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ABSTRACT: Brushite (dicalcium phosphate dihydrate, DCPD) is
considered one of the possible precursors of the apatitic phase that
constitutes the mineral component of bones, and it is often utilized
in the preparation of biomaterials for hard tissue repair. In this
work, we investigated the in uence of ionic substitution on the
synthesis, structure, and morphology of this calcium phosphate, as
well as on its hydrolysis process. The results of structural )
re nements indicate that the range of possible substitution can : ’ Ao leale
reach values up to about 38 atom % for the big Sr ion, whereas it is sl J000 D 0 WD (o Crpie
quite limited for Zn, Co, and Mn. In particular, DCPD cannot be
obtained as a single phase in the presence of zinc ions in solution.
The kind and amount of substituent ions signi cantly in uence the
morphology of DCPD, promoting aggregation and crystal shape
modi cations, as well as its hydrolysis in solution. The results provide useful information for the understanding of the mineralization
processes and for the design of new biomaterials.
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INTRODUCTION aqueous solution, it undergoes hydrolysis thermodynamically
Dicalcium phosphate dihydrate, CaHPO,-2H,0 (DCPD), is more stable phases, OCP and HA ™" This is the main
one of the orthophosphates that nd useful applications in the reason for the widespread employment of D%F:DZO in the
preparation of biomaterials for hard tissue repair. DCPD, also composition of calcium phosphate bone cements.
known by the mineral name of brushite, crystallizes in the The properties of calcium phosphates can be modulated
monoclinic la space group. Its structure consists of parallel Ca through their functionalization with ions, molecules, macro-
layers with HPO, groups located between metal ions."* The molecules, growth factors, and drugs.”* In particular,
water molecules are situated among the chains® acting as functionalization with biologically relevant ions can provide
spacers between calcium phosphate layers arranged parallel to useful information for a deeper knowledge of the biominer-
each other in the a,c plane (020), as displayed in Figure 1. The alization processes, as well as to tailor the properties of the
two structural water molecules can be removed by heat inorganic phase and synthesize biomaterials with improved
treatment at about 190 °C, which yields transformation into biological performance.** lonic substitution into HA has been
anhydrous calcium phosphate, CaHPO, (DCPA).* widely explored in the literature.?* ® At variance, the number

DCPD is considered one of the possible precursors of of publications on the interaction between foreign ions and
biological apatites, together with amorphous calcium phos- DCPD is quite limited,”® although the presence of foreign ions
phate (ACP) and octacalcium phosphate (CagH,(PO,)s is also relevant in DCPD pathological calci cations.*® More-
5H,0, OCP). ° In particular, biological apatites have been over, most of the studies are about bone cements, which are
suggested to form through a disordered DCPD and its usually composed of more than one crystalline phase,
successive transformation into hydroxyapatite. However, preventing a clear indication of ionic incorporation into the
brushite h_as not been found in ph_y3|olog|cal calci catlons, DCPD structure 3132 Again, the few available publications on
whereas it has been detected in several pathological brushite synthesized in the presence of foreign ions generally

calci cations, including dental calculi, crystalluria, and urinary

stones, as well as calci ed aortic valves.” *? On the other hand,

the presence of DCPD has been demonstrated at the initial _

stage of in vitro osteoblast mineralization.** Revised: January 28, 2021
Recently, the phase transformation of DCPD to HA has Published: February 17, 2021

been described as a multistage process that also involves

amorphous calcium phosphate.** In fact, DCPD formation

occurs in acidic solutions at pH values between 2 and 6.*° In
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Figure 1. Structure of DCPD: view down the a-axis (left) or c-axis (right). Ca polyhedra and phosphate tetrahedra are shown in green and orange
colors, respectively; oxygen and hydrogen atoms are in red and white, respectively.

do not investigate cell parameters and therefore do not provide
useful information to de ne if the ions are regularly substituted
and to what extent.**** Only a recent work reported the lattice
parameters of DCPD synthesized in the presence of di erent
ions and concluded that ionic incorporation, if any, amounted
to just a few atom % before the precipitation of secondary
phases.®

Herein, we report the results of a study aimed to investigate
the e ects of modi cations induced by ionic substitution on
the chemistry, structure, and morphology of DCPD. In
particular, we determined the possible substitutional range of
Sr, Zn, Mn, and Co, as well as their in uence on the stability of
DCPD.

All of the bivalent cations examined in this study are
biologically relevant. In particular, theg are included as trace
elements in the composition of bones.”? As other metal ions,
cobalt can induce cell oxidative stress and stimulate angio-
genesis and osteogenesis.>® Co-substituted HA was reported to
accelerate new bone formation in arti cially created osteopor-
otic defects.>” Manganese plays a role in bone metabolism, and
manganese-doped calcium phosphates have been shown to
promote osteoblast proliferation and di erentiation.*® More-
over, Mn de ciency was demonstrated to increase bone
abnormalities, including reduction of bone thickness and
length.*® Zinc can stimulate osteoblast activity’® and displays
antibacterial properties.*" This ion plays an important role in
the normal growth of the skeletal system, and its de ciency
causes a decrease of bone density.*” Finally, strontium is
known to promote bone formation and counteract abnormally
high bone resorption.*® It is present in signi cant amounts in
bone, especially at regions of high metabolic turnover,*
whereas its localization has been reported not to vary between
physiological and pathological apatites.*®

The products of the syntheses of DCPD in the presence of
increasing concentrations of Co?*, Mn?*, Zn?*, and Sr?*, as well
the samples obtained after their hydrolysis, were characterized
by X-ray di raction, infrared absorption spectroscopy, and
scanning electron microscopy.

EXPERIMENTAL SECTION

Preparation of DCPD crystals was carried out by direct synthesis in
solution. A phosphate solution (150 mL) containing Na,HPO,:
12H,0 (0.033 M) and NaH,PO,-H,O (0.033 M) was heated at 37
°C, and the pH was adjusted to 5 adding glacial CH;COOH; 50 mL
of a Ca(CH;C0OO0),-H,0 (0.2 M) solution was added dropwise (2
mL/min) to the phosphate solution under stirring (120 rpm). After
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the addition, the solution was stirred for another 10 min, Itered,
washed with distilled water, and dried overnight at 37 °C. Samples
containing bivalent metals (M = Sr, Mn, Co, Zn) were obtained
following the same procedure, but partially replacing Ca(CH;COO),:
H,0 with Sr(CH,C00),-1/2H,0 or Mn(CH;COO0),-4H,0 or
Co(CH3C00),-4H,0 or Zn(CH;CO0),-2H,0. All reagents were of
analytical grade (Carlo Erba Reagents, Milan, Italy). Starting solutions
were prepared with di erent [M2*/(Ca" + M?*)]-100 ratios, in the
range from 0 to 100, always keeping the total cation concentration of
0.2 M. In the following, the solid products synthesized in the presence
of x atom % of M are labeled Mx.

Hydrolysis of DCPD and ion-substituted DCPD was carried out in
physiological solution (NaCl 0.9%) at 37 or 60 °C. For each sample,
100 mg of powder was incubated in 25 mL of solution under stirring.
The hydrolysis reaction was monitored over time, up to 7 days. After
incubation, each sample was centrifuged for 10 min at 10 000 rpm and
then dried at 37 °C.

Characterization. X-ray di raction (XRD) scans were carried out
with a PANalytical X'Pert PRO di ractometer in the Bragg Brentano
geometry. It was equipped with a Cu K source ( = 1.5418 A, 40 mA,
40 kV), and data were collected with a fast X'Celerator detector. All
patterns were collected in the 2 range of 3 60° for 80 s for each 0.1°
step, and in addition further collections were performed as input for
the Rietveld procedure in the range 8 80° for 100 s for each 0.033°
step. The HighScore Plus program was used for phase identi cation,
quantitative determination of the di erent phases, and structural
re nements (HighScore Plus software version 4.9, year 2020, by
PANalytical B.V., Almelo, The Netherlands).

Scattering factors of Ca*, Me?", P>, and O® ions were employed.
At the beginning, the free parameters were scale factor, background
coe cients, and 2 shift. In further cycles, cell axes, peak widths, their
dependence on 2 , peak shape, preferential orientation, and peak
asymmetry were added as free variables. Finally, the overall thermal
parameter and structural parameters (occupancy factors) were re ned.
Substituent ions were placed in the same position as calcium with the
constraint that the total content of calcium and substituent ion must
be equal to unity.

For Fourier transform infrared spectroscopy (FTIR) analysis, about
1 mg of the powdered samples was mixed with 250 mg of KBr
(infrared grade) and pelletized under a pressure of 9 tons. The pellets
were analyzed using a Bruker  FTIR spectrophotometer to collect 32
scans in the range 4000 400 cm ! at a resolution of 4 cm 1,

To perform morphological investigation and elemental analysis, a
Philips XL20 scanning electron microscope operating at 22 kV was
used. The samples were placed on a carbon tape on aluminum sample
holders, and elemental analysis was carried out through energy-
dispersive X-ray spectroscopy (EDX); afterward, samples were
sputter-coated with a layer of gold for morphological examination.

https://dx.doi.org/10.1021/acs.cgd.0c01569
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RESULTS AND DISCUSSION

Synthesis and Screening of Substitution Ranges.
XRD analysis was carried out on the solid products of the
syntheses performed in the presence of di erent amounts of
foreign cations. The results indicate that the range of possible
substitution to calcium into the DCPD structure is quite
di erent for di erent ions. The synthesis carried out in the
absence of foreign ions yields DCPD as a unique crystalline
phase (ICDD PDF 00-009-0077). The XRD pattern of pure
DCPD (Figure 2) shows sharp peaks with a high relative
intensity of OkO re ections, coherently with the platelike
morphology of the crystals, characterized by wide (010) faces.
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Figure 2. X-ray di raction patterns: DCPD, Mn20, Co25, and Sr60
powders are composed of a single-crystalline phase, whereas the
presence of zinc always induces the formation of parascholzite (ICDD
PDF 00-035-0495) as a secondary phase. The main peak of
parascholzite is indicated by an asterisk.

The results of XRD analysis demonstrate that the presence
of foreign cations in solution hinders the formation of DCPD
as a unique crystalline phase in di erent ways depending on
the kind of metal and its concentration.

The products obtained in the presence of increasing Sr**
concentration in solution exhibit XRD patterns consistent with
the presence of DCPD as a unique crystalline phase up to Sr60
(Figure 2), whereas the pattern of Sr70 is almost devoid of
di raction re ections and is in agreement with the presence of
an amorphous material (Figure S1).

In the case of Mn?*, DCPD can be precipitated as a unique
crystalline phase up to Mn20 (Figure 2), whereas the pattern
of Mn25 also shows the presence of a secondary phase,
(Mn);3(PO,),-7H,0O (ICDD PDF 00-041-0598), as well as of
an amorphous phase, which becomes predominant in Mn30
(Figure S1). The range of strontium concentrations that gives

DCPD without secondary phases is signi cantly wider than
that previously obtained by Sayahi et al.* and this might be
ascribed to the di erent methods of synthesis employed in the
present work.

A completely di erent behavior was shown by zinc ions.
Even a very small amount of Zn?* in solution triggers the
precipitation of parascholzite, CazZn,(PO,),-2H,0 (ICDD
PDF 00-035-0495), as a secondary phase (Figure 2). In
agreement, the presence of a secondary phase together with
DCPD was previously reported in the samples synthesized in
the presence of a very small percentage of Zn in solution,
which prevented a clear conclusion about Zn substitution into
the DCPD structure.*

A secondary phase, Co;(PO,),-8H,0 (ICDD PDF 00-033-
0432), can be detected in the XRD patterns of Co30 and
Co40, whereas the patterns of the samples obtained at smaller
Co concentrations exhibit only the peaks of DCPD (Figure
S1).

Moreover, both the series of materials synthesized in the
presence of Co and Mn, as well as the samples at a relatively
high Sr content, show a signi cant reduction of the relative
intensity of the 020 re ection with respect to that shown in the
XRD pattern of pure DCPD.

Furthermore, di erent ions exerted di erent inhibition
e ects on the precipitation of DCPD, as clearly indicated by
the yield of reaction, which decreases on increasing the
concentration of the foreign ion down to about 40% in samples
Mn20, Co25, and Sr40 (Table S1).

Structural Analysis. The ionic substitutions in the DCPD
structure were investigated by structural re nements, which
were carried out with the Rietveld method.*®

Full-pattern analyses were carried out on selected samples,
namely, Sr10, Sr30, Sr60, Co25, Mn20, and Zn10, as well as on
unsubstituted DCPD samples for comparison. The re nements
were based on the DCPD monoclinic structure, space group la
(no. 9),*" and reached convergence and good agreement
indexes. The obtained results are summarized in Table 1. Final
plots are presented in Figure 3 (sample Sr60) and Figures S2
S7.

The results unambiguously con rmed that each sample is a
unique DCPD crystal phase in Co, Mn, and Sr samples,
whereas sample Zn10 also contains parascholzite (15 wt %)
and an amorphous material (10 wt %). Strontium-containing
samples show that unit cell parameters increasingly grow as the
amount of strontium in solution increases, in agreement with
the partial substitution of the bigger Sr ion (ionic radius: 0.126
nm) for a Ca ion (ionic radius: 0.112 nm) into the DCPD

Table 1. Cell Parameters, Metal Content (Calculated and Analytical), and Intensity Ratio 1,0/l 55, Of Substituted DCPD

Samples

a (A) + 00003 b (A) + 00004 ¢ (A) + 0.0002

DCPD 6.3685 15.1929 5.8179 118.53
Co25 6.3709 15.1973 58171 118.52
Mn20 6.3671 15.1778 5.8105 118.57
Sr10 6.3815 15.2124 5.8233 118.47
Sr30 6.4031 15.2429 5.8323 118.40
Sr60 6.4640 15.3485 5.8627 118.27
Zn10¢ 6.3661 15.1940 5.8146 118.53

() £005 V(A% 02

M/(M + Ca) M/(M + Ca) anal. R

Rietveld (atom %)® (atom %)° looo/! 225 (%)
4945 0 0 33 8.64
4948 2 3 9 7.01
493.1 7 7 2 3.80
496.9 3 4 25 9.00
500.7 1 13 18 8,50
5123 38 34 3 479
494.1 5 10 2 5.26

3From the re nement procedure. °From analytical data. °Ratio between areas of the 020 and 221 peaks; the theoretical value with no preferred

orientation is 2. 9Sample containing a further crystal phase.
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Figure 3. Comparison of the observed (red dots) and calculated (blue line) patterns of Sr60. At the bottom, vertical bars indicate peak positions of

the DCPD structure; the red line indicates the 1,

I, di erence plot. The inset shows a magni cation (x2) of the intensity scale.

Figure 4. SEM images of DCPD, Sr20, Sr60, C025, Mn10, and Mn20 crystals. Scale bar =20 m.

structure. On the other hand, the cell volume variation for the
samples prepared in the presence of Co, Mn, and Zn, which
have smaller ionic radii than calcium (0.90, 0.96, and 0.90 nm
for Co, Mn, and Zn, respectively), is very small with respect to
that of pure DCPD. This can be ascribed to the limited
content of substituting cations in Co25, Mn20, and Zn10. In
fact, the values of metal contents (re ned to the nal values
reported in Table 1) indicate that the amount of calcium
replacement in the solid structures is severely less than the
content of foreign ions in the synthesis solution. In particular,
on the basis of the re nement data, the replacement of calcium
into the DCPD structure seems very limited for Co, Zn, and
Mn: 2, 5, and 7 atom %, respectively. On the contrary, the
substitution increases up to 38 atom % for strontium,
suggesting that the DCPD crystal structure can better
accommodate bigger cations than smaller ones. Although
EDX results can be considered semiquantitative, data
presented in Table 1 show a good agreement between the
values of the metal content determined by EDX analysis and
through structural re nement.

Morphology. The high preferential orientation of brushitic
samples a ects their XRD patterns, which display an extremely
intense 020 peak. A roughly quantitative estimate of this e ect
can be obtained from the ratio between the relative intensities
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of the 020 and 221 peaks. Data reported in Table 1 show that
this ratio is high in pure DCPD, as well as in strontium-
substituted samples up to Sr30, whereas it strongly decreases in
the Sr60 sample and in the other substituted samples.

The high preferential orientation of DCPD is a consequence
of its laminar morphology; indeed, the crystals grow as big
platelike crystals with sharp edges and large (010) faces
(Figure 4). Although great care was taken in sample
preparation, the crystals tend to lie at on the plane of the
sample holder, with a relatively high fraction of the (010)
planes preferentially aligned along the specimen surface and a
consequent relatively high intensity of the corresponding 0kO
XRD peaks.*®

The presence of foreign ions displays a signi cant in uence
on the morphology of DCPD. The scanning electron
microscopy images shown in Figure 4 demonstrate that
strontium substitution for calcium induces aggregation of the
crystals that exhibit indented edges. Aggregation of crystals
increases whereas their dimensions decrease on increasing the
Sr content, and therefore, at the maximum amount, Sr60
appears to be composed of spherulitic aggregates of relatively
small crystals. Aggregation of crystals was also previously
observed in the presence of di erent additives® and suggested
that the perturbation of the DCPD structure triggered by the

https://dx.doi.org/10.1021/acs.cgd.0c01569
Cryst. Growth Des. 2021, 21, 1689 1697
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Figure 5. (A) FTIR spectra of Sr-substituted DCPD. (B) Magni cations showing the shift and widening of some relevant bands. Arrows indicate

the band shift direction on increasing the Sr content.

presence of foreign agents reduced the crystal growth and
promoted the interaction of crystals.

Even greater modi cations are appreciable in the crystals
grown in the presence of Co and Mn. Co25 contains only
about 2 atom % of cobalt ions and displays aggregates of
pointed crystals with a greater thickness than that characteristic
of pure DCPD crystals. Similar, but de nitely less thick,
aggregates are detected in Mnl0, whereas the aggregates
present in Mn20, with a manganese content of about 7 atom
%, are much smaller and composed of almost cylindrical
crystals.

A signi cant variation in the morphology of DCPD
synthesized in the presence of Co and Mn, as well as of the
crystals synthesized at a relatively high Sr concentration,
reduces the preferential orientation in agreement with the
observed reduction of the relative intensity of the 020 XRD
re ection in comparison to that of pure DCPD.

Spectroscopic Investigation. The results of attenuated
total re ectance (ATR)-FTIR analysis are in agreement with
those of the XRD investigation. Spectra of brushite synthesized
in the presence of Sr, Co, and Mn show the characteristic
absorption bands of DCPD.***° However, the comparison
with the spectrum of pure DCPD con rms that the presence of
increasing amounts of foreign ions induces a progressive slight
broadening and a shift of the absorption bands (Figures 5 and
S8). This is most evident in the case of Sr, as shown in Figure
5. The bands displaying the largest shifts are the OH stretching
at 3541 cm !, the PO stretching at 986 cm !, and the PO
bending at 662 and 576 cm . The position of OH stretching
shifts to higher wavenumbers up to 3556 cm ! in Sr60,
whereas those of PO stretching and bending shift to lower
frequencies, down to 980 and 653 and 573 cm *, respectively
(Table S2). This behavior is similar to what was previously
reported for Sr-substituted hydroxyapatites, where the shift of
the phosphate bands at lower wavenumbers on increasing the
Sr content was ascribed to the increasing ionic radius, which
caused a decreasing anion anion repulsion.**

The variation of the position of the absorption bands is
much less evident for Mn-containing samples, whereas it is not
considerable for Co samples, which is not surprising because of
the very low amount of Co (Figures S8 and Table S2).

Hydrolysis. It is known that storing DCPD in aqueous
solution triggers its transformation into thermodynamically
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more stable phases.>>? Herein, the in uence of foreign ions on
the process of hydrolysis was studied on samples stored in
physiological solution for up to 1 week. The results in Figure 6
and Table S3 show that only 3 h of incubation in the
physiological solution is su cient for a partial conversion of
pure DCPD into OCP (ICDD PDF 00-26-1056) at 37 °C and
into HA (ICDD PDF 00-009-0432) at 60 °C (Figure 7).
Longer immersion times lead to a complete conversion of pure
DCPD into OCP and HA, con rming that the kinetics process
is accelerated by the increase of the time at 60 °C.>*

Functionalization with Co induces only a minor e ect on the
hydrolysis process, which appears to be slightly inhibited by
the presence of a foreign ion.

However, Mn signi cantly stabilizes DCPD, as it does not
convert into any other phase at 37 °C even after 1 week. After
3 h at 60 °C, Mn20 shows a partial conversion of DCPD into
OCP, which becomes the only crystalline phase after 6 h.
However, longer immersion times lead to a partial conversion
of DCPD into -TCP (ICDD PDF 00-009-0169), which
becomes the only detectable phase after 1 week, as shown in
Figure 7. This result is quite unexpected since the synthesis of

-TCP usually requires treatment at high temperatures.>*>*
Moreover, the comparison of the lattice parameters of this
phase with those reported for pure -TCP (Table S4) indicates
a partial substitution of Mn for Ca in the structure of -TCP. A
similar behavior was previously observed for magnesium ions.
The presence of Mg?* in the aging solution of DCPD was
reported to yield the mineral phase of -TCP (whitlockite,
CayMg(HPO,)(PO,)s ICDD PDF 00-042-0578) formed at
the expense of brushite crystals, which was interpreted to
proceed through a dissolution/reprecipitation process.>

The results of the synthesis of brushite in the presence of
foreign ions demonstrate that Sr substitution for calcium into
DCPD does not signi cantly destabilize its structure. In
agreement, functionalization with strontium up to Sr40 does
not alter signi cantly the hydrolysis process at 37 °C, whereas
the conversion of Sr60 triggers the formation of an unknown
crystalline phase (Figure 7). This unknown phase does not
appear when the hydrolysis is carried out at 60 °C, most likely
because of the accelerating role of temperature on the
hydrolysis process. On the other hand, a further crystalline
phase can be appreciated during the time course of the
hydrolysis of Sr60 at 60 °C. This phase has been identi ed as

https://dx.doi.org/10.1021/acs.cgd.0c01569
Cryst. Growth Des. 2021, 21, 1689 1697


http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.0c01569/suppl_file/cg0c01569_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.0c01569/suppl_file/cg0c01569_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.0c01569/suppl_file/cg0c01569_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.0c01569/suppl_file/cg0c01569_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.0c01569/suppl_file/cg0c01569_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01569?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01569?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01569?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01569?fig=fig5&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c01569?ref=pdf

Crystal Growth & Design

pubs.acs.org/crystal

37°C
DCPD Co20 Mn20
100 100 100
¥ 80 80 80
X
= 60 60 60
3
£ 40 40 40
3
o 20 20 20
wv
@
_g 0 0 0
mwmﬂgg‘qgg 3 6 9 15 24 48 72 168 3 6915244872168
time (h) time (h)
Sr20 Sr40 Sr60
__ 100 100 100
E
&\D_ 80 80 80
€ 60 60 60
2
& 40 40 40
o
[
@ 20 20 20
|
0 0 0
meraI’RE 36915244872168 36915244872168
time (h) time ( time (h)
60°C
DCPD Co20 Mn20
100 100 100
=
2 80 80 80
X
EGO 60 60
i
€ 40 40 40
o
o
o 20 20 20
2
a 0 0 0
3 6 9 15 24 48 72168 3 6 9 15 24 48 72 168 3 6 9 15 24 48 72 168
time (h) time (h) time (h)
Sr20 Sr40 Sr60
100 100 100
80 80 80
o
Z60 60 60
=
c
240 40 40
c
3
©20 20 20
"
i:Q"_ 0 0 0
3 6 9 15 24 48 72 168 3 6 9 15 24 48 72168 3 6 9 15 24 48 72168
time (h) time (h) time (h)
BDCPD mOCP = HA m DCPD ® Unknown ®Mn-BTCP ®Sr-HA mSr-DCPA

Figure 6. Final crystalline phases obtained after incubation of DCPD, C020, Mn20, Sr20, Sr40, and Sr60 samples in physiological solution for 1

week at 37 and 60 °C.

DCPA (ICDD PDF 01-070-0359). This DCPA phase, as well
as the apatitic phases obtained as products of conversion of the
Sr samples at 60 °C, displays enlarged cell parameters in
comparison with those of pure DCPA and HA (Table S4), in
agreement with a partial substitution of Sr for Ca into their
crystalline structures.

CONCLUSIONS

The results of this work highlight the di erent roles played by
di erent bivalent cations, namely, Sr, Zn, Co, and Mn, in the
synthesis and hydrolysis of DCPD. Structural re nements
indicate that the ionic radius of substituent cations has a main
in uence on the extent of possible replacement to calcium. In
fact, Sr can be accommodated into the DCPD structure with
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the largest amount, up to about 38 atom %. Its substitution for
calcium induces an enlargement of the unit cell, a shift of the
infrared absorption bands, and morphological modi cation of
the typical big platelike crystals of pure DCPD toward
aggregates of smaller crystals. Although DCPD can host
much lower quantities of Co and Mn, about 2 and 7 atom %,
respectively, their in uence on the morphology is signi cantly
greater. They not only strongly promote the aggregation but
also modify the shape of the crystals. On the other hand, even
a small percentage of Zn in solution prevents the synthesis of
DCPD as a unique crystalline phase. However, the results of
Rietveld re nement of Zn10 suggest a partial replacement of
Zn for Ca into the DCPD structure.
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Figure 7. XRD patterns of DCPD and Mn20 samples after incubation at di erent times in physiological solution at 60 °C and of Sr40 and Sr60 at

37 °C. Symbols: *, OCP (ICDD PDF 00-26-1056);
crystalline phase.

, HA (ICDD PDF 00-009-0432);

, -TCP (ICDD PDF 00-009-0169); and , unknown

The most evident e ect of the presence of Sr substitution on
the hydrolysis process of DCPD is its incorporation into the
apatitic phase that forms when the process is carried out at 60
°C. Moreover, hydrolysis of Sr60 leads to the formation of an
unknown phase at 37 °C and of Sr-substituted DCPA at 60 °C.
Co substitution displays just a slight inhibition of the
hydrolysis process of brushite, whereas Mn greatly stabilizes
DCPD against the phase transformation in solution at 37 °C.
Interestingly, hydrolysis of Mn20 at 60 °C for 1 week triggers
its complete transformation into Mn-substituted -TCP.

A variety of di erent ions have been found to be associated
with the inorganic components of bone, as well as with other
calcium phosphates in pathologically calci ed tissues. This
indicates that the results of this study provide useful
information for a better understanding of the mineralization
processes of biological tissues. Moreover, since all of the
investigated ions are known to display bene cial e ects on
bone tissues, the materials developed in this work can be
considered good candidates as biomaterials for bone
substitution/repair.
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