¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Mimicking bone—metal exchanges with synthetic

’ '.) Check for updates ‘
nanocrystalline apatitest

Cite this: Mater. Adv., 2020,

1, 3292 Jingxian Wang, Damien Bourgeois

* and Daniel Meyer

Deciphering the mechanisms of metal exchanges between blood plasma and bone requires the reproduction
of this complex physicochemical system: bone mineral is a poorly crystalline non-stoichiometric apatite,
in equilibrium with blood plasma, a supersaturated calcium phosphate solution. Careful control of
synthesis of nanocrystalline apatites possessing similar structural features as bone mineral, followed by
preliminary contact with adequate buffered solution enabled the set-up of in vitro experiments that can
account for solid/liquid exchange under biomimetic conditions. The interaction between uranium(v) and
bone mineral was studied according to this model, and the results obtained are in full agreement with
available biological data, and demonstrate that existing information using crystalline apatites is not relevant.
Uranium accumulation in bone is thus not the result of the precipitation of a uranium phosphate phase, but
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is due to simple diffusion into the surface amorphous layer, which can be described as physical sorption
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Introduction

Bone is a sophisticated organ, highly vascularized, and perma-
nently regenerating through dissolution-mineralization cycles
in which various bone cells intervene.! Apart from supporting
the body and assuring its shape, the skeleton has several
functions, including the storage of minerals.” This essential
well-known function enables calcium and magnesium storage
and release according to metabolic needs for these elements.
Less often mentioned is the aptitude the skeleton to store and
release essential oligo elements such as zinc, and to immobilize
unwanted exogenous metals.>* Chemical poisons such as lead
or uranium, or radiological poisons such as plutonium and
americium, can be sequestered in a stable matrix preventing
further damage to soft organs such as the brain (lead), kidneys
(lead and uranium) or liver (plutonium and americium).”®
Bone is composed of mineralized apatite, and organic macro-
molecules, mostly type I collagen.” The bone mineral is a non-
stoichiometric poorly crystalline carbonated apatite.® Several
studies have proven that a hydrated amorphous layer is present
on the surface of biological bone mineral,” and is the place for
ion exchange in bone with basic ions (Ca®*, Mg>*, CO;*",
HPO,>", etc.).'®'" This amorphous layer is labile and hydro-
philic, and very difficult to analyze directly. Thus it is not fully
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understood, and difficult to model. As a consequence, the
understanding of chemical mechanisms associated with the
biological functions of bone mineral often relies on synthetic
apatite, instead of real bone samples. This approach also avoids
the variability of biological systems according to species, gen-
ders, etc. which necessitates the use of multiple replicates
in animal studies. In order to mimic biological functions,
synthetic apatite should lead to results similar to those observed
in biological systems.'> The simplest approach lies in the pre-
paration of minerals with a structure analogous to bone minerals.
However, chemical reactivity also has to be considered.

In vivo, the accepted mechanism for exchange of common
cations from plasma to bone is considered to involve diffusion
into the amorphous layer eventually followed by further diffu-
sion into the bone apatite crystal. The latter step depends on
metal size and valence of the considered cation. More precisely,
several elementary steps can occur, such as chemical complexa-
tion and surface sorption on the mineral surface, ion exchange
with calcium, in the hydrated layer and/or within the apatite
lattice, and precipitation of a poorly soluble compound.**°
Detailed in vitro study of the effect of an exogenous cation
requires a well-defined chemical system in which solid and
liquid phases are in equilibrium, similar to bone, which is
continuously irrigated by blood plasma. Considering bone-
blood exchange, such a chemical system is difficult to obtain
as blood plasma is a supersaturated calcium phosphate and
carbonate solution, and bone mineral is a hierarchical assembly
of fragile poorly crystalline nanoparticles.

In this paper, a general methodology for the in vitro study of
metal exchanges between blood plasma and bone is described.

This journal is © The Royal Society of Chemistry 2020
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The approach is motivated by the need for detailed studies
on exchange mechanisms between the bone apatite and
uranium(vi) under physiological conditions.”® Uranium ions
have some detrimental effects on our environment and
health,"""> and they have been the object of several studies,
analyzed in detail by environmental agencies of different
countries.">'” Furthermore, there is no satisfactory treatment
of contaminated persons yet.'® Kinetics and thermodynamics
of metal exchange are key to envision the decorporation of an
exogenous metal after contamination.'® Apatite minerals are
known for their high affinity for numerous metals including
uranium(vi).>>*' They have been proposed as remediation
materials in the case of water contaminated with uranium(vi).>>**
There are three mechanisms proposed to describe uranium
exchange with apatite minerals: (1) apatite dissolution and
uranium containing phase precipitation, such as chernikovite,
(H30)2(UO,),(PO,),-nH,0 and autunite, Ca(UO,),(PO,),-nH,0;
(2) ion exchange of uranyl cation UO,>* with Ca**; and (3)
uranium(vi) complexation and sorption at the mineral
surface.?* However, all these mechanisms were not established
under conditions extrapolatable to physiological ones. These
conditions are very important in the case of uranium(vi)
because the speciation of this metal is strongly influenced by
ions®® and proteins®**’ present in biological media: in the
presence of uranium(vi), carbonate ions lead to the formation
of soluble complexes, whereas phosphate ions leads to
precipitates.”®*® In addition, the apatite in the above presented
models is crystalline apatite, which has different features from
bone matrix mineral, and especially does not possess a distinct
surface layer.

Carbonated nanocrystalline apatites (NCAs) have been
proposed as a bone mineral surrogate for in vitro studies,
including sorption of bis-phosphonates and nucleotides at
physiological pH.>*>* The direct adaptation to uranium(vi) of
the proposed experimental set-up led to complete uranium(vi)
sorption within a few minutes, in total disagreement with the
distribution of uranium in the body after contamination.?*?3*
Based on this intriguing result, we embarked on a precise
description of the chemical behavior of NCAs prepared
according to the well-established wet precipitation methods
mentioned above.?! By varying precipitation parameters, and
including a maturation period,*® various apatites were obtained.
These apatite samples were fully characterized by transmission
electron microscopy (TEM), powder X-ray diffraction (PXRD) and
Fourier-transform infrared spectroscopy (FT-IR), and used in
exchange experiments. In a first step, we detailed the dynamic
equilibrium with calcium and phosphorous from the blood
plasma with the bone mineral surrogates at physiological
pH = 7.4. This step led to the development of a so-called
“pre-equilibration” step, which plays a crucial role on adjusting
the apatite surface ions. Afterwards, the kinetics and thermo-
dynamics of equilibrium between pre-equilibrated apatites
and solutions containing carbonated uranium(vi), as well as
calcium and phosphate ions, have been studied, and an
exchange mechanism under conditions mimicking the physio-
logical ones is proposed.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Apatite synthesis conditions, specific surface from BET and mean

crystal sizes calculated from PXRD (NA: not applicable, ND: not
determined)
Mean
crystal
Synthesis conditions size (A)
Addition Maturation Specific
Sample duration duration surface (m> g ') (002) (130)
NCA-ref-young 1 min 1 day 202 £ 20 135 60
NCA-modif- 30 min 1 day 247 + 25 125 35
young
NCA-modif- 30 min 30 days 223 £ 22 180 50
mature
ACC NA NA ND 270 65

Results and discussion
Solid characterization and chemical composition

The synthetic apatite samples employed in the study are listed
in Table 1. As described before, we prepared nanocrystalline
carbonated apatites (NCAs) according to the procedure reported
in the literature."™*" In this procedure, a calcium containing
solution is rapidly added to a phosphate containing solution.
A precipitate appears instantaneously, and the resulting mix-
ture is left to stand for 1 day or 30 days in order to obtain NCA
mimicking, respectively, the young and mature bone mineral
(NCA-ref samples). The experimental procedure has been chan-
ged by the controlled slow addition of the calcium solution
(NCA-modif samples), after facing reproducibility issues in
exchange experiments employing the NCA-ref samples. Mod-
ification of the addition rate of reagents during preparation of
nanocrystalline apatites through wet precipitation is a classical
approach that has been previously employed in order to modify
the physicochemical features of the nanocrystalline apatites.*®
To our knowledge, such an approach has never been reported
for NCAs. The newly prepared NCAs were thus fully character-
ized and compared to biomimetic apatite-collagen complex
(ACC), prepared by slow growth of apatite on collagen-coated
glass slides. Latter samples have been proven to possess similar
features to bone mineral.?” Furthermore, they have been suc-
cessfully used to mimic bone matrix in cell cultures,*® also in
the presence of exogenous metals such as uranium.?® But it is
impossible to use ACC mineral for systematic chemical experi-
ments, as the mineral quantity obtained through this method is
very low (max 5 mg per glass slide), and attached to a glass
slide (microscope cover slip) through a collagen layer. It was
possible however to recover few mg through scratching with a
razor blade, in order to compare synthetic apatite samples with
ACC. Characterization of the presented samples is focused on
physical and chemical data relevant to solid/liquid exchanges
in solution. ACC mineral is a very good reference, although
more recent methods have been proposed in order to prepare
calcium phosphate biomaterials and develop the biological
understanding of apatites.*’

In Fig. 1, PXRD highlights the sole presence of a crystalline
apatite phase (PDF file 01-079-5683) in all the samples, without

Mater. Adv., 2020, 1, 3292-3301 | 3293
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Fig.1 PXRD patterns of apatite samples employed in the study, with
comparison with commercially available crystalline hydroxyapatite
(Cryst-HA). Diffraction peaks are indexed to a hexagonal hydroxyapatite
structure (PDF file 01-079-5683); s denotes peaks due to the sample
support.

showing the other carbonate phase. Similar to ACC, all syn-
thetic NCAs are poorly crystalline materials, with the strong
characteristic diffraction lines at 26 = 31.8° (2 1 1), 32.2° (1 1 2)
and 32.9° (3 0 0), well visible on a crystalline sample (Cryst-HA,
commercially available), merging to a broad peak from 30° to
33.5°. The mean crystal sizes have been estimated from (002)
and (130) lines according to the Scherrer equation, and are
given in Table 1. ACC and synthetic NCAs have nano-scale sizes
and exhibit an elongated crystal shape along the c-axis. As
expected, NCA-modif-mature has a larger crystal size than
NCA-modif-young, suggesting that the maturation is not altered
by the rate of precipitation.

Morphology of the samples was characterized using TEM
and data are shown in Fig. 2. Biomimetic ACC is composed of
long plate-like nanocrystals with dimensions of about 60 nm x
30 nm x 4 nm, close to those of natural bone apatite. Synthetic
NCAs also present this plate-like morphology. NCA-ref-young
and NCA-modif-young have similar particle sizes, about 30 nm
x 15 nm x 4 nm. This shows that the speed of addition of the
calcium solution does not significantly affect the particle size.

(a) NCA-modif-young 3

,-NCA-ref-young
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In agreement with PXRD data, NCA-modif-mature is composed
of particles of larger dimensions than those of the young
samples, but still smaller than those of the ACC samples.
This further confirms that apatite gradually crystallizes during
maturation. The dimensions of particles obtained from TEM
are larger than those determined by PXRD analysis. This
difference is in full agreement with previously reported
data,® and is attributed principally to the presence of the
hydrated layer, visible on TEM images, but not detected by
X-ray diffraction. The specific surface areas of synthetic NCAs
determined using the Brunauer-Emmett-Teller (BET) method
(N, adsorption) are also reported in Table 1. The ACC sample
could not be analyzed using BET as the available quantity is
too low. As expected, the surface area of all the samples is
inversely proportional to the average particle size. The specific
surface areas of all NCAs are close to 200 m* g™, in full
agreement with previous reports.” Matured apatite has a more
ordered crystal domain, and accordingly slightly lower surface
area than young apatite. Therefore, the use of modified
synthetic NCAs to represent bone apatite seems appropriate
as these have analogous physical features to bone mineral,
and are easy to prepare on a large scale, in a reproducible
manner.*"

The chemical compositions of the different apatite samples
are listed in Table 2. Calcium and phosphorus contents were
determined through elemental analysis (ICP-OES) after total
dissolution of solid in 10% nitric acid. The carbonate content
was evaluated using FTIR (Fig. 3(a)), based on the area ratio
between v;(CO;) and v,v5(PO,) absorbance bands.**** Accord-
ing to this reported methodology, the 1;(COj;) contribution
was integrated from 1570 to 1330 cm '. The vv5(PO,) was
integrated from 1230 to about 900 cm™*. The local minimum
around 900 cm ™' was selected as the lower limit for each
apatite spectrum. The carbonate content was then calculated
according to eqn (1):

area v3(CO;)

t% CO;3 = 28.62 x ————"
Wi 3 x area v1v3(POy)

+0.0843 (1)
As shown in Table 2, the Ca/P ratios of synthetic NCAs
were found between 1.5 and 1.7, while the Ca/(P + C) is around
1.4-1.5, indicating the non-stoichiometry of the synthetic
apatite. The rate of addition of the calcium solution in the

Fig. 2 TEM images of synthetic apatites (a) NCA-modif-young; (b) NCA-ref-young; (c) NCA-modif-mature; (d) biomimetic apatite ACC, purchased

stoichiometric apatite.
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Table 2 Chemical analysis of synthetic CA, biomimetic ACC and theoretical stoichiometric hydroxyapatite

Sample Ca (Wt %) P (wt %) CO; (Wt %) Ca/P Ca/(P + C)
NCA-ref-young 33.86 4 0.24 16.71 £ 0.19 3.2 1.57 1.43
NCA-modif-young 31.84 £+ 0.27 15.03 £ 0.19 3.2 1.64 1.47
NCA-modif-mature 32.78 + 0.41 15.11 £ 0.12 5.3 1.68 1.42
ACC 29.28 £+ 0.20 14.41 £+ 0.15 1.7 1.57 1.48
Stoichiometric HA 39.89 18.50 0 1.67 1.67

wet precipitation method does not affect the carbonate content,
and the carbonate content increased during maturation. It
has been reported that bone mineral and wet synthetic apatite
are non-stoichiometric due to lattice substitution and ion
vacancies, and to the non-apatitic environment on the apatite
surface.** Bone mineral is composed of an apatitic core and
non-apatitic surface layer, around 55% versus 45% volume
fraction, respectively.”> The non-apatitic layer is amorphous
calcium phosphate, and contains phosphate, hydrogenopho-
sphate, carbonate and calcium ions.’ Additionally, CO;>~
and HPO,>” are also present in the crystalline apatite
domains.” In the FTIR spectra, the non-apatite layer is identi-
fied by the labile CO;, HPO, and PO, groups, well visible

as shoulders at 866 cm™" in the 1,CO; domain, 530 cm™" and
v,v3(PO,)
a B
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Fig. 3 (a) FTIR spectrums of different apatite samples: NCA-ref-young,

NCA-modif-young, NCA-modif-mature and HA-ref. The 13(COs) and
r3(PO4) absorbance areas for carbonate content calculation are indi-
cated by shadows; (b) the v4,PO,4 domain and the labile HPO,4 absorption
at 530 cm™L.
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617 cm™ " in the v,PO, domain, respectively.>® Here the v,PO,
domains of different apatites were compared (Fig. 3(b)). All
synthetic NCAs display an apparent shoulder at 530 cm ™" from
labile HPO,>~ adsorption. This confirms the presence of the
non-apatitic environment. NCA-modif-young has a smaller
labile HPO,>~ adsorption band than NCA-ref-young, showing
that the labile environment decreases upon increase of the
calcium solution addition duration. Afterwards, during matura-
tion, the further decrease of labile HPO,> is associated with
increasing CO;>~ content, which is associated with apatite
domain growth. According to the literature,”'° labile HPO4*~
is substituted by CO;>~ firstly in the non-apatitic layer, and
then CO;>~ progressively enters the apatite lattice during
apatite maturation.

Set-up of pre-equilibration procedure for solid/liquid exchange

Before examination of other ions, the evolution of calcium and
phosphate ions when NCAs are immersed in Tris buffer
solution at pH = 7.4 was analyzed. Total calcium content (Ca)
and phosphorus (P) content in solution were monitored, with
no consideration of the precise speciation of these elements. It
is supposed that calcium is mostly present as Ca** ions, and
phosphorus as H,PO,” and HPO,>” ions. Whatever is the
sample considered, as soon as the solid contacts the liquid,
both Ca and P are released from solid into solution, then Ca
and P concentrations do not significantly evolve and slowly
stabilize within 1 hour. Equilibration between solid and liquid
is expected, and dissolution of the solid phase is very rapid
(less than 1 min), presumably because of its nm-size. Although
no data regarding the dissolution of NCAs into buffered
solution are available to our knowledge, the Ca and P concen-
trations observed are well in agreement with numerous avail-
able data on calcium phosphate phase dissolution.’® Ca and
P concentrations found are in the mM order of magnitude,
which is fully compatible with the occurrence of amorphous
calcium phosphate, and well above theoretical concentrations
that would arise from dissolution of a pure hydroxyapatite
phase. In other words, the resulting solution is supersaturated
regarding hydroxyapatite. More intriguing is the extreme varia-
bility of the Ca/P ratio in solution: values ranging from 0.1 to
8 have been obtained according to the solid considered and the
solid/liquid ratio employed. This is typical of a non-congruent
dissolution, and demonstrates that surface chemistry of the
solid particles pilot the dissolution process. The solid/liquid
ratio (S/L, expressed in g L™") appears thus as the key experi-
mental parameter to study as it is theoretically directly sensitive
to surface desorption. As shown in Fig. 4, with NCA-ref-young,
increasing S/L ratio leads to higher P release in the liquid, while

Mater. Adv., 2020, 1, 3292-3301 | 3295
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Fig. 4 P (a)and Ca (b) concentrations in solution after 1 h exchange with a
buffer solution at pH = 7.4 as a function of solid/liquid ratio with different
apatites (NCA-ref-young, NCA-modif-young, and NCA-modif mature).

Ca concentration is low with a regular decrease. It reflects that
NCA-ref-young has excess P on its surface.

Considering the large amount of P released, it seems unlikely
that what we call surface chemistry is limited to physical
desorption processes of sole HPO,>~ ions, without association
with counter ions. The dissolution of an amorphous phosphate
impurity, containing either Na* or NH,", was first suspected,
but all the samples have been thoroughly washed with deio-
nized water after precipitation and filtering. We examined the
influence of number of washings, amount of water used, and
washing with dilute Ca®" solution,*” and these parameters did
not exhibit any influence. Furthermore, analysis of washing
solutions did not reveal abnormal P or Ca concentration values.
The surfaces of bone mineral and synthetic NCAs have been
described as a highly hydrophilic amorphous calcium phos-
phate phase.’ This important hydrated layer can be considered
as an ion reservoir that is capable of ion exchange with the
surrounding fluid. Thus, it seems reasonable that ion exchange
occurs, possibly between HPO,>~ and HO™ or Cl~ ions. It was
impossible to evidence a decrease in one of these ions (or both).
In the buffer solution, HO™ concentration is stable, and Cl™
concentration is much more important than the variation in P
concentration. Ion exchanges between surface HPO,>  and
OH™ ions in the solution have never been reported to our
knowledge. During the previous sorption studies performed at
physiological pH mentioned in the introduction, pH evolution
has not been controlled, but only monitored, and a moderate
decrease has been reported, especially in the blank experiments.*®

3296 | Mater. Adv., 2020, 1, 3292-3301
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On the other hand, exchanges between surface Ca>* ions and H"
ions present in the solution have already been observed on
crystalline apatite.*® In the present study, all solutions are
buffered, and the absence of significant pH evolution cannot
preclude the exchange of HO™ ions between solution and solid.

In contrast to the important P release observed with NCA-
ref-young, the amount of Ca released is low, and increasing the
S/L ratio led to a slightly decreasing Ca concentration in
solution, as detailed in Fig. 4(b). With NCA-modif-young
neither Ca nor P concentration changes significantly according
to the S/L ratio, suggesting the absence of strong Ca or P excess
on the surface. Similarly, NCA-modif-mature does not lead to
variable Ca or P release into the solution according to the S/L
ratio. Yet, mature apatite leads to lower dissolution than young
apatite, as both Ca and P concentrations in the liquid are lower.
This is in full agreement with the structural features of both
samples, which indicate that matured samples are more crystal-
line, and exhibit a smaller hydrated layer. With the studied
biomimetic apatites, surface chemistry is thus likely to be the
result of ion exchange between hydrated surface layer and
solution.

Our work further suggests that the NCA synthesis directly
influences the exchangeable ion content in the surface layer.
This point was further backed by the study of the influence of
the addition rate of the Ca solution on the P solution. The
amount of P released during exchange with buffer solution
at pH = 4 is inversely proportional to the addition duration
(see Fig. SI1, ESIT). Rapid addition of calcium solution is
expected to yield a defined number of solid particle nuclei
that further grow into a phosphate rich solution, whereas
slow addition of calcium solution will continuously generate
new particle nuclei that will grow in a solution continuously
supplied with Ca, thus more balanced in Ca and P. Accordingly,
NCA-modif-young particles are slightly smaller than NCA-ref
particles, and the developed surface is slightly higher. The pH
of the solution was followed during the synthesis: initial pH is
7.9, and whatever the speed of addition, the pH never drops
below the final value, 7.4, as the solution is buffered by
phosphate and carbonate ions. Maturation then leads to parti-
cles of greater size with a smaller hydrated layer, still balanced
in Ca and P, but less prone to Ca and P desorption. In other
words, final Ca and P concentrations in solutions obtained
after immersion of NCA-modif samples in buffered solutions
can be seen as the result of solution saturation through
dissolution of the amorphous hydrated calcium phosphate
layer, with apparent solubility product depending on the thick-
ness of this layer. As an illustration, the evolution of Ca and P in
solution in the case of the NCA-modif-young sample is given
in the ESIT (Fig. SI2): Ca and P concentrations are well stable
over 2 h, with a Ca/P ratio found between 1.6 and 1.8.

Equilibration experiments between NCAs and buffered
solution (pH = 7.4) containing Ca®**, HPO,>~ and/or HCO;  were
then performed. It has to be mentioned that all solutions are
supersaturated regarding hydroxyapatite and calcium carbonate
(calcite and aragonite).® Such solutions have to be freshly
prepared, and showed good stability over 24 h. Furthermore,

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Ca and P liquid concentrations after NCA-modif-young exchange
with buffered solutions at pH = 7.4 for different initial conditions after 1 h.
The influence of the carbonate solid/liquid ratio (a), and initial Ca and P
concentrations in solution (b) on the exchange behavior are illustrated.
(S/L, solid to liquid ratio in g L™%; [Cal, [P] and [COs] are the initial Ca,
HPO,2~, and HCO3~ concentrations before exchange.)

we did not observe any rapid precipitation of another solid
phase, nor detect an unwanted crystalline phase with PXRD on
samples analyzed after exchange experiments for Ca concentra-
tions below 5 mM and P concentrations below 1.5 mM. As a
comparison, the simulated body fluid (SBF) method developed
in order to form a calcium phosphate film on solid supports
relies on similar solutions, and leads to mineralization of
surfaces after several days only.”® Fig. 5 displays the Ca and
P concentrations in liquid after 1 h with NCA-modif-young. The
final Ca and P concentrations are affected by S/L ratio, and
initial HCO;™, Ca** and HPO,>~ concentrations. As shown in
Fig. 5(a), the presence of HCO;™ in initial solution leads to a
decrease in Ca and an increase in P concentrations. This
observation can be explained by substitution of phosphate ions
with carbonate ions in the amorphous layer. Meanwhile, as
more phosphate is released from the solid in a solution with
a very weakly altered carbonate content, the Ca release is

This journal is © The Royal Society of Chemistry 2020
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reduced in order to reach the solubility equilibrium. It cannot
be excluded that the P release leads to a re-precipitation of
calcium phosphate or calcium carbonate in the surface layer,
but we did not observe a significant increase of Ca concen-
tration at short times, followed by a decrease of Ca. It is likely
that the carbonate-phosphate exchange and the solubility
equilibrium are concomitant events.

When HCO;™ ions are present, the S/L ratio now also
influences the final Ca and P concentrations: decreasing S/L
ratio from 10 mg L ™" to 3 mg mL ™" leads to a Ca/P ratio of 0.63
instead of 0.42. A lower S/L ratio leads to lower phosphate-
carbonate exchange, thus to a decrease in P and concomitant
increase in Ca. However, the final concentrations are very
different from those obtained in a system without carbonate
ions (Ca/P = 1.63). In order to obtain Ca and P concentrations
close to those observed in blood plasma (free [Ca®>"] about
1.2 mM,”" and total P about 1 mM), it is thus necessary to
add Ca*' as well as HPO,>™ ions into the buffered 27 mM
HCO;™ solution. Fig. 5(b) illustrates the effects of adding Ca
and P in the initial liquid on S/L exchange results. Adding Ca
increases Ca and decreases P final concentrations. Similarly,
adding P increases P but decreases Ca final concentrations.
These observations could be explained by control through the
apparent solubility product of the amorphous calcium phos-
phate layer, or through the previously proposed metastable
solubility equilibrium (MES) constant.>> We tried to derive
various ionic products corresponding to different calcium
phosphate phases, but no constant value could be obtained
throughout the different experimental conditions with a given
apatite sample. Results depicted in Fig. 5(b) suggest that Ca is
easier to incorporate onto the hydrated layer than P: the Ca
concentration decrease is about 75%, whereas the P one is
only about 15%. With the established trends regarding the
influence of initial Ca and P concentrations, at the given
S/L ratio and HCO;~ concentration, it was possible to obtain
conditions in which the final Ca and P concentrations are close
to the targeted ones. A similar study was performed with the
NCA-modif-mature sample. All results are given in Table 3.
Details on the impact of HCO; ™ ions and variation in initial Ca
and P concentrations are available in the ESIt (Fig. SI3).

We then checked that removing the supernatant and repla-
cing it with a new buffered solution containing 27 mM HCO;~
ions, 1.2 mM Ca and 1 mM P did not lead to significant changes
in the Ca and P concentrations after contact. The synthetic
NCAs, having different synthesis parameters, have different
surface conditions that can interfere when studying the impact
of exogenous ions. Thus, the first S/L contact with a solution
not mimicking blood plasma is a ‘pre-equilibration’ step that
enables adaption of the different surface hydrated layers of the
apatite samples. In vivo bone mineral is permanently contact-
ing blood plasma, which contains free calcium, phosphate and
carbonate ions, and is in dynamic equilibrium with these ions.
The modified NCAs, after pre-equilibration, are thus ready for
detailed studies of S/L exchanges, using variable parameters
such as developed surface area, all other conditions remaining
equal. To obtain further information, use of a commercial apatite
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Table 3 Exchange conditions for apatite pre-equilibration before introducing uranium

Solid/liquid
exchange conditions

Liquid concentrations
after pre-equilibration

Surface area

S/L (mg mL ™) per mL (m* mL™") [Calin; (mM) [Plini (mM) [HCO;3]ini (mM) [Calgin (mM) [Pltin (mM)
NCA-modif-young 10 ~2.5 5 1 27 1.2 0.8
NCA-modif-young 3 ~0.7 2.5 1 27 1.2 1
NCA-modif-mature 3 ~0.7 2.5 1.25 27 0.9 0.8

[Calini and [Pin;: initial Ca®* and HPO,>~ concentrations in liquid before exchange; [Calsi, [Plsin: final Ca and P concentrations after exchange

determined by ICP-OES.

sample was attempted. This sample is a highly crystalline apatite
(see Fig. 1, Cryst-HA sample), and not structurally nor chemi-
cally representative of bone mineral (see Fig. SI4, ESIT).
Furthermore, it was not possible to obtain with this material
a suitable equilibrated solid/liquid system as with NCAs.
Experimental data gathered on the commercial crystalline
apatite are given in the ESIT (Fig. SI5 and Table SI1).

Solid/liquid exchange in the presence of U(vi)

Behavior of exogenous U(vi) was then studied in S/L exchange
experiments. U(vi) was introduced in a buffered (pH = 7.4)
carbonated calcium phosphate solution with initial concentra-
tions between 0.1 mM and 1.4 mM. Such solutions are stable
over several hours, the precipitation of U(vi) being prevented
by the presence of HCO; ™ ions. The slow release of CO, from
the solutions requires, however, that fresh solutions are pre-
pared every day. To study the influence of solid preparation
conditions on U(vi) exchange, kinetic tests were performed
on NCA-refyoung without pre-equilibration, and compared
to NCA-modif-young with pre-equilibration. Fig. 6(a-c) show
evolution of U, Ca, and P concentrations in solution during S/L
exchange. It can be observed that U(vi) concentration in
solution drops much more rapidly when exchange occurs with
non-pre-equilibrated NCA-ref-young than pre-equilibrated
NCA-modif-young (Fig. 6(a)). The final U(vi) concentration
reached at equilibrium is also different: about 98% U(vi) is
incorporated in NCA-ref-young after 1 h, and the sorption of
U(vi) with NCA-modif-young pre-equilibrated is not complete.

As detailed before, NCA-ref-young has excess P available in its
surface layer, while NCA-modif-young has neither extra Ca nor
P in its surface layer.

Fig. 6(b) and (c) show that NCA-ref-young releases its excess
P and incorporates Ca since the beginning of the exchange.
Thus, the evolution of Ca and P concentrations observed is not
related only to the presence of U(vi) in the system. Without
U(v1), expected concentrations of Ca and P are 0.25 and 2.3 mM,
respectively (very close to those obtained in the presence of
0.1 mM U(vi)). It is likely that the rapid incorporation of uranium
is due to the large release of P with the NCA-ref-young. It can be
related to the easy precipitation of uranyl phosphates (which
could not be detected by XRD due to the low quantity of such a
phase if present). Lower initial U(vi) concentration increases
P concentration in the liquid during exchange, and consequently
the Ca concentration decreases. With the pre-equilibrated NCA-
modif-young sample, both Ca and P concentrations remain
stabilized around the initial value (1 mM), almost insensible to
the initial U(vi) concentration. This suggests that U(vi) incorpora-
tion by the solid is a simple process, not impacted by Ca and P: it
is neither a straight calcium-uranium ion exchange, nor a uranyl
phosphate precipitation. Such in vitro experiments are in full
agreement with available in vivo data. Uranium(vi) is described
to be only partially stored in the skeleton (maximum load about
20% of initial burden), and the target organs are kidneys. The
fixation of U(vi) in the skeleton occurs within hours, and can be
prevented in part by the injection of bicarbonate. Furthermore, it

is very likely also mediated by bone cells.>*** An instantaneous

(@ 10 (b) 25
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Fig. 6 Evolution of U(v) (a), Ca (b) and P (c) concentrations during exchange between a buffered solution at pH = 7.4 containing U(vi) (1 mM or 0.1 mM),
1.25 mM Ca?*, 1 mM HPO,?~ and 27 mM HCO3~ with pre-equilibrated NCA-modif-young and non-pre-equilibrated NCA-ref-young (available solid

surface set to 0.7 m? mL™).
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Fig. 7 (a) U(v) adsorption isotherms by NCA-modif-young, NCA-modif-

mature and HA-ref and (b) linear regression of NCA-modif-young and
NCA-modif-mature using Langmuir isotherm models.

fixation by bone mineral such as what is observed with the
NCA-ref-young sample would lead to a much higher fraction in
the skeleton.

Considering the observed kinetics, characterization of the
incorporation of U(vi) under thermodynamic conditions was
accomplished using a 1 h duration for experiments. This
corresponds to a very short time considering biological events,
relevant for the study of metal accumulation in bones. As the
maturation process is slow (30 days of maturation to prepare
the NCA-modif-mature sample), we neglect in the data inter-
pretation the evolution of the crystalline core of the NCAs, as
well as exchanges between the crystalline core and external
hydrated layer. Diffusion of ions from the hydrated layer into
the crystal lattice has indeed been described to be a slow
process.>*° The amount of U(vi) incorporated on apatite surface
Qaas (umol m™2) as a function of U(vi) equilibrium concen-
tration in liquid C.q (mM) is plotted in Fig. 7(a). The curves can
be fitted using the Langmuir isotherm model, classically
employed to describe physical sorption, according to eqn (2):

K- Ce

Qads = Qmax ’ m

(2)

where Qpax is the maximum U(vi) amount per apatite surface
(umol m?) and K is the solid affinity constant (L mmol %).
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Qmax and K can be calculated after linear regression of the
Langmuir isotherms by the following equation (3):

Cog _ Ceg |
Qads Qmax K- Qmax

Qmax for NCA-modif-young is 1.31 pmol m~> and for NCA-
modif-mature is 1.27 pmol m™?; the affinity constants are
20.7 L mmol " and 14.9 L mmol " for NCA-modif-young and
NCA-modif-mature, respectively (linear regression coefficients
R?>=0.985 and 0.968, respectively, Fig. 7(b)). These values show
that maturation decreases apatite affinity to U(vi). A similar
trend was reported previously with several trace elements
(sr**, Mg>*, Pb**, AI**, and F) trapped in bone mineral.>® This
phenomenon is proposed to be related to the non-apatitic layer
on bone mineral surface, where ions are loosely bound and
readily exchange with surrounding liquid media. During
maturation, the apatitic domains expand and the non-apatitic
disordered environment shrinks, so that the available incor-
poration site for U(vi) is reduced.

Altogether, our results highlight the specific behavior of
NCAs in the presence of U(vi) under conditions close to the
physiological ones. Available information given in previously
published studies dedicated to uranium removal from ground-
water using crystalline apatite is not relevant for the description
of bone-blood plasma exchanges.””® In this case, it was
demonstrated that U(vi) precipitates with the phosphate
released from the apatite to form chernikovite (a mixed hydro-
gen uranium(vi) phosphate) when apatite dissolution provides
sufficient phosphate ions.**** Further understanding of the
detailed mechanism of uranium chemistry during the exchange
process will be the next step, including exact location of the
metal in the apatite particle (hydrated layer vs. crystalline core)
and its speciation (phosphato vs. carbonato species), and
evolution over longer durations (diffusion into the crystalline
core). These points are relevant in order to evaluate complete
reversibility of the incorporation process and possible decorpora-
tion of uranium embedded in the skeleton after contamination.

(3)

Conclusions

We report here the first in vitro study where important parameters
such as pH, and Ca and P concentrations are well controlled
during synthetic bone mineral-blood plasma exchanges. We
demonstrated that with adapted biomimetic apatites and a pre-
equilibration step, it is possible to mimic the biological system
in order to study the physicochemical impact of an exogenous
metallic cation. Previously reported nanocrystalline apatites
suffer from excessive P release from their surface, and have a
strong impact on calcium phosphate balance of the S/L system.
With the pre-equilibrated modified apatite samples, it is pos-
sible to study bone-metal exchange using various conditions
without perturbation brought by the initial apatite-solution
equilibrium. Application to uranium(vi) revealed that bone-
blood exchange is likely to occur via diffusion of ions in the
hydrated surface layer of the mineral, analogous to a sorption
process, which can be well described using classical Langmuir
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isotherms. This mechanism is in good agreement with in vivo
data treating uranium accumulation in bone, and different to
the mechanism previously reported with crystalline apatite on
groundwater remediation. The approach proposed is general
and relevant to other chemicals that may interact with bone
mineral. Various metallic cations are prone to accumulating in
the bone, such as heavier actinides (plutonium and americium)
and heavy metals (lead). Organic molecules such as bispho-
sphonates are known to interfere with bone mineralization.
In both cases, our findings should enable decoupling of the
complex bone mineral-blood plasma equilibrium from the
specific effect of exogenous chemicals, and subsequently lead
to better understanding of the peculiar chemical features of the
skeleton.

Experimental
Carbonated nanocrystalline apatite (NCAs) synthesis

NCAs were prepared according to an adaptation of a precipita-
tion method previously reported.>® To a phosphate-carbonate
solution prepared by dissolution of NaHCO; (4.0 g) and
(NH,4),HPO, (3.95 g) in deionized water (67 mL) was added a
calcium solution at room temperature (7 = 22 °C) over 30 min
under constant agitation, prepared by dissolution of NaHCO;
(0.085 g) and Ca(NO3),-4H,0 (2.3 ) in deionized water (33 mL)
adjusted to pH 6.3 through addition of an aqueous 1 M HNO;
solution. A precipitate appeared immediately and the final pH
of the mixture was 7.4. The agitation was stopped, and the
suspension left to settle and to mature in an airtight container
for 1 day (young samples) or 30 days (mature samples). After
maturation, the precipitate was filtered on a Biichner funnel
and washed 3 times with deionized water (100 mL). The
collected wet precipitate was lyophilized at —110 °C under
2 Torr for 48 h. After grinding, NCA was obtained as a white
powder and stored in the freezer.

Material characterization and chemical analysis

X-ray diffractograms were obtained using a Bruker D8 Advance
Powder X-ray diffractometer in Bragg-Brentano geometry with
CuK,, radiation (1 = 1.5406 A). The diffraction pattern was
collected from 20 = 10° to 60° with the step size of 0.05° and 4 s
dwell time per step.

The specific surface areas of solids were measured using the
Brunauer-Emmett-Teller (BET) method (N, adsorption) using a
Tristar II apparatus.

Morphology of solids was observed by transmission electron
microscopy (TEM) using both a JEOL 1200 EXII TEM and a
JEOL 2200 FS high-resolution TEM (HRTEM) at the acceleration
voltage of 120 kV (point to point resolution: 4 A) and 200 kv
(point to point resolution: 1.9 A), respectively. The samples
were prepared by dispersing the solid in ethanol and depositing
the suspension on a carbon coated copper grid.

Fourier-transform infrared spectroscopy (FTIR) analysis was
performed on a PerkinElmer Spectrum 100 series spectrometer
equipped with a Universal ATR diamond top plate at room
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temperature. The wavelength range of 380-4000 cm™ ' was acquired
with a resolution of 4 cm™" by transmission. The carbonate
content is directly correlated to the area ratio of v3(CO;) and
11v3(PO,) bands, which were determined from the processed
spectra using Origin Pro 8.1 software.

The calcium and phosphorus contents of the solid were
determined after complete dissolution by elemental analysis.
The solids were dissolved in an aqueous 1 M HNO; solution
(10 mL), and the resulting solution diluted 10 fold using a 2%
aqueous HNOj; solution, and analyzed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) using Spectro-
Arcos apparatus.

Solid/liquid exchange experiments

Solid pre-equilibration with liquid was performed by contacting
dry apatite powders (between 2.0 and 20 mg according to the
S/L ratio targeted) and a 1 mL solution containing Ca**, HPO,>~
and 27 mM NaHCO; buffered at pH = 7.4 using 50 mM
trishydroxymethylmethylamine (Tris) and an aqueous 0.1 M
HCI solution to adjust the pH. The resulting suspension was
placed on a rotatory shaker (40 rpm) for 1 h. The solid was left
to settle for 5 min, then 750 pL of the supernatant was removed
and replaced by the same total volume of aqueous solution by
successive addition of different aqueous solutions buffered at
pH = 7.4 and containing (1) HCO;~ (200 mM), (2) carbonated
uranium(vi) (20 mM UO,(NO3), and 200 mM HCO; "), (3) buffer
alone in order to obtain targeted final concentrations of U(vi)
(0.1 to 1.4 mM), Ca (1.2 mM), P (1 mM) and carbonate (27 mM),
(4) ca®* (25 mM), and (5) HPO,>~ (10 mM). The resulting
suspension was placed on a rotatory shaker (40 rpm) for
1 min to 24 h. The tubes were centrifuged for 2 min at 6400 rpm,
and the supernatant was aliquoted and diluted 10 fold using
a 2% aqueous HNO; solution, and analyzed by ICP-AES for
Ca and P determination. The diluted solution was again diluted
100 fold using 1% aqueous extra pure HNO;, and analyzed by
inductively coupled plasma mass spectroscopy (ICP-MS) using
ThermoFisher iCAP-RQ apparatus.
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