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Conventional SBF (simulated/synthetic body fluid) solutions
are buffered at pH 7.4°C and 37°C using 50 mM Tris
[(HOCH,)3;CNH,]. Tris is not present in human blood or
metabolism and its high concentration makes it the third major
component of SBF solutions. All three crystalline polymorphs
of calcium carbonate (calcite, aragonite and vaterite) have
never been tested simultaneously in an SBF solution. This
study presents the SBF-testing of the particles of these poly-
morphs at 37°C in Na-L-lactate (22 mM)-buffered Lac-SBF
solution. While the calcite rhombohedra remained completely
inert in the solution, vaterite spherulites and aragonite needles
accrued apatitic CaP (calcium phosphate) deposits on their sur-
faces. Mg-doped (1050 ppm) synthetic aragonite particles did
not transform into calcite for 96 h in the Lac-SBF solution
while increasing their BET surface area by about 560% via the
apatitic CaP deposits. Given the well-established use of calcite
powders in CaP cement formulations, synthetic aragonite parti-
cles may be a potential replacement for calcite due to their
rapid response to blood plasma-like solutions in between 24
and 48 h at 37°C.

I

ACOj; (calcium carbonate) is an important material of

marine biomineralization and geological formations
(c.g., stalactites and stalagmites).' Calcium carbonate can
be synthetically produced by aqueous precipitation processes
in one of the three anhydrous polymorphs; calcite, aragonite
and vaterite. X-ray-amorphous calcium carbonate (ACC) can
be synthesized at room temperature as a precursor phase in
calcite or vaterite syntheses.* Calcium carbonate monohy-
drate (monohydrocalcite) and calcium carbonate hexahydrate
(ikaite) may be regarded as naturally occurring hydrous poly-
morphs of CaCOj; and both are stable at temperatures below
10°C prior to their transformation into calcite.’” At room
temperature and pressure, calcite is the most stable and
abundant polymorph of calcium carbonate, while vaterite (p-
CaCO3), named after Heinrich Vater,® is known to be the
least stable among the anhydrous polymorphs. Synthetic
CaCOj; powders, usually of the calcite form, are widely used
in cosmetics, food, toothpaste, plastic, paper making, ink,
paint, textile, pharmaceutical, and rubber industries.

Calcium phosphate cement (CPC) pastes provide surgeons
with the ability to fill bone voids with a biocompatible and
malleable material mimicking (upon setting) the mineral of
bones.” The mineral of bones is a carbonated (5.8 wt% CO»3)
and ionically substituted (0.7% Na ™, 0.55% Mg> " and 0.03%
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K ™) apatite-like (apatitic) calcium phosphate (CaP).® CPCs
usually contain either o-tricalcium phosphate [o-TCP: o-
Cas3(POy),] or tetracalcium phosphate [TTCP: Cay(PO4),0], or
both, in their powder components. The very first calcium
phosphate cement paste, containing o-TCP, was patented in
1974 by Driskell e al.’ o-TCP and TTCP powders, in their
pure forms, both undergo rapid in situ hydrolysis into crypto-
crystalline, Ca- and OH-deficient (CDHA, calcium-deficient
hydroxyapatite: Cao(HPO,4)(PO4)sOH), upon kneading with
an aqueous setting solution.'®'® The compositions of the com-
mercialized CPCs have been tabulated by Bohner ez al.'”

To simultaneously decrease the setting time of pure
o-TCP'? or TTCP'*!® from about an hour to the vicinity of 9—
14 min and to further increase the compressive and tensile
stren(gth of the set cements, CPC developers [e.g., for Norian
SRS® (DePuy Synthes, West Chester, PA), Calcibon® (Biomet
Deutschland GmbH, Berlin, Germany), Biopex® (Mitsubishi
Materials Corporation, Tokyo, Japan), Rebone® (Shanghai
Rebone Biomaterials Co., Shanghai, China) cements] usually
added CaCOj; (always in calcite form), MCPM [monocalcium
phosphate monohydrate, Ca(H,PO,4),-H,O], DCPD (dical-
cium phosphate dihydrate, brushite, CaHPO4-2H,0), DCPA
(dicalcium phosphate anhydrous, monetite, CaHPO,) or
precipitated HA [hydroxyapatite, Ca;o(PO4)s(OH),]."” The
addition of calcite powder (CaCO;) to CPC formulations, for
instance, of Norian SRS® or Calcibon®, served two purposes:
(1) to help form carbonated CaP in the set cement and (ii) to
participate in the acid—base neutralization reaction with the
acidic calcium phosphate additive (i.e., MCPM, DCPD or
DCPA) to in situ produce nanocrystals of apatitic CaP or
OCP [octacalcium phosphate, Cag(HPO,4)»(PO.)4-5H,0]."

Although the clinically tested CPCs never contained vate-
rite or aragonite instead of the thermodynamically stable and
less soluble calcite in their powder compartments, the experi-
mental synthesis studies of Combes and Rey®>> tested the
physical, chemical and mechanical properties of mixtures of
vaterite with calcium phosphates. The solubility products
(i.e., log Ksp values) of calcite (—8.48 at 25°C and —8.56 at
37°C), aragonite (—8.33 at 25°C and —8.40 at 37°C) and vate-
rite (—7.91 at 25°C and —8.05 at 37°C) are well-known.*’

The interest in the conversion of CaCOs into apatitic CaP
started with the work of Prof. Della M. Roy in the early sev-
enties.>* 2 Roy er al.>>*° investigated the conversion of bio-
genic coral aragonite (Porites) using high temperatures
(140°C-260°C) and high autoclave pressures (550-1055 kg/
cm?) in the presence of acidic [such as, CaHPO, and Ca
(H,POy4),-H,0] and basic [such as, (NH4),HPO,] phosphates,
as well as of sodium or potassium orthophosphates and ace-
tic acid. Hydrothermal reactions were carried out from 12 to
48 h under the above-mentioned experimental conditions.?’
Characterization studies on biogenic coral, nacre, sea shell
and pearl samples having the crystalline phase of aragonite
have been extensive and they are left outside the scope of this
study, as the organic biomolecules present in such biogenic
samples may affect the outcome of in vitro testing performed
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in synthetic solutions such as SBFs. CPC development
studies need high purity synthetic aragonite and cannot use
biogenic aragonites which are forming in the progressively
polluted (with heavy metals and cytotoxic industrial chemi-
cals) seas.

Various aragonite synthesis techniques have been reported,
just to cite a few, by Bragg,?® Backstrom,”” Wray and Dan-
iels, Bills,’! Ota er al.,>? Wang et al.’* Ahn et al*
Thachepan et al.’> Park er al.,>® Beck and Andreassen,’’
Sand et al.,*® and Jiang er al.*®* The homogeneous precipita-
tion method of Wang er al. ** is used in this study to synthe-
size aragonite particles.

There are no literature reports for evaluating the stability
of synthetic aragonite particles, in the absence of any bio-
polymers and biomolecules, immersed in any SBF solution at
37°C. As CaP cement paste, containing CaCOyj in it, will rap-
idly come into contact with the patient’s blood, the cement
paste developer wishes to employ the least stable form of
CaCO;3 in the formulation. The ideal cement formulation
shall immediately start transforming itself into a CaP phase
similar in chemical composition to the bone mineral at the
expense of, for example, a-TCP, CaCO; or brushite present
in it. An SBF solution free of nonmetabolic organics such as
Tris or Hepes is supposed to simulate the blood plasma and
the stability testing of CaCOs; is thus performed in an SBF
solution. Similarly, there are no reports on the direct com-
parison of synthetic calcite, synthetic vaterite and synthetic
aragonite particles soaked in an SBF solution under condi-
tions similar to one another.

The soaking of synthetic*® or biogenic aragonite sam-
ples in PBS (phosphate buffered saline) solutions of pH 7.4
transformed them into apatitic CaP owing to the high concen-
tration (i.e., 440 mM) of phosphorus in such PBS media in
comparison to that present in an SBF solution or human
blood plasma (i.e., 1 mM). PBS solutions could be useful in
converting aragonite completely into apatitic CaP, but not for
testing its surface transformation under physiological condi-
tions. Studies assessing biogenic aragonite samples soaked in
a Tris-buffered (50 mM) SBF solution are not many,** yet
all reported the deposition of apatite on the biogenic arago-
nite surface. Tris is the abbreviation for the organic chemical
tris-hydroxymethyl-aminomethane; (HOCH,);CNH,, which is
not present in the human metabolism. The SBF-testing of
vaterite (deposited on polyethylene and alumina®® or in the
form of composites embedded in a matrix of poly(lactic)
acid*’) and hydrocortisone-impregnated calcite®® was again
performed in the 50 mM Tris-buffered SBF solutions having
a bicarbonate ion concentration of 4.2 mM.

Tris [(HOCH,);CNH,] present in the SBF solution**-*°
received the attention of research as it is able to exert a
strong influence on the extent of mineralization. Tris is
known to form complexes with various cations, including
Ca’>" and Mg>"%" Marques er al.> and Serro and Sarama-
20>® reported that in the Tris-buffered SBF solutions, in
comparison to those which were Tris-free, a fraction of the
Ca®" ions were bound into a stable solution complex and,
consequently, less available to deposit CaP on the immersed
substrates. Moreover, a study by Rohanova et al.>* stated
that the Tris in their SBF solutions was causing an increased
dissolution of the surface constituents of bioglass and glass-
ceramic samples soaked in it and therefore leading to the
premature crystallization of apatite on sample surfaces, tar-
nishing the reliability of in vitro bioactivity tests performed
with such Tris-buffered SBF solutions. The amount of Tris
used in preparing 1 L of an SBF solution was 6.06 g/L
(=50 mM); as this is not a negligible amount, Tris becomes
the third most abundant constituent of the SBF solution,***°
after 142 mM Na " and 148 mM CI .

On the other hand, “lactated Ringer’s injection” contains
28 mM Na-L-lactate for pH stabilization, but not Tris.>
Lactated Ringer’s injection is preferred in hospitals as an
adjunct to the use of whole blood for resuscitation of
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patients in hemorrhagic shock, in addition to its use in soft
tissue injuries, burns and operative trauma.’® An SBF solu-
tion (Lac-SBF) perfectly mimicking the inorganic ion concen-
trations of human blood plasma buffered at pH 7.4 (37°C)
containing 22 mM Na-L-lactate is used in this study. The
same Lac-SBF solution was previously used in testing the
in vitro transformation of brushite at 37°C.%’

This study was designed to test the hydrothermal stability
of synthetic needlelike aragonite particles at human body tem-
perature of 37°C in a Tris-free SBF solution. The Lac-SBF
solution, in contrast to the 50 mM Tris-buffered SBF solution,
perfectly matches all concentrations of the inorganic ions of
human blood plasma. Biphasic calcite-vaterite powders were
also evaluated in the same Lac-SBF solution. Therefore, parti-
cles of calcite, vaterite and aragonite have been tested for the
first time by the same Tris-free SBF solution.

II. Experimental Procedure

The starting chemicals of calcium chloride dihydrate
(CaCl,-2H,0, Thermo Fisher Scientific, Catalog No: C-79,
Waltham, MA), magnesium chloride hexahydrate (MgCl,-
6H,0, Thermo Fisher, No: AC-19753), sodium bicarbonate
(NaHCOs;, Thermo Fisher, No: S-233), and urea [CO(NH,),,
Thermo Fisher, No: U-17] were used in synthesizing the cal-
cium carbonate powders. CaCl,-2H,O, MgCl,-6H,0, NaH-
CO3, potassium chloride (KCI, Thermo Fisher, No: P-333),
sodium chloride (NaCl, Thermo Fisher, No: S-271), sodium
sulfate anhydrous (Na,SO,4, Thermo Fisher, No: S-429),
disodium hydrogen phosphate anhydrous (Na,HPO,,
Thermo Fisher, No: S-374), sodium L-lactate [NaCH;CH
(OH)COO, Sigma-Aldrich, No: L-7022, St. Louis, MO] and
1 M lactic acid solution (C3HgOs3, Fluka Analytical, No:
35202, Buchs, Switzerland) were used in preparing the
Lac-SBF solution.”® Powder synthesis and SBF-immersion
experiments were performed in sterile glass beakers or bottles
using preboiled deionized water (18.2 MQ).

Biphasic calcite-vaterite powders were synthesized by
slowly (5 mL/min) adding a 0.275 M sodium bicarbonate
solution (6.931 g NaHCO; dissolved in 150 mL water) to a
0.25M Ca>* solution (11.026 g CaCl,2H,0O dissolved in
150 mL water) stirred at 1000 rpm in a 600 mL beaker at
room temperature (RT, 22 4+ 1°C). Upon completion of the
bicarbonate addition, the resultant white suspension was fur-
ther stirred at 1000 rpm for 1 h at RT. Precipitates were
recovered by filtration and washed with 1 L of water, fol-
lowed by drying at RT for 72 h.

Aragonite particles were synthesized using two different
procedures; based on a slight modification of the synthesis
process previously described by Wang er al.*®* The first ara-
gonite synthesis procedure consisted of dissolving 3.675 g
CaCl,2H,0 (0.25 M Ca?") and 18.02 g urea (3 M urea) in
100 mL water. The transparent solution was placed into a
100 mL-capacity Pyrex® (Corning Incorporated, Corning,
NY) bottle and kept undisturbed (i.e., no stirring or agita-
tion) in an oven at 90°C for 30 h. The first particles were
observed to form in the bottles after 3 h of an incubation
period. The particles labeled as A-1 were then filtered,
washed with 1 L water, and dried at RT for 72 h.

The second aragonite synthesis procedure consisted of dis-
solving 3.675 g CaCl,-2H,0, 5.083 g MgCl,,6H,O (0.25 M
Mg>"), and 18.02 g urea in 100 mL water. The transparent
solution was placed into a 100 mL-capacity Pyrex® bottle
and kept undisturbed in an oven at 90°C for 30 h. The first
particles started to form after 3 h of an incubation period.
The particles labeled as A-2 were then filtered, washed with
1 L water, and dried at RT for 72 h. Mg>" ions are added
to the synthesis solutions with the intention of stabilizing the
aragonite phase. The procedure presented here for the syn-
thesis of A-2 powders is not previously mentioned in the lit-
erature. Both aragonite syntheses produced approximately
10.5 g of particles in 1 L of their mother solutions.
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The formation mechanism of aragonite particles, via urea
decomposition, was described previously by Wang ef al.,*
and we refrain from repeating it here in detail. To summarize
that mechanism briefly; dissolved urea decomposes, upon
heating, first into ammonium cyanate and then into HCO3;™
and CO;>~ ions accompanied by a release of NHj (g). The
urea decomposition causes: (i) a smooth increase in the car-
bonate concentration of the solution and (ii) the solution pH
to rise monotonically to about 8.5-9. Such a monotonic
increase in solution pH with urea decomposition® would be
quite difficult, if not impossible at all, to achieve by external
additions of basic solutions of, such as, (NH4),CO3;, NaH-
CO3, Na,CO3, NaOH, or KOH.

One liter of the Na-L-lactate/lactic acid-buffered SBF solu-
tion (i.e., Lac-SBF) was prepared by adding the amount of
chemicals shown in Table I, in the order given, to 997 mL of
preboiled deionized water. Small aliquots of 1 M lactic acid
were slowly added using a 1 mL pipette, to gradually
decrease the pH to 7.4, at the final step of solution prepara-
tion. Freshly prepared Lac-SBF solutions had a pH value
(7.40 + 0.01 at both RT and 37°C) similar to that of blood.
Inorganic ion concentrations shown in the last column of
Table I perfectly matched those of the human blood plasma
or extracellular fluid (ECF). Unused portions of Lac-SBF
were stored in sealed and sterile glass bottles in a refrigerator
(+4°C) for a maximum of 3 weeks when not needed.

Biphasic calcite-vaterite powders and aragonite particles
(both A-1 and A-2) were soaked at 37°C (£0.05°C) in
100 mL aliquots of Lac-SBF solutions, in 100 mL-capacity
Pyrex® sealed bottles, for 24, 48, 72 and 96 h periods. Each
bottle contained 800 mg of biphasic calcite-vaterite, A-1 or
A-2 powders. Bottle contents were not stirred or agitated
during the stated soak periods. All supernatant solutions
were carefully decanted and then replenished with unused,
fresh Lac-SBF (preheated to 37°C) at 24 h intervals to par-
tially mimic the blood circulation dynamics of the human
body. Soaked powders were finally filtered and washed with
1 L of water, followed by drying at RT for 72 h. The
amounts of the Lac-SBF-soaked powders obtained were
varying between 770 and 790 mg, indicative of quite small
losses during solution replenishments.

Visual evaluations of the samples were performed by field
emission-scanning electron microscopy (SEM, S-4800, Hit-
achi, Tokyo, Japan), transmission electron microscopy
(TEM, 2010F, Jeol, Tokyo, Japan) and transmitted light
optical microscopy (IX-71, Olympus, Tokyo, Japan). The
samples for SEM analyses were sputter-coated with a 5 nm-
thick layer of Au-Pd alloy prior to imaging at 10 kV. The
TEM samples were first suspended in pure ethanol and then
dried on copper grids prior to imaging at 200 kV. Chemical
analyses of the samples were performed by EDXS (energy-
dispersive X-ray spectroscopy, ISIS software, Oxford Instru-
ments, Oxon, UK) and ICP-AES (inductively coupled
plasma atomic emission spectroscopy, Model 61E, Thermo
Electron, Madison, WI). For the ICP-AES analyses, 20 mg

Table I.  Preparation of 1 L of Lac-SBF*">® Solution

Amount
Chemical (g/L) Ton Concentration (mM)
NaCl 5.2599 Na® 142.0
NaHCO; 22682 Mgt 1.5
KCl 0.3728 + 5.0
MgCly-6H,O  0.3049 Ca’" 2.5
Na,SO, 0.0710 HPO,*~ 1.0
CaCl,-2H,0 0.3675 HCO;~ 27.0
Na,HPO, 0.1419 CI- 103.0
Na-L-lactate ~ 2.4653 SO, 0.5
1 M lactic acid 1.6 mL Ca/P molar ratio 2.5
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portions of powder samples were dissolved in 3 mL of con-
centrated HNOj; solution. Surface areas of powder samples
were determined by five-point BET analysis of the nitrogen
adsorption isotherm obtained at —196°C after degassing
overnight at 30°C (Quantachrome Nova 2000e, Boynton
Beach, FL).

Samples for X-ray diffraction (XRD, D-5000, Bruker, Kar-
Isruhe, Germany) runs were first ground in a mortar. All the
XRD scans (A = 1.5406 A) were performed at 40 KV and
30 mA with a step size of 0.02° and a 5 s count time on a rotat-
ing specimen holder. Samples were also analyzed using Fou-
rier-transform infrared spectroscopy (FTIR, Spectrum One,
PerkinElmer, MA and Nexus 670, Nicolet, Thermo Scientific)
in transmittance and absorbance modes. Powder samples were
mixed with KBr (Sigma-Aldrich, Cat. No: 221864) at the ratio
of 1 mg sample-to-250 mg KBr in a mortar and pressed into
transparent pellets of 7 mm diameter. FTIR data were col-
lected at a resolution of 1 cm™" using 256 scans.

III. Results and Discussion

The SEM photomicrographs of Figs. 1(a) through (c) depict
the morphology of the as-prepared biphasic calcite-vaterite,
A-1 and A-2 aragonite samples, respectively. A-1 and A-2
samples are optically transparent [Fig. 1(d)]. The biphasic
calcite-vaterite powders of this study were synthesized with
the intention of using those as a reference for the aragonite
particles during the Lac-SBF immersion/soaking tests. The
characteristic photomicrograph of the sample shown in
Fig. 1(a) consisted of agglomerated and partially hollow
vaterite spherulites (from 10 to 30 um in diameter) and 15—
20 um-large calcite rhombohedra. The inset of Fig. 1(a)
depicted that (i) the vaterite spherulites were comprised of an
intimate aggregation of smaller spheroidal particles (70—
150 nm in diameter) and (ii) calcite rhombohedra were crys-
tallizing out of vaterite spherulites. The metastable phase of
vaterite can initially form in such aqueous solutions
(HCO; -to-Ca®™ ratio of 1.1) but they are not stable against
calcite crystallization at RT during the course of 90 min of
synthesis.®®! The synthesis of monodisperse spheres®® and
biconvex micropills®® of vaterite was previously described.

The A-1 [Fig. 1(b)] and A-2 [Figs. 1(c) and (d)] aragonite
particles were similar to one another in terms of their dimen-
sions. Although some particles were grown up to 150 pm in
length with a width of 5-10 um, most particles were smaller
than those, with the average lengths varying between 30 and
70 um. In brief, the mean aspect ratio of the particles of A-1
and A-2 aragonite samples was around 10. If we were per-
forming the synthesis reaction at 70°C, instead of 90°C of
this study, the aragonite particles were found to be more uni-
form in size and aspect ratio,®* however, the low temperature
samples contained small amounts of the secondary phase of
calcite. To increase the process yield, the aragonite synthesis
procedure of this study significantly increased the urea con-
centration (from 0.75 to 3 M) and the reaction time (from 1
to 30 h) at 90°C in comparison to the original urea decom-
position method reported by Wang er al.**

FTIR and XRD data of the as-prepared biphasic calcite-
vaterite and aragonite samples (both A-1 and A-2) are shown
in Figs. 2(a) through (d). The IR bands of the biphasic calcite
(e.g., 713 cm™ -vaterite (e.g., 745 cm ') sample [Fig. 2(a)]
conformed well to the FTIR evaluation of Andersen and
Krali® on biphasic calcite-vaterite mixtures.

Analyses of the XRD data of the biphasic calcite-vaterite
mixtures [Fig. 2(b)] indicated the presence of rhombohedral
calcite (space group R-3c, 167) with,the hexagonal lattice
parameters of a = 4.99 and ¢ = 17.06 A (ICDD PDF 5-0586)
and hexagonal vaterite (space group P6z/mmec, 194) having
the lattice parameters of @ = 7.147 and ¢ = 16.93 A (ICDD
PDF 33-0268 or 60-0483). The direct determination of the
volume percentage of calcite in such mixtures using the XRD
peak intensities could be misleading as there happens to be a
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Fig. 1. Photographs of (a) calcite-vaterite, (b) A-1, and (c—d) A-2 samples.
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apatitic CaP globules; (¢c) FTIR and (d) XRD data of biphasic calcite-vaterite in Lac-SBF, 1: vaterite, 2: calcite peaks.

significant difference between the crystallinity of precipitated
calcite rhombohedra and vaterite spherulites. Such determi-
nations could be performed by preparing known quantities
of physically mixed pure calcite and pure vaterite powders,
followed by a number of XRD runs. The presence of distinct
calcite rhombohedra and vaterite spherulites in the sample of
Fig. 1(a) and Figs. 2(a) and (b) was sufficient for our pur-
poses, as the next step of this study would only examine the
apatitic CaP-inducing ability of such rhombohedra and
spherulites at 37°C in a Tris-free SBF solution.

FTIR [Fig. 2(c)] and XRD [Fig. 2(d)] data of A-1 and A-2
samples were quite similar to one another and they indicated
the presence of single-phase orthorhombic aragonite (space
group Pmcn, 62) with the lattice parameters of a = 4.962,
b =17.968, ¢ = 5.744 A (ICDD PDF 41-1475). Infrared bands
of aragonite shown in Fig. 2(c) match those reported by
Andersen and Brecevic.®® Both samples had a BET surface
area of 0.3 m?/g. The EDXS analyses performed on the A-2
sample, which is produced in an equimolar (0.25 M each)
Ca®"-Mg®" solution, failed to detect any magnesium in the
A-2 aragonite particles. ICP-AES analyses, on the other
hand, revealed the presence of 1050 + 30 ppm magnesium in
the A-2 samples. The sample characterization procedures of
this study were not able to determine the fractions of surface
adsorbed and lattice incorporated magnesium found in the
A-2 samples. Koga and Nishikawa®’ reported the presence of
4200 ppm magnesium in coral aragonite. While the coral
skeletons are formed in seawater rich in Mg®>" (ie.,
55 mM®®), over an extended period of time, the A-2 synthesis
procedure of this study was able to incorporate magnesium
into the aragonite particles in a relatively short period of
time of 30 h at 90°C.

The Lac-SBF solution, without using an excessive amount
of Tris (50 mM) as the conventional SBF solutions do, per-
fectly matches the inorganic ion concentrations of blood
plasma, and Lac-SBF is used to evaluate the response of

CaCOj3 powders to an inorganic solution mimicking blood
plasma under the biomimetic conditions of 37°C and pH 7.4.
It was difficult to spot any apatitic CaP globules on biphasic
calcite-vaterite samples soaked in the Lac-SBF solution for
24 and 48 h. However, those apatitic CaP globules started to
slowly form only on vaterite spherulites of the 72 h sample
and grew more in the 96 h sample, as shown in the SEM
images of Figs. 3(a) and (b). Surfaces of calcite rhombohedra
remained clear of any such globules. Ikoma e al. * reported
the complete covering of calcite surfaces by apatitic CaP
globules only when they used a special Tris-buffered solution
(of pH 8, but not 7.4) containing only 2.5 mM Ca®", 1 mM
HPO4>~, 284 mM Na™ and 296 mM Cl~. Kim and Park,*
on the other hand, reported that pure calcite rhombohedra
soaked in a 1.5x Tris-SBF solution for 48 h (at 37°C) only
exhibited a very small amount of apatitic CaP globules form-
ing on their surfaces.

The characteristic phosphate band observed at around
1030 cm ! in the FTIR spectra of Fig. 3(c) proved the CaP
formation. XRD traces of the Lac-SBF-soaked biphasic cal-
cite-vaterite samples were not able to show any apatitic CaP
peaks. XRD could not show any peaks (for instance the one
at 25.89° 20 for the (002) reflection of apatite) for such apat-
itic CaP globules of quite low crystallinity. Only the XRD
traces of samples remaining in any SBF solution for several
weeks would then exhibit low intensity peaks for the (002)
reflection of apatite;™ it is a matter of maturation of either
amorphous or cryptocrystalline CaP initially forming at the
human body temperature (37°C) in such physiological solu-
tions. The morphology of the apatitic CaP globules of
Fig. 3(b) resembled those formed in the SBF solution on
metals, ceramics and polymers.*’

If the apatitic CaP globules were first forming in the Lac-
SBF solution and then simply precipitating on the available
surfaces as a result of gravitational sedimentation, then the
surfaces of the calcite rhombohedra should have been cov-
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Fig. 4. (a), (c) and (e): SEM images of A-1 aragonite particles soaked in Lac-SBF for 48, 72 and 96 h, respectively; (b), (d) and (f): SEM
images of A-2 aragonite particles soaked in Lac-SBF for 48, 72 and 96 h, respectively.

ered with those as well. Therefore, this hypothesis is simply
negated by the SEM images of Figs. 3(a) and (b). The calcite
rhombohedra did not have the apatitic CaP-inducing ability,
up to the end of the first 96 h in Lac-SBF at 37°C, in direct
comparison to the co-existing vaterite spherulites. The Lac-
SBF solution had the unique property of being free of any
Tris-buffer. Therefore, it was free of any complications
reported by Rohanova er al.>* It may be speculated that the
surfaces of calcite rhombohedra remain thermodynamically
stable and do not release any Ca’" to tip over the delicate
molar balance of Ca®*/HPO4>~ of 2.5 of the Lac-SBF solu-
tion. The difference in the log Ksp values of calcite (—8.56)
and vaterite (—8.05) has been mentioned above. The first
important finding of this study is that the calcite rhombohe-
dra in the biphasic calcite-vaterite samples do not have the
apatitic CaP-inducing ability during their first 96 h of stay in
the Lac-SBF solution.

SEM photomicrographs of Fig. 4 present a direct compar-
ison of A-1 (pure) and A-2 (with 1050 ppm Mg) aragonite
particles as a function of soaking time in Lac-SBF at 37°C.
A-1 and A-2 samples soaked for 24 h did not display any
noticeable change in particle morphology from those shown
in Figs. 1(b) and (c).

Carnation-like deposits of CaP formed on the surfaces
of both A-1 and A-2 aragonite samples started to form

somewhere between 24 and 48 h of soaking in the Lac-SBF
solution. The vaterite spherulites of the biphasic calcite-vate-
rite samples, on the other hand, started to form globular
deposits on their surfaces sometime between 48 and 72 h of
stay in the same solution. The second important finding of
this study was that the vaterite spherulites present in a bipha-
sic calcite-vaterite sample were more sluggish, in comparison
to aragonite particles, to react with the physiological solution
at 37°C during the first 48 h of immersion.

The globular deposits of CaP seen on vaterite spherulites,
after 96 h at 37°C, in Lac-SBF [in Fig. 3(b)] are quite differ-
ent in morphology from the carnation-like CaP deposits
observed on the aragonite samples of 96 h [Figs. 4(e) and
(f)]. The same physiological solution used for evaluating the
biphasic calcite-vaterite and synthetic aragonite samples
seemed to be sensitive to the surface it is acting on and
seemed to change the morphology of the CaP formed. The
carnation-like deposits observed on the aragonite samples
was shown to originate from the solid surface and growing
toward the solution side (insets of Fig. 4).

FTIR and XRD data of the A-1 and A-2 aragonite parti-
cles soaked in the Lac-SBF solution at 37°C are presented in
Fig. 5. The FTIR data of Figs. 5(a) and (b) were collected in
the absorbance mode with a different spectrophotometer so
that they look a bit different from the IR traces shown in
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Fig. 5.
aragonite soaked in Lac-SBF at 37°C, respectively.

Figs. 2 and 3 (transmittance mode). However, the data
collection mode did not affect the information gathered. Both
A-1 and A-2 aragonite samples displayed the characteristic
1030 cm ™' phosphate bands in their FTIR data [Figs. 5(a)
and (b)], starting from the 48 h samples. XRD traces of both
A-1 and A-2 [Figs. 5(c) and (d)] did not display the (002)
reflection of apatite at 25.89°20, meaning that those carna-
tion-like apatitic CaP deposits of Fig. 4 were of quite low
crystallinity. Mg-doped (1050 ppm) aragonite samples (i.e.,
A-2) were stable against transformation into calcite in the
Lac-SBF solution [Fig. 5(d)]. Pure aragonite samples (A-1)
partially transformed into calcite [Fig. 5(c)] at some time
between 48 and 72 h of immersion in the Lac-SBF solution.
This has been the third significant finding of this study. The
observation was that synthetic aragonite can be stabilized by
small amounts of Mg doping as, for instance, biogenic coral
skeletons and sea shells are able to accomplish.®’

A robust method to assess the extent of carnation-like
apatitic CaP formation on the aragonite particles, as a func-
tion of immersion time in the Lac-SBF solution at 37°C, is
the measurement of the BET (Brunauer-Emmett-Teller) sur-
face area. The as-prepared A-2 aragonite particles [Figs. 1(c)
and (d)], which are stable against undesired calcite formation
in the Lac-SBF solution, were found to have a BET surface
area of 0.3 m?/g. This value did not change at all after 24 h
of immersion in the Lac-SBF solution; however, it first
increased to 0.79 m?/g after 48 h and then to 1.98 m?%/g at
the end of 96 h [Fig. 4(f)]. In other words, the BET surface
area of the A-2 aragonite (with 1050 ppm Mg) particles
increased by 560% after 4 d in the Lac-SBF solution.
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(a) and (b): FTIR data of A-1 and A-2 aragonite soaked in Lac-SBF at 37°C, respectively; (c) and (d): XRD traces of A-1 and A-2

TEM photomicrographs of Fig. 6 shed light on the crys-
tallinity of the carnation-like apatitic CaP deposits formed
on A-2 aragonite (with 1050 ppm Mg) samples soaked in the
Lac-SBF solution for 96 h at 37°C. Figure 6(a) shows one of
such deposits at low magnification and indicate two points of
interest for further study. The first area, labeled 1 in
Fig. 6(a), turned out to be completely amorphous [Fig. 6(b)].
The second area, labeled 2 in Fig. 6(a), was of very low crys-
tallinity [Fig. 6(c)]; such materials may be called to be cryp-
tocrystalline. The passage from a completely amorphous to a
cryptocrystalline material, in moving from the solution-side
to the particle-side of the shown deposit represents a process
of maturation taking place in the physiological solution of
this study. The solution-side (or edge) of that deposit
[Figs. 6(a) and (b)] denotes the newly-formed apatitic CaP.
The parts of the same deposit which is located nearby that
large aragonite particle (seen black in Fig. 6(a) due to its
thickness) represent the first-formed apatitic CaP. Physiologi-
cal solutions, such as Lac-SBF, which contain 25-27 mM
HCO; ™, 142 mM Na®, 25 mM Ca’*, 1.53 mM Mg>",
1 mM HPO4>~, and 103-125 mM CI~ have been reported to
form amorphous CaP at 37°C and pH 7.4, but not crystalline
hydroxyapatite.”

Uan er al.”* observed the formation of aragonite (together
with minor amounts of calcite) when testing the corrosion
resistance of AZ91D (Mg-9 wt% Al-1 wt% Zn)-type Mg
alloys in a Tris-SBF solution, noting the role of Mg in favor-
ing the aragonite formation over calcite. Cheng et al.”® noted
that at low concentrations (<24 mM), Mg is dble to
modify the habit to form calcite with a rhombohedral shape;
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Fig. 6. (a) Low magnification TEM photomicrograph of a
carnation-like apatitic CaP deposit formed on the surface of an A-2
aragonite (w/1050 ppm Mg) particle soaked in Lac-SBF for 96 h at
37°C; (b) point 1 of (a) with its selected area electron diffraction
(SAED) image in the inset; (c) point 2 of (a) with its SAED.

while at higher concentrations, approaching that of seawater
(55.5 mM), the calcite would be mostly inhibited, thus
enabling the formation of aragonite for coral skeletons and
sea shells. As Mg®™ ions are strongly hydrated, they disturb
the growth of calcite nuclei such that Mg-stabilized aragonite
is preferentiall;l precipitated rather than calcite if [Mg>]:
[Ca’"] >4:1.7%75 Ca®>" concentration of modern seawater is
10.8 mM:;®® therefore, this ratio is always greater than 5 in
aqueous media in which coral skeletons (having 4200 ppm
Mg®”) and sea shells are formed.

The preferred morphology of a crystal (such as calcite,
vaterite or aragonite) is usually determined by the surface
energy and the related growth rate of various crystallo-
graphic planes. Calcite rhombohedra (with a theoretical
density of 2.711 g/em?) almost always expose their hydrated
(10.4) planes of lowest free energy, which are oxygen termi-
nated surface planes.”®’” Vaterite (2.665 g/cm®) and arago-
nite (2.927 g/em®) crystals, on the other hand, typically
present their low surface free energy (010) planes and both
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of these (010) vaterite and aragonite planes are Ca termi-
nated planes. Interestingly, all other possible surface planes
of vaterite and aragonite are also Ca-terminated planes.”®
The oxygen terminated (10.4) surface planes of calcite
rhombohedra most probably explain their inability to
induce apatitic CaP formation [Figs. 3(a) and (b)], as the
CaP formation in SBF solutions require the localized
disturbance of the Ca/P molar ratio (2.5, also that of the
human blood) of the solution by the release of Ca*>" ions
from the solid surface. In human metabolism, on the other
hand, the presence of blood glycoproteins (e.g., Fetuin-A)
prevents the pathological calcium phosphate nucleation all
over the body by forming nanosize calciprotein particles.’”®

The use of calcite as an additive in calcium phosphate
cements (CPCs), such as Calcibon®, Biopex®, Rebone® and
Norian SRS®, is designed for the rapid acid—base neutraliza-
tion reaction to take place between particles of calcite and
one of the mildly acidic calcium phosphate (e.g., brushite or
monetite) also present in the above-mentioned cement formu-
lations. When this happens to be the case, the careful selec-
tion of CaCO; from calcite, vaterite, or aragonite
unfortunately became irrelevant as the acidic CaP component
of the CPC would instantly react with any such form of
CaCOs; present in the cement powder and dissolve it to
locally form seed crystals of apatitic and carbonated CaP.
This study has shown that needles of aragonite and spheru-
lites of vaterite are able to form, by themselves, apatitic CaP
on their surfaces at pH, ionic environment and temperature
conditions similar to those of the human body. Such Mg-
doped aragonite particles can be combined with Zn- and/or
F-doped amorphous CaP powders’** to develop a new fam-
ily of resorbable cement pastes or inorganic bio-inks suitable
for 3D printing applications.

Oral and orthopedic surgeons need resorbable CPCs. The
resorbability of implantable bioceramics, such as CaCOs,
HA or B-TCP [B-tricalcium phosphate, B-Ca3(PO,),], can
only be tested by osteoclast cells, and by further in vivo and
clinical studies. In a healthy human, the old bones are first
eroded by the osteoclast cells and the erosion pits created by
osteoclasts are then filled with new bone deposited by the
osteoblast cells; this well-orchestrated process happens on a
daily basis. Monchau e al®' studied the in vitro resorption
of the surfaces of all three of the above bioceramics using
human osteoclast cells, quantified the zones of degradation/
erosion (in pm?) after 48 h of osteoclast culture, and
reported that CaCO; has the highest (7521 ym?) and B-TCP
has the lowest (2939 um?) degraded surface. This is the only
study in literature that simultaneously compared these bioce-
ramics using osteoclasts. However, the high resorbability of
CaCO; was not surprising and was expected. Implanted
bioceramics must be replaced with new biological bone for-
mation in less than a year and such bioceramics should not
remain in tissues as nonabsorbable materials.

Osteoclast cell culture studies on Mg-doped and pure syn-
thetic aragonite are needed to further assess the viability of
using synthetic aragonite powders in new CPC formulations.
Geblinger et al.® studied the resorption of calcite using the
osteoclast cells and reported that the surface roughness and
nano-topography of the calcite surface affects the size and
shape of the erosion pits. In a study of the osteoclastic
resorption of nacre-type aragonite (from oyster mother of
pearl) in direct comparison to bovine cortical bone, Duplat
et al.®® observed osteoclastic resorption of nacre. Fricain
et al.®* tested porous coral aragonite and porous calcite
(obtained by heating the former at 500°C for 15 h in air)
using bone marrow cells and found that both aragonite and
calcite samples produced similar cell proliferation patterns
and similar alkaline phosphatase (ALP) activity values. Even
though a significant number of in vivo studies™ * were also
performed with coral- and nacre-type biogenic aragonite, we
were not able to spot any in vitro or in vivo studies
performed on synthetic aragonite; possibly indicating a
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surprising lack of interest in synthetic aragonite in hard tis-
sue repair and bone tissue engineering applications.

IV. Conclusions

Tris [(HOCH,);CNH,], which is not found in human blood
or metabolism, has been commonly used (at a high concentra-
tion of 50 mM) to buffer conventional SBF (simulated/syn-
thetic body fluid) solutions at pH 7.4 and 37°C. This study
reached the below conclusions using a Tris-free, Na-L-lactate
(22 mM)-buffered Lac-SBF solution to test the hydrothermal
stability of all three crystalline polymorphs of calcium car-
bonate, namely, synthetic calcite, vaterite, and aragonite.

1. The surfaces of calcite rhombohedra, present in a
biphasic calcite-vaterite sample, remained completely
inert to the Lac-SBF solution even after 96 h of
immersion at 37°C.

2. Vaterite spherulites, present in a biphasic calcite-vate-
rite sample, accrued on their surfaces a significant
amount of apatitic CaP globules between 72 and 96 h
of immersion in the Lac-SBF solution at 37°C.

3. Needle-like synthetic aragonite particles doped with
1050 ppm Mg remained stable against calcite crystalli-
zation during the 96 h of immersion in the Lac-SBF
solution, whereas pure aragonite particles partially
transformed into calcite starting after the 48th h.

4. The BET surface areas of Mg-doped aragonite parti-
cles increased by about 560% (from 0.3 to 1.98 m?/g)
upon 96 h of immersion in the Lac-SBF solution at
37°C.

5. Both pure and Mg-doped synthetic aragonite particles
formed carnation-like amorphous CaP deposits on
their surfaces starting between 24 and 48 h of immer-
sion in the Lac-SBF solution at 37°C, whose morphol-
ogy was different from those deposited on the surfaces
of vaterite spherulites.

6. Synthetic aragonite, in comparison to calcite, is not
inert to a physiological solution, such as Lac-SBF, per-
fectly mimicking the pH, temperature and inorganic
ionic environment of the human blood plasma.

Notes

Certain commercial instruments or materials are identified in
this article solely to foster understanding. Such identification
does not imply recommendation or endorsement by the
authors, nor does it imply that the instruments or materials
identified are necessarily the best available for the purpose.
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