the excretion function of calprotectin is
disturbed. In serum,33 various mineralization inhibitors, such as
ATP,34 fetuin-A,35 vitamin K,36 matrix GLA,37 and pyrophos-
phates (PPi),38 are required to resist the mineralization
pressure derived from the supersaturated mineral ions.
Among them, PPi is believed to be very essential, especially
in resistance against ectopic mineralization. Each PPi molecule
consists of two inorganic phosphates (Pi) linked by a
hydrolyzable ester bond and is a byproduct of a variety of
biochemical reactions.39 It is mainly produced by the
hydrolysis of phosphodiester bonds in nucleotide triphosphates
(e.g., adenosine triphosphate (ATP) or uridine triphosphate
(UTP))38 and widely distributed in the whole body. In serum,
PPi is at the concentrations of about 0.58−3.78 μmol/L.40,41
Generally, over 60% of the plasma PPi is derived from
nucleoside triphosphates (NTPs) extruded by the ABC
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transporter protein ABCC6.42−44 ENPP also acts in maintain-
ing plasma PPi concentrations by breaking down ATP into
adenosine monophosphate (AMP) and PPi. The abnormalities
in PPi-related biological molecules are associated with severe
ectopic mineralization in vivo. For example, generalized arterial
calcification of infancy (GACI) can be caused by a mutation of
NPP1, which results in reduced enzyme activity of NPP1,
decreased PPi production, and accumulation of mineralized
and fragmented elastic fibers of the connective tissue in the
skin.45,46 Besides, inactivating mutations in ABCC6 usually
result in pseudoxanthoma elasticum (PXE),47 an autosomal
recessive disease in which circulating PPi is significantly
reduced, leading to progressive ectopic mineralization of the
matrix in the skin, eyes, and arteries.45,46

However, it remains unclear how PPi plays a role in
suppressing mineralization in serum. Considering that the
serum concentration of PPi is as low as several μM, nearly
1000-fold lower than that of Pi as introduced above, it raises
the question whether such trace amounts of PPi are effective in
mineralization inhibition, especially when calcium and
phosphorus concentrations in the physiological environment
are abnormally elevated. Herein, from the perspective of the
chemical reaction (Ca2+ and Pi react to form calcium
phosphate), we investigated the effect of PPi on mineralization
inhibition in the aqueous ion solutions and real serum.
Specifically, titration was applied to study the reaction process
of calcium and Pi ions in solutions, where PPi with a
concentration identical to or higher than that in serum was

included to study its influence on the mineral formation. Then,
in real serum, the effect of PPi on mineralization inhibition was
further investigated. We find that in the solutions containing
both normal and higher concentrated Pi, the PPi at serum
concentration does not inhibit mineralization effectively,
suggesting that PPi may not be the primary direct inhibitor
of mineralization in serum, or it functions via alternative
mechanisms.

2. RESULTS AND DISCUSSION
2.1. Ability of PPi to Inhibit Mineralization in

Solutions Containing Normal Pi Concentration. Titration
is a common strategy used for studying the formation
processes of biominerals, (e.g., calcium phosphate,48,49 calcium
carbonate,48,50 iron oxide,51 etc.). By measuring ion concen-
trations, pH changes, turbidity, etc. during titration, it is
possible to track the reaction kinetics, capture the formed
species, and ultimately uncover the underlying mineralization
mechanisms. Mineralization in human body fluids predom-
inantly involves the chemical reaction between Ca2+ and Pi, by
which calcium phosphate minerals are formed in different
tissues. Here, the mineralization process by the chemical
reaction between Ca2+ and Pi was investigated via a titration,
where the Ca2+ solution was slowly dropped in the Pi solution
to initiate the reaction; meanwhile, a variety of analyses were
conducted. The total Pi concentration in human serum is ∼3.9
mmol/L, of which only 0.8−1.3 mmol/L is in the inorganic
form and the rest is in the organic compounds including

Figure 1. (A) pH change during the titrations in a 2.00 mM Pi solution without PPi (control). The inflections between the change steps of the pH
curves are confirmed with the aid of differential processing. Inset: Tyndall effect tests of the titration solutions at different time points labeled with
numbers (1, 2, 3) on the pH curve: before the first pH inflection (1), the first pH inflection (2), and the second pH inflection (3). (B) pH changes
during the titrations in the Pi solutions containing different amounts of PPi. (C, D) Statistical concentrations of added Ca2+ required to reach the
first (C) and second (D) pH inflection points. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and p ≥ 0.05 are not labeled with asterisks.
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phospholipids.24 Considering the dilution caused by adding
Ca2+ solution into Pi solution during the titration, we chose a
slightly higher concentration than that in the body fluid, i.e.,
2.00 mM Pi (from Na2HPO4) solution, to simulate the serum
Pi.
We find that titration in the way of pH-constant/monitoring

Ca2+ activity is difficult to achieve, as we fail to precisely
control the pH at the neutral value (7.40) during titration in
such a solution, probably due to the weak buffer effect of the
low Pi concentration (usually, it is higher than 10 mM in the
previous studies52,53). Fortunately, the pH change (without
fixing the pH) during titration can also accurately reflect the
occurrences of nucleation and crystallization. As shown in
Figure 1A, when continuously adding Ca2+ solution (0.05 M)
into Pi solution (2.00 mM), the pH value drops in steps
accordingly (the turning points denoted as inflections were
confirmed by differential processing of the pH curves). In the
first step, from pH 7.40 to 7.24, the solution appears
transparent and has no visible Tyndall scattering, indicating a
prenucleation period of this step. When the concentration of
added Ca2+ reaches 1.92 mM (pH = 7.25), an inflection on the
smooth pH curve appears, where we observe significant
turbidity and Tyndall scattering (Figure 1A). This reveals that
the nucleation occurs at the inflection and the CaP minerals
begin to form. At 2.93 mM added Ca2+ (pH = 7.00), the slowly
decreasing curve becomes steep, and the second inflection is
observed where the pH changes more abruptly than in the first
one, which should corresponds to the crystallization as we
discuss below (Figure 1). Therefore, the nucleation and
crystallization can be represented with the first and second
inflections on the pH curves, respectively.
Based on the experiments above (set as the control), we

further introduced PPi at different concentrations into the Pi
solution and then investigated their influences on the
formation process of calcium phosphate minerals during
titration. In the presence of PPi (concentrations are expressed
as 1-fold, 2-fold, 10-fold, and 20-fold, standing for 1, 2, 10, and
20 times that in human serum, namely 1.7, 3.4, 17, and 34 μM
PPi, respectively), we find that the profiles of the pH change
are similar to that without PPi (Figure 1B), but the nucleation
and crystallization are delayed (Figure 1C vs D). Again, the
nucleation and crystallization can be confirmed by the
observation of the turbidity and Tyndall scattering of the
solution as well as the characterization in the following, that is,
before the first pH inflection, the solution is transparent, but
after that, it becomes turbid.

By repeating the titration at least three times at each PPi
concentration, we obtain the statistical added Ca2+ concen-
trations at the events of nucleation and crystallization, which
also reflect the relative time differences for such events since
Ca2+ is added at a constant rate during the titrations. In the
solution containing 1-fold and 2-fold PPi, the nucleation is not
delayed significantly compared to that of the control (without
PPi). Specifically, the 1-fold PPi group shows the first pH
inflection at a Ca2+ concentration of 1.96 ± 0.03 mM, which is
not statistically different (p > 0.05) from the control (1.92 ±
0.16 mM). However, the addition of 10-fold PPi leads to a
delay in nucleation (p < 0.05), with the first pH inflection
occurring at 2.19 ± 0.19 mM Ca2+ (Figure 1C). Further
increasing the PPi concentration to 20-fold, we cannot observe
the first pH inflection, but the solution becomes turbid at the
point similar to that of 10-fold.
PPi also has a delay effect on crystallization in the solutions.

As shown in Figure 1D, the 1-fold PPi group requires 3.10 ±
0.21 mM Ca2+ to reach the second inflection point
(crystallization) of the pH curve, which is about 0.19 mM
higher than that required in the control group (2.91 ± 0.17
mM) (p > 0.05). The 2-fold PPi group exhibits similarity to
that of 1-fold (p > 0.05). Upon adding 10-fold PPi, 3.60 ± 0.12
mM Ca2+ is required to reach the second pH inflection, which
is 0.69 mM higher than that of the control group (p < 0.0001).
The addition of 20-fold PPi is more pronounced (p < 0.0001),
requiring 3.86 ± 0.19 mM Ca2+ to reach the second inflection
of pH, which is 0.95 mM Ca2+ higher than that of the control
group (Figure 1D).
While it is reported that PPi is a critical inhibitor against

mineralization,38 we find that PPi at normal serum
concentration (1.7 μM) is not as effective as expected in
these investigated Pi solutions. Only after increasing its
concentration to a much higher level, e.g., 10-fold, there is a
significant delay of nucleation and crystallization observed.
2.2. Ability of PPi to Inhibit Mineralization in

Solutions Containing Elevated Pi Concentration. As
introduced above, the concentration of Pi in human serum is in
a dynamic state and can be elevated, even to a pathologically
high level in some cases, e.g., the hyperphosphatemia of
chronic kidney disease (CKD). Herein, we increased the Pi
concentration in the reaction system from 2.00 to 5.00 mM to
further investigate the effect of PPi on mineralization.
We find that at the Pi concentrations of 5.00 mM, the

profiles of pH change curves are similar to those of normal Pi
concentration (2.00 mM), and each one is divided into steps as

Figure 2. (A) pH changes during the titrations in 5.00 mM Pi solutions containing different amounts of PPi. (B, C) Statistical concentrations of
added Ca2+ required to reach the first (B) and second (C) pH inflection points. *p < 0.05, **p < 0.01, and p ≥ 0.05 are not labeled with asterisks.
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well (Figure 2A). However, the occurrence points of
nucleation and crystallization are earlier (Figure 2B,C). In
the control (absence of PPi), 1.19 ± 0.06 mM Ca2+ is needed
to reach the first pH inflection and 1.97 ± 0.12 mM Ca2+ is
required to reach the second, which are much lower than those
in the 2.00 mM Pi solutions. Moreover, upon adding PPi in
each Pi solution, the required Ca2+ concentration for

nucleation or crystallization is much lower than that (with
the same PPi concentrations) in a 2.00 mM Pi solution as well.
Furthermore, we find that the addition of 1-fold PPi (1.7

μM) does not significantly inhibit the nucleation either.
Indeed, 1.30 ± 0.12 mM Ca2+ is required to reach the
nucleation point in the 1-fold PPi group, which is not
significantly different from the control group (p > 0.05),

Figure 3. Tyndall effect tests of the titration solutions of 2.00 mM Pi with varied concentrations of PPi at different time points. Upper row: the
solutions before the first pH inflection (labeled as Before); middle row: the solutions at the first pH inflection (labeled as First); and lower row: the
solutions at the second pH inflection (labeled as Second). The exact sampling points are presented in Table S1.

Figure 4. TEM images of the precipitates at different time points during titrations in Pi solutions. Precipitates were collected in solution of 2.00
mM Pi at the time points slightly after the first pH inflection (line 1) or slightly after the second pH inflection (line 2). Precipitates were collected
in solution of 5.00 mM Pi at the time points slightly after the first pH inflection (line 3) or slightly after the second pH inflection (line 4). Scale bar
of TEM micrographs: 200 nm. Scale bar of SAED patterns:10 nm−1. All SAED patterns correspond to the phase of hydroxyapatite, and the
representative indexing of the diffractions is shown in the leftmost one of line 2. The exact sampling points are presented in Tables S1 and S2.
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similar to the effect in the 2.00 mM Pi solution. The addition
of 10-fold PPi significantly inhibits the nucleation (p < 0.01),
requiring 1.43 ± 0.03 mM to reach the nucleation, which is
higher than that of the control (Figure 2A,B). Again, the 20-
fold PPi does not see a distinct pH inflection at nucleation,
although it is observed that the white turbidity forms at a time
point very close to that of 10-fold PPi.
Like nucleation, PPi has a similar inhibitory effect on

crystallization as well: 1-fold PPi (2.09 ± 0.15 mM Ca2+) does
not significantly inhibit crystallization compared to the
solution without PPi (1.97 ± 0.12 mM Ca2+) (p > 0.05),
but 10-fold PPi (2.38 ± 0.10 mM Ca2+) (p < 0.01) and 20-fold
(2.31 ± 0.12 mM Ca2+) (p < 0.05) do (Figure 2C).
2.3. Characterization of the Species Formed during

Titrations. The species in different steps of titrations were
further characterized to find more information about the
influences of PPi on mineral formation. Samples were collected
in the solution before or after the pH inflections (see the
specific time points for sampling in Tables S1 and S2) and
then characterized in multiple ways.
First, Tyndall effects of the solutions (2.00 and 5.00 mM Pi;

0.050 M CaCl2) used for titrations were detected with a laser
beam to confirm that there was no light scattering from the
original ions (Figure S1). Subsequently, the Tyndall effects of
solutions during titration were tested. According to Figures 3
and S2, all solutions display no visible Tyndall effect before the
first pH inflection but have a significant light path of scattering
after that; this state is kept or even wider after the second pH
inflection. These observations prove that the first pH inflection
of all titration solutions above corresponds to mineral
nucleation and initial precipitation.
Then, the morphology and phases of the species at each step

were characterized (Figure 4). Both in the solution of 2.00 and
5.00 mM Pi, the transmission electron microscopy (TEM)
images of the samples collected slightly after the first pH
inflections of titrations (in the presence of 0, 1-fold, and 10-
fold PPi) show the normal nanosphere-like (or their
aggregation) morphology, whose amorphous phase is evident
in the selected area electron diffraction (SAED) patterns
without any diffraction signals. Additionally, with 20-fold PPi,
additional amorphous nanowires are formed alongside the
nanospheres, consistent with a previous study.54 These
observations indicate that the initial species after nucleation
are amorphous calcium phosphate (ACP) in all of the titration
procedures.
The morphology of the species after the second pH

inflection of all titrations displays sheet-like (or their

aggregation) morphology whose crystalline states are corrobo-
rated by the SAED with significant diffraction rings or spots.
Further indexing the diffractions indicates that they are
hydroxyapatite, which thus proves the event of crystallization
after the second pH inflection (Figure 4). The crystalline form
of the species after the second pH inflection is also confirmed
by Fourier transform infrared spectrometer (FTIR) measure-
ments. On the FTIR spectra (Figure 5), the bands at 1033
cm−1 are attributed to the stretching vibration of P−O, while
the split bands (not a single one) of P−O bending vibrations at
602 and 565 cm−1 are characteristic for crystalline calcium
phosphates (Figure 5).55

2.4. Concentration Changes of PPi during the
Titrations. Following the performance of PPi on mineraliza-
tion inhibition above, it raises the question how the
concentration of PPi changes during titrations. Therefore, in
the process of titration in 5.00 mM Pi, the supernatant (1 mL)
extracted at different time points was assayed using a PPi kit to
elucidate the changes (Figure 6). We find that in all solutions

containing 1-fold or 10-fold PPi, it is abruptly out of detection
in the solution after nucleation and until the end of titration. In
comparison, when titrating water (in the absence of Ca2+, set
as a control) into the solution, the concentration of PPi does
not change significantly, thus indicating that it does not
hydrolyze during the investigated time duration (Figure 6A,B).
Therefore, we speculate that PPi may bind to or be occluded in
the formed minerals during titration, leading to a sharp
decrease in the concentration of PPi in the titration solution.
Thus, it is reasonable that the weak inhibitory effect on the
nucleation and crystallization by PPi of normal serum

Figure 5. FTIR spectra of the precipitates collected after the second pH inflection in 2.00 (A) and 5.00 mM (B) Pi solutions. The exact sampling
points are presented in Table S1 and S2.

Figure 6. (A) PPi concentrations during titrating Ca2+ solution or
water into the 5.00 mM Pi solution with initial 1.7 μM PPi. (B) PPi
concentrations during titrating Ca2+ solution or water into the 5.00
mM Pi solution with initial 17 μM PPi.
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concentrations may be attributed to the insufficient amount of
such ions in the initially formed precipitates.

2.5. Ability of PPi to Inhibit Mineralization in Serum.
The studies described above are performed in aqueous
solutions of inorganic ions, but the composition of serum is

Figure 7. (A) Turbidity changes during titrating Ca2+ solution into the newborn calf serum containing different amounts of PPi. (B) Photographs
of the white precipitates in the serum at the titration time points marked with yellow spots in (A). The samples in the orange dashed rectangles
exhibit turbidity higher than 400 NTU. Inset: photographs of the Alizarin red-stained precipitates obtained at time 4. Scale bar: 400 μm. The
formed minerals at time 2 are in the state of colloids; therefore, big particles were not observed in the photographs. Blank: the serum without PPi
addition is titrated with pure water (in the absence of Ca2+) into it. Control: the serum without PPi addition is titrated with Ca2+ solution into it.

Figure 8. Photographs of the Alizarin red-stained precipitates obtained by adding different amounts of Ca2+ ions into newborn calf serum, which
was incubated at 37 °C for 1 h. Scale bar: 400 μm. Control: the serum is free of PPi addition before the addition of Ca2+ ions.
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much more complex, containing a variety of small and big
biomolecules. Hence, it is necessary to verify the influence of
PPi on mineralization in real serum.
Like in aqueous solutions, mineralization in serum was

studied upon titrating the Ca2+ solution in it (Figure 7A). We
note that the pH change during titrating Ca2+ into serum
(newborn calf serum) is smooth and has no significant
inflection on the curves, leading to the failure of monitoring
the mineralization process from the pH change. However, the
turbidity during titration can be detected to reveal the
formation of minerals. Therefore, we tracked the turbidity
change in serum as an alternative of pH change. Briefly, PPi
was added in the newborn calf serum to get the PPi-increased
one; then, a solution of calcium chloride (2.00 M) was titrated
into the newborn calf serum at a slow rate (1.00 mL/h) to
induce precipitates of calcium phosphate, which were mean-
while monitored by measuring the turbidity of the serum at
different time points. In the blank group where the serum is
free of PPi addition and pure water (in the absence of Ca2+) is
titrated in it, the turbidity increases slightly (from 64.5 ± 0.55
NTU at the beginning to 88.1 ± 0.53 NTU at the end) and
very few precipitates are observed (Figure 7B). However, when
titrating Ca2+ solution into the serum (control), there is a burst
turbidity increase after 47 min (732 ± 10.3 NTU), whereby a
significant white precipitate is observed and its component of
calcium phosphate is confirmed by alizarin red staining
(selectively binding to the calcium salts, inset of Figure 7B),
indicating that the increase of Ca2+ to a certain concentration
can indeed generate mineralization in serum. However,
introduction of PPi into serum beforehand, irrespective of
the concentration of 1-fold or 20-fold, does not delay the burst
turbidity increase (Figure 7A,B) during the titration of Ca2+
under the same conditions. This shows that PPi, in the studied
concentration range, including the normal serum concen-
tration, has no significant inhibitory effect on such mineral
formation in serum.
Mineralization in serum was also studied upon incubation

after direct addition of Ca2+ (Figure 8). Specifically, we
introduced different amounts of PPi (1-fold, 2-fold, 10-fold,
and 20-fold) into newborn calf serum, followed by direct
addition (not slow titration) of the Ca2+ solution. After
incubating the serum at 37 °C for 1 h, the formed minerals
were collected by centrifugation and stained with Alizarin red
for observation. The precipitates were compared between PPi-
increased serum (experimental group) and the normal one
(free of PPi addition, control). When the precipitates are
observed with an optical microscope, no Alizarin red-stained
calcium phosphate is found when 0.038 M CaCl2 is added in
both control and experimental groups, indicating that the very
few precipitates in this case may not be calcium phosphate but
proteins. However, when the added calcium ions reach 0.071
M or higher, obvious calcium phosphate solids, which can be
stained by Alizarin red, are observed. We find that all of the
observations find no significant difference in the investigated
groups (with and without PPi addition, even at 20-fold
concentration) regarding the required amount of added Ca2+
ions for precipitation. This further confirms the weak
performance of serum PPi of normal concentration in resisting
mineralization.
It should be noted that although 10-fold and 20-fold PPi

displays inhibition against mineralization in the aqueous
solution, such effects are not observed in serum. As introduced
above, serum contains a variety of biomolecules and ions, so

some of them may be more critical than PPi in such
performance depending on their types and concentrations.
Thus, this finding reveals that PPi in serum may act as a
mineralization inhibitor either at a much higher concentration,
e.g., >20-fold (but would also bring the concerns of side
effects) or via other pathways, e.g., serum serves as a
transporter of PPi to deliver it to other tissues.

3. CONCLUSIONS
In summary, this study reveals that PPi with a normal serum
concentration may not be able to inhibit mineralization in
serum. This is demonstrated via a chemical titration process in
an aqueous Pi solution of different concentrations and in
serum. During the titrations, the normal serum concentration
of PPi does not delay either nucleation or crystallization of
calcium phosphate minerals, although the 10-fold or higher
concentrations of PPi do. Furthermore, in the newborn calf
serum, addition of neither 1-fold nor 20-fold PPi can
significantly inhibit mineral formation compared to the normal
serum. Thus, PPi in serum may function at a much higher
concentration or via alternative mechanisms for inhibiting
mineralization.
We note that (1) this study does not deny the importance of

PPi in the inhibition of in vivo mineralization but suggests that
it should be considered from other perspectives and (2) while
these investigations mainly mimic the mineral formation in
serum, they should be also meaningful for that in other tissues,
such as cartilages and ligaments. For future work, further
explorations from other perspectives in the real serums and in
vivo models should be conducted to elucidate the specific roles
of PPi in biomineralization.

4. EXPERIMENTAL SECTION
4.1. Materials and Apparatus. A pyrophosphate assay kit

with enhanced selectivity (AAT Bioquest); disodium hydrogen
phosphate (ACS reagent, ≥99.0%, Sigma); calcium chloride
dihydrate (AR, 99%, Bioss antibodies); sodium pyrophosphate
(PPi) (AR, 99%, Aladdin); hydrochloric acid (AR, 36.0−
38.0%, Sinopharm Chemical Reagent); sodium hydroxide (AR,
99%, Aladdin); ethylene glycol (AR, 98%, RHAWN);
potassium bromide anhydrous (AR, 99%, Aladdin); newborn
calf serum (AusgeneX, Australia); and Alizarin red S solution
(0.2%, Solarbio) were used.
A pH meter (PXSJ-216F, Leici, China); SpectraMaxiD5

(Molecular Devices); collective heat magnetic stirrer (DF-
101S, VRERA, China); microporous filter (0.45 μM,
Millipore); Fourier transform infrared spectrometer (FTIR)
(Shimadzu Corporation, Tokyo, Japan); mini-pellet press
(GS01150, UHUA TECHNOLOGY, China); Mikro-Spritzen-
pumpen (LINZ-9B, Leien, China); transmission electron
microscope (TEM, JEOLJEM-2100, Japan) eqipped with
selected area electron diffraction (SAED); and turbidimeter
(LH-Z10A, LOHAND, China) were used.
4.2. Experimental Methods. 4.2.1. Study of Mineraliza-

tion in Aqueous Solutions via Titration. The experiments
were conducted by titrating a 0.05 M CaCl2 solution into the
Na2HPO4 solutions with normal (2.00 mM, resembling the
normal concentration in human serum) or higher (5.00 mM,
resembling the abnormal concentration in human serum)
concentrations. The turning points (denoted as inflections)
between the change steps of pH curves were confirmed by
differential processing.
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Control: the pH of the Na2HPO4 solution was adjusted to
7.4 with HCl solution (1:1 diluted), and then, 0.05 M CaCl2
solution was titrated into it with a highly accurate syringe
pump at a rate of 5.00 mL/h, during which the pH change was
monitored with a pH meter.
The inhibitory effects of PPi on mineralization: Additional

Na2P2O7 (source of PPi) at 1, 2, 10, and 20 times the PPi
concentration in human serum (1.7, 3.4, 17, and 34 μM,
denoted as 1-fold, 2-fold, 10-fold, and 20-fold, respectively)
was added to the Na2HPO4 solutions with the same
concentrations as the control; then, the pH was adjusted to
7.4. Afterward, titration was performed with the same
procedure as for the control.
All solutions were prepared with deionized water and

immediately filtered through a 0.45 μm-pore size microporous
filter to remove any possible particle impurities. Glassware was
thoroughly rinsed with deionized water before use, and
containers were always covered during drying to exclude
dust particles that might act as nucleation agents for mineral
formation.

4.2.2. Test of PPi Concentration. The concentration of PPi
in the reaction solution was determined by using the PPi assay
kit. In this assay, the PPi concentration was determined by the
complex formed by PPi and a PPi sensor molecule, which was
measured at Ex/Em = 370:470 nm (cutoff = 455 nm), and the
value of the fluorescence intensity was positively associated
with the concentration of PPi. A total of 50 μL of sample and
50 μL of PPi sensor working solution were added to each well
of a 96-well plate, then mixed gently and incubated at room
temperature for 30 min while being protected from light before
the absorbance measurement.

4.2.3. TEM and SAED. Each sample (1 mL) was collected at
a certain time point during the titration process and
immediately mixed with 1 mL of ethylene glycol to quench
the reaction (without causing additional precipitates of the
salts). Samples were immediately centrifuged at 10,000 rpm for
1 min, and the supernatant was discarded, washed twice with
ethylene glycol, and then washed twice with anhydrous
ethanol. The samples were dispersed in alcohol and were
characterized using TEM and SAED.

4.2.4. FTIR. Samples were collected in the same way as for
TEM, then dried at 37 °C, mixed with KBr powder and
ground, pressed with a pellet press to make a disk, and
measured on an FTIR spectrometer in the wavenumber range
of 400−4500 cm−1.

4.2.5. Tyndall Effect. In brief, 2 mL of the reaction solutions
was taken at certain time points during the titration, then
added to the cuvette, and illuminated with a laser pointer.
Meanwhile, a photograph of lighter scattering was captured
with a digital camera.

4.2.6. Turbidity Test. A turbidimeter was applied to record
the turbidities of the solutions. The turbidimeter utilizes a
beam of light (860 nm) that passes through a cuvette
containing the sample to be tested with two sensors to measure
the intensities of both scattered and transmitted lights. The
intensity ratio of the scattered and transmitted lights is
proportional to the turbidity in the sample over a range of
concentrations. The measurement value is expressed in NTU
(nephelometric turbidity units).

4.2.7. Study of Mineralization in Serum. Serum was
thawed at 4 °C, centrifuged, filtered with a microporous filter
(Millipore, 0.45 μm) to remove protein precipitates, and then
preheated in a 37 °C water bath for 10 min before further use.

Mineralization in serum was first studied by titrating a Ca2+
solution into it. Additional PPi (from Na2P2O7) at different
concentrations was added to the newborn calf serum prior to
titration, while the one without adding PPi was set as the
control. The titrations were conducted by dropping 2.00 M
CaCl2 solution into the newborn calf serum at a slow rate (1.00
mL/h) in the 37 °C water bath, and the turbidity and
precipitates of serum were detected using a turbidimeter at
different time points. The serum was centrifuged at 10,000 rpm
for 2 min, and then, the precipitates were collected, washed
twice with water, and stained with Alizarin red (0.2% Alizarin
red S solution) to confirm the mineral component (calcium
phosphate). Afterward, the stained precipitates were immersed
in 1 mL of water and gently blown with a pipette to make them
evenly dispersed in the aqueous medium, and the dispersion
was added to a 96-well plate (200 μL/well) and immediately
viewed under an optical microscope.
Mineralization in serum was further studied upon incubation

after addition of Ca2+ solution. In the control group, aqueous
CaCl2 solution (0.050 M) of four different volumes was
separately added to 15.0 mL of newborn calf serum, so that the
resulting serum includes additional Ca2+ of 0.625, 1.25, 2.50,
and 5.00 mmol, and then, the mixture was incubated in a
constant-temperature incubator at 37 °C. After 1 h, the serum
was centrifuged at 10,000 rpm for 2 min; then, the precipitates
were collected, washed twice with water, and stained with
Alizarin red (0.2% Alizarin red S solution) to confirm the
mineral component (calcium phosphate). Afterward, the
stained precipitates were immersed in 1 mL of water and
gently blown with a pipette to make them evenly dispersed in
the aqueous medium; then, the dispersion was added to a 96-
well plate (200 μL/well) and immediately viewed under an
optical microscope. In the experimental group, PPi solutions
were added to the serum (the resulting concentrations were
1.7, 3.4, 17, and 34 μM) before adding CaCl2, and other
conditions were kept the same as those of the control.

4.2.8. Statistical Analysis. Experimental groups were
represented by three or more parallel samples to provide a
mean value and standard deviation. Statistical analysis was
conducted using Origin 8.0 and Graph Pad Prism 6 softwares.
Differences between groups were tested with one-way analysis
of variance (ANOVA) at 95% confidence interval, followed by
Tukey multiple comparisons and post hoc tests. Statistical
significance was set at P < 0.05. *, **, ***, and **** represent
p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.
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