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ABSTRACT

Biological and biomimetic apatites allow incorporations of many cationic and anionic substituents, namely Na™,
CO03%~, and potentially K*, that influence apatite’s physicochemical, thermodynamic, and structural properties.
Carbonate substitution can modify these properties depending on the CO3~ type, such as hydroxyl (A-type) or
phosphate (B-type) sites, or labile ions within the non-apatitic surface layer. While Na* co-substitutions can
affect CO3~ integration, it is unknown if and how K, a larger cation, may affect CO;Z{ substitution and related
apatite properties. Therefore, the purpose of this study was to compare the effects of K" and Na™ on the phys-
icochemical incorporation of CO~ in biomimetic apatites. To do so, 2-6 wt% CO3~ apatites were precipitated in
either Na- or K-rich solutions under optimized synthesis and maturation conditions. Atomic absorption data
showed more Na™ substitution into the apatite structure than K. FTIR and XRD results indicated that Na-apatites
primarily contained B-type CO3~, while K-apatites included more A-type CO3™ at higher total wt% CO%~. A deep
FTIR analysis of the CO3~ vibration modes showed that a red-shift occurred for the v,CO%~ and v3CO%~ B-type of
the Na-apatites, suggesting a longer C—O bond length, while K-apatites had a slight blue-shift for only v,CO3 ™.
Apatitic and non-apatitic HPO3~ retention was also higher for Na-apatites than K-apatites. Together, these ob-
servations suggest that modification of the local CO3~ environments depends on the monovalent cation. Overall,
our data reveals the distinct mechanisms for Na*/CO3~ and K*/CO3~ co-substitution, which may shed light on
the carbonation of biological apatites and their structural features.

1. Introduction

The inorganic component of bone and dentin is composed of

apatite — namely nanosized crystal dimensions, nonstoichiometry, and a
hydrated ionic surface layer on the nanocrystals. Like biological apatite
(except mature tooth enamel), biomimetic analogs
stoichiometric and often accommodate substituting ions, that modulate

are non-

carbonate-substituted apatite nanocrystals with a nonstoichiometric
apatitic core covered by an amorphous hydrated layer bearing labile
ions [1-4]. The surrounding body fluids that envelop these biominerals
undergo constant changes related to the time of day, nutrition, aging,
homeostatic equilibrations, etc. [5-8]. In turn, these changes can allow
dissolution and recrystallization phenomena on a regular basis, allowing
for ionic substitutions within the apatite crystal lattice [9-12]. In this
view, bone and teeth minerals are far from an inert component and
should be seen as a dynamic reservoir for ionic species. The cationic and
anionic substitutions that apatite allows can then impact many chemi-
cal, physical, and structural properties of the apatite mineral [13-16].
Synthesizing biomimetic apatites by utilizing close-to-physiological
methodologies provides the same main characteristics of biological

thermodynamic properties [17,18].

Among common ionic substitutions in biologically relevant apatites
are carbonate (CO%’) ions. Naturally, bone mineral has CO3™ incorpo-
ration ranging from 2 to 6 wt% depending on the location, tissue type,
and local bone aging where newly-formed bone apatite has relatively
low CO%‘ content that increases with aging [19,20]. In the apatite
structure, CO3~ ions can replace either the OH™ ions in the apatitic
channel (A-type CO%’) or phosphate (PO?() ions (B-type CO§*) (Fig. 1)
[21]. Carbonate can also reside in the hydrated surface layer of nano-
crystalline apatites, known as the labile CO%’ species (Fig. 1) [22,23].
Due to changes in molecular geometry and size between the CO3~, PO3 ",
and OH™ ions, the crystal unit cell parameters of the a-axis and c-axis can
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increase upon increasing A-type or B-type CO%substitution, respectively
[24]. Besides structural modifications, B-type CO3~ increases the solu-
bility and decreases the stiffness and surface energy of the apatite [13],
while A-type CO3~ substitution was reported to change surface water
absorption and is thermodynamically more stable at higher tempera-
tures [25,26].

Along with CO%~ substitution, several other ions can also substitute
for calcium (Ca2+), PO%’ or OH™, at least to some extent. The readiness
to substitute a given ion appears to be a complex process dependent on
several factors. Not only the ionic size and charge seem to influence the
(de)stabilization of the apatitic lattice, but also some intrinsic physical
features of the elements themselves, such as their Pauling electronega-
tivity [18]. Among monovalent cations, sodium (Na™) ions were found
to integrate into the apatite lattice to a notable extent [27]. This may
occur in vivo, taking into account the large sodium concentration in body
fluids (e.g. 145 mM in blood compared to 1.8 mM for calcium) and
leading to an average of 1.0 wt% Na™ in (bovine) cortical bone [28,29].
This integration also occurs synthetically in the presence of Na*. In both
instances, Na™ may have an affinity to incorporate into the apatite
structure. While Na* ionic radius is somewhat larger than Ca?™ but
smaller than other cations, such as potassium (K1), sodium’s electro-
negativity is fairly close to Ca* (Table 1). It is unclear whether Na™ ions
may also reside in the hydrated layer of the nanocrystals or solely in the
apatitic core. However, recent findings suggest that both options may be
possible [30,31]. Previous studies have observed the important role of
Na™' on apatite and CO3~ incorporation, such as promoting the overall
uptake of CO3™ into apatite and increasing the amount of both ions [32,
33]. To balance the crystal charge, Na" is optimally co-substituted into
the Ca?* sites when PO3 ™ is replaced by co%, promoting B-type co%
[12,34]. Additionally, the incorporation of Na™ can alter the vibrational
signature of CO%~ ions, indicating that Na* changes the spatial config-
urations of CO%’ within apatite [27,33]. However, many of these results
originated from apatite samples prepared at high pressure and/or
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Table 1
Effective jonic radii for Ca%*, Na* and K* for coordination VI, VII and IX [35]
and their Pauling electronegativity [36].

Coordination Number Ca?* Na® K"
VI 1.00 1.02 1.38
VII (Call sites in apatite) 1.07 1.13 1.46
IX (Cal sites in apatite) 1.18 1.32 1.55
Pauling electronegativity Ca Na K

x 1.00 0.93 0.82

temperature, which is potentially distant from biological apatites, or
their biomimetic counterparts formed at relatively low temperatures.

In addition to Na™, other transition and alkali-earth metal elements
can also easily incorporate into the apatite lattice, such as Mg, Ti, Fe,
Mn, Cu, Ag and Zn [37]. Their properties on apatite have been studied
extensively and have also been compared to Na*[37]. Conversely, the
incorporation of K* has been considerably less documented. Yet, about
0.07 wt% K* is present in average (bovine) cortical bone [29]. Its
significantly larger ionic size (Table 1) may potentially hinder its inte-
gration into the apatite lattice, resulting in substantially less K" and
CO3~ incorporation compared to Na™ and CO% [15]. While there are
several studies probing the effect of Na™ on CO3~ incorporation [30,32,
33,38-42], there is even less information about the relationship between
K* and CO%in biomimetic apatites [15,40,43,44]. In addition, it is un-
clear if different mechanisms are linked to CO3~ incorporation. There-
fore, we set out to understand how K™ and Na™ substitution affects the
chemical and physical incorporation of CO3~ in biomimetic apatite.
Understanding the mechanism of Na™ and K" co-substitutions with
CO3~ can elucidate how the physicochemical properties of biological
apatite may change with body fluid composition, including pathological
and pharmacological Na™ or K" influxes. In addition, manipulating
CO%™ types, concentration, and substitution mechanisms may benefit
future setups in the development of resorbable bone substitutes.
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Fig. 1. Possible localization of CO%~ ions in bone and biomimetic apatites. Apatite nanocrystals contain labile carbonate on the hydrated surface layer of the crystal.
Within the apatite unit cell, carbonate can also substitute for the PO}~ or OH™ groups, known as B-type or A-type CO3", respectively.
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2. Materials and methods
2.1. Synthesis

Nanocrystalline apatite samples with controlled carbonate contents
of 2, 4, or 6 wt% were synthesized by precipitation in either Na-rich or
K-rich environments using similar aqueous methods as previously
described [45]. Briefly, for the Na-rich environments, 0.295 M of cal-
cium nitrate tetrahydrate (Ca(NOs),04H20, Sigma Life Science) was
poured into a solution with a 1:1 C0% /P03~ molar ratio of 0.91 M of
diammonium hydrogen phosphate ((NH4)2HPO4, Carlo Erba reagents)
and 1.43 M sodium bicarbonate (NaHCO3, VWR Normapur Prolabo). For
the K-rich environments, a 1:1 or 2:1 molar ratio of CO%3~/PO3~ was used
with potassium bicarbonate (KHCOs, Rectapur Prolabo) depending on
the aimed carbonate content. These precipitating conditions allowed for
an excess of phosphate ions to provide inherent buffering of the solution
without the addition of external agents, such as tris(hydroxymethyl)
aminomethane (TRIS), and to favor bone-like apatite crystallization to
occur. To further mimic maturing bone mineral, the precipitates were
matured for either 20 min, 1 day, or 3 days at room temperature or 60 °C
(Table 2) to attain increasingly matured apatite samples and to obtain
CO%ranges similar to bone. Afterwards, the powders were filtered,
thoroughly rinsed with deionized water, and lyophilized.

2.2. Atomic absorption spectroscopy (AAS)

To analyze the calcium, sodium, and potassium contents, 100 mg of
each apatite sample was dissolved in 1% (v/v) of 69% nitric acid (HNOs,
VWR) to prepare 1 mg/mL stock solutions. The solutions were further
diluted with 1% (v/v) of 69% nitric acid, 0.5% (v/v) of La(NO3)3 (SCP
Science — 140-003-451), and 0.5% (v/v) of CsCl (SCP Science — 140-003-
241) according to the element calibration range measured by the
Thermo Scientific iCE 3000 Series Atomic Absorption spectrometer. The
instrument was calibrated with elemental standards and controls before
data acquisition (R2 = 0.9951). Blanks and standards were regularly
measured after every 5 samples to verify accuracy and absence of de-
viations. Stoichiometric hydroxyapatite was also used as a control
sample.

2.3. Fourier transform infrared spectroscopy (FTIR)

Transmission FTIR using a Nicolet 5700 spectrometer and the
OMNIC 8 software (Thermo Nicolet) were used to confirm and analyze
the characteristics of the bone-like apatite phases as well as the
composition, specifically for the apatitic and non-apatitic CO%™ and
HPO3~ groups. Each apatite specimen was mixed and crushed with KBr
(Uvasol) to make pellets with an absorbance of ~1.0 for the highest peak
of the v3 PO4 vibration mode, using an acquisition of 64 scans with 4
em ! resolution (400-4000 cm™1). The V4PQOy4, 13CO3 and v1v3P04 vi-
bration modes were particularly scrutinized. The total carbonate content
of the apatites was calculated by obtaining the area ratio of the (13C0O3/
v1v3P04) bands and using the linear fit, wt% CO% = 28.62 x (CO3/POy4)
+ 0.0843, as previously quantified and validated by Grunenwald et al.
[46].

Additional “concentrated” apatite/KBr pellets were made to acquire

Table 2
Synthesis conditions used for each biomimetic apatite.
Na vs ~2% ~4% ~6%
K
Na 1:1 CO3/PO4 1:1 CO3/PO4 1:1 CO3/PO4
Maturation 20 min, Maturation 3 days, RT ~ Maturation 1 day,
RT 60 °C
K 1:1 CO3/PO4 1:1 CO3/PO4 2:1 CO3/POy4
Maturation 3 days, Maturation 1 day, Maturation 1 day,
RT 60 °C 60 °C
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an absorbance of >2.0 (for the highest peak of v3 PO4) using an acqui-
sition of 64 scans and a greater resolution of 2 cm ™%, to better resolve the
vy COs, vy POy, and v4 POy vibration domains. Using a Lorentzian fit
function in OriginPro 2021b (OriginLab Corporation, Northampton,
MA, USA), the peaks in the 750-400 cm™! range were deconvoluted
(Fig. 2a) for the v,PO4 (~470 cm’l), non-apatitic HPO4 (534 cm’l),
apatitic HPO4 (550 cm’l), apatitic PO4 (560, 575, and 603 cm’l), non-
apatitic PO, (617 cm™)), apatitic OH (631 cm™'), and H,0O (~685
cm™1). The total combined area of non-apatitic and apatitic HPOZ ™ was
used in the deconvolution of the v,CO3 peak as described previously
[47] to subtract the HPO3~ contribution in this spectral domain. The
standard deviation was calculated by propagating the fitting errors.

For the out-of-plane v, CO3 deformation mode, initial positions for
the fitting parameters were A-type CO%' (880 cm_l), B-type (873 cm_l)
and labile CO% (864 cm™1). Since HPO3 ™~ ions are highly present in bone
and biomimetic apatites and exhibit a notable band in the same spectral
range (at ~870 cm_l), this band was also included in the analysis
(Fig. 2b). While the B-type CO3™ contribution used a Lorentzian fitting
function, all other constitutive contributions in this spectral domain
were fitted using a Gaussian function due to the broad peak distribu-
tions. The peak wavenumbers and area were then calculated. To obtain
the wt% of each CO%™ type, each CO3~ contribution was normalized by
the total area of all CO%’ types within the vy CO3 domain. Afterwards,
the normalized area of each type of carbonate was divided by the total
Wt% CO3~ of the apatite determined previously by the area ratio of the
(v3C0O3/v1v3P04) [47]. The standard deviation was calculated by aver-
aging the triplicate fitting analyses of each sample within OriginPro
2021b. In addition to the vp CO3, the v3 CO3 asymmetric stretching mode
was also examined. Fourier self-deconvolution (apodization) was per-
formed to further highlight the underlying superimposed band positions
for each CO3~ type, using the corresponding built-in processing tool of
the OMNIC 8 software (Thermo Nicolet) with a typical bandwidth of
20.4 cm ™! and an enhancement factor of 1.4.

In general, the type of CO%~ species (A-, B-, or labile/surface types)
was determined by analyzing the v, CO3 out-of-plane deformation mode
because this vibration mode provides a single peak for any given
chemical environment, i.e. generating one single peak per CO%~ type.
The v3 CO3 asymmetric stretching mode leads to a doublet peak for every
CO% type, thus generating a complex band formed by highly over-
lapped spectral contributions. The singlet versus doublet characters of
the vy CO3 and v3 CO3 modes respectively (for each co%~ type) arise
from two things: (1) The symmetry of the free CO3™ ion related to the
D3p, point symmetry (leading to the non-degenerate irreducible repre-
sentation A" for vy CO3 and to the doubly-degenerate irreducible rep-
resentation E’ for vz CO3) and (2) the splitting of the initially degenerate
vz CO3 mode due to the lowered symmetry at the crystal site [48]. The
crystal electrostatic field generated by the nearest neighbors of the CO35™
ion indeed affects the vibrational energy levels. In this regard, it is more
accurate to determine the relative amounts of each CO3~ type from the
analysis of the v, CO3 mode compared to the v3 CO3 mode, as was also
highlighted elsewhere [27].

2.4. X-ray diffraction (XRD)

XRD was used to confirm the apatite crystallographic features, and
patterns were especially analyzed for (002) and (310) lattice spacing,
crystallinity, and crystallite length and width. Using a Bruker D8
Advance XRD system operating at 40 kV and 40 mA (Mg, = 1.5418 1°\),
the patterns were recorded within the range 20 = 20°—80° with a step of
0.02° and 3 second acquisition time per step. The peak centers and the
Full Width at Half Maximum (FWHM) for the (002) and (310) were
analyzed and peak fitted, using a PseudoVoigt function with the Diffrac.
eva software. The powder patterns were compared to stoichiometric
hydroxyapatite (PDF 09-0432) from the Powder Diffraction File open
database from the International center for Diffraction Data (ICDD). The
crystallite length and width were determined by Scherrer’s equation
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Fig. 2. FTIR deconvolutions. (a) The initial peak deconvolution parameters used for the v4 PO, vibration mode. The combined areas of the apatitic and labile HPOZ ™~

were used in the (b) initial v2CO§’ peak deconvolution.
using the FWHM.
3. Results

3.1. Sample synthesis

To investigate the effect of Na™ and K on carbonate incorporation in
nanocrystalline apatites, apatite samples were prepared with targeted
carbonate contents of 2, 4, or 6 wt% relevant to the bone compositional
domain. The main physicochemical characteristics of the obtained
samples were analyzed by several complementary techniques as indi-
cated below.

3.2. Atomic absorption spectroscopy (AAS)

The calcium content within each apatite was measured for 100 mg of
sample. For Na-apatites, the amount of calcium for the samples with 2,
4, and 6 wt% CO% was 0.83, 0.78, 0.83 mmol, respectively (Fig. 3a). For
K-apatites, calcium steadily increased as the carbonate content
increased (0.80, 0.83, and 0.87 mmol, respectively). In both cases, the
calcium values remained lower than stoichiometric hydroxyapatite
(1.00 mmol). Sodium and potassium contents were similarly determined
for 100 mg of sample. The sodium concentration increased (0.0063,
0.023, 0.079 mmol) by a factor ~3.5 x for each doubling of carbonate

a) Ca

B Na mK
1.2
(o1}
€ 1
o
S 0.8
g 0.6
o
Té 0.4
£ 0.2
0
HAP 2 4 6
wt% CO5*

content. The potassium content was detected at significantly lower
amounts with increasing potassium as carbonate increased (6.46 x
1074, 1.86 x 1073, 3.17 x 1072 mmol for 2, 4, and 6 wt% CO%",
respectively).

3.3. FTIR spectroscopy

For all samples, FTIR analyses showed the characteristic vibration
bands of bone-like apatite (Sup. Fig. 1a—c). Using previously established
methods [46], the degree of carbonate incorporation was analyzed by
the peak area ratio of the v3 CO3 and the v;v3 PO4 spectral domains. This
obtained carbonate contents of 2.1, 4.0, and 5.4 wt% CO%’ in the
Na-apatites, while the K-apatites exhibited rather close values of 2.4,
4.3, and 5.8 wt% CO3~, allowing for reasonable comparisons between
the Na- and K-series.

For the Na-apatites in the vy CO3 region, the maximum peak position
of A-type CO%’ tended to slightly increase (blue-shift) from 878 to 879
cm~ ! as the total carbonate content increased (Fig. 4a). In contrast, there
was a red-shift from 873.3 down to 871.9 cm ™ for the B-type CO3~ peak
contribution upon increasing CO%~ concentration. Finally, the band
associated with the labile CO% species in the 2 wt% CO% apatite sample
was positioned at 866 cm ™}, which upshifted to 867 cm ™ for the 4% and
5.4% CO3%~ apatites. There was no measurable trend in the position of
the HPOZ ™~ associated peak with increasing total CO%~ content.
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Fig. 3. Na" and K" substituted into biomimetic apatites. (a) Calcium, (b) sodium, and potassium content increased as increasing total wt% carbonate increased for

Na- and K-apatites. Error bars represent instrumental errors.
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Fig. 4. Peak positions in the v, CO5 domain. Wavenumbers of the peak center for each carbonate type (A-type, B-type, labile) and total HPOZ ™ in the (a) Na-apatites

and (b) K-apatites.

For K-apatites, the A-type positions (879.6, 879, 879 cm ™) remained
essentially unchanged as the total CO%’ increased. For B-type CO%’,
there was a slight blue-shift trend (871.5, 872.7, 872.4 cm 1) as the total
CO3~ concentration increased (Fig. 4b). For labile CO3™, the peak po-
sitions also slightly increased (866, 867, 867 cm™!) while the HPOF
~associated peak positions stayed the same (869 cm™') with increasing
total CO%’.

The deconvoluted peak areas for each type of CO3~ were used to
determine the relative quantities of each. For all apatites, there was a
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general increase of A-type CO3 as the total wt% CO3Zincreased. The
percentage of A-type CO%in the Na-apatites was 0.48-0.94% while the
range for K-apatites was 0.38-1.52 wt% (Fig. 5a). Although the amount
of A-type CO%~ was not significant between the Na- and K-apatites in 2
wt% CO3~, K-apatites had considerably more A-type CO%~ at 4.3 and
5.8 wt% total CO3~ than Na-apatites.

The B-type CO3~ spectral contribution also increased for all apatites
with increasing total CO%~. K-apatite had higher wt% of B-type CO%
(1.34 wt%) than Na-apatite (0.99 wt%) at 2% total CO%' values (Fig. 5b).
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Fig. 5. Relative amounts of the CO3~ types and HPO3 . wt% of (a) A-type CO3~, (b) B-type CO%~, and (c) labile CO3~ with respect to the total wt% CO%~ in Na-
apatites and K-apatites. (d) The normalized area of the total HPO? content includes the non-apatitic and apatitic HPOZ .
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However, Na-apatites had slightly higher wt% of B-type CO% (2.85% for
Na-apatites) compared to the K-apatites (2.99%) at 4 wt% total CO35™.
For 6 wt% CO3~, both Na- and K-apatites had similar B-type content
(2.99% for Na-apatites vs 2.96% for K-apatites).

Concerning surface (labile) CO%‘, K-apatites had increasing labile
CO%’ as the total wt% CO%‘ increased. Na-apatites overall had an
increasing trend, however, 4 wt% total CO3~ had less labile CO3~
(0.24%) than 2 wt% CO%’ (0.62%) (Fig. 5¢). Comparing the Na- and K-
series of samples, K-apatites exhibited higher amounts of labile CO%
than Na-apatites at 4 wt% total CO%’ (0.92% vs 0.24%), while both Na-
and K-apatites had similar values of labile CO%' at 2 wt% (0.62 and 0.68,
respectively) and 6 wt% CO% (1.47 and 1.32, respectively).

Upon increasing the total CO%~ content of the samples, all apatites
experienced a general decrease in total HPO3~, which includes the non-
apatitic HPOZ ions in the hydrated surface layer as well as the HPOF
ions in the apatitic crystalline core of the nanocrystals (Fig. 1). While
there was no obvious trend between Na- and K-apatites, the change in
HPO%’ (AHPOQy) as CO%’ increased was more substantial in K-apatites (A
= 0.058 and 0.043) than Na-apatites (0.014 and 0.025) regarding the
differences between 2%/4% and 4%/6%, respectively (Fig. 5d).

3.4. XRD

XRD analyses confirmed that all precipitated powders exhibited the
characteristic apatite and bone-like pattern (Sup. Fig. 2a-c). For all
apatites, the p-spacing of the (002) planes increased as CO% content
increased in which Na- and K-apatites showed similar p-spacings
(Fig. 6a). The (310) peak p-spacing generally decreased for the Na-
apatites while the p-spacing increased for K-apatites as wt% COZ%'in-
creased (Fig. 6b). Comparing Na- and K-apatites, the (310) p-spacing

a) c-axis
B Na mK
3.46
<
a0 3.44
£
O
3 3.42
9
©
34
2% 4% 6%
wt% CO,*

Crystallite Length (002)

O
~—

B Na mK

20

€ 15
=

< 10
&

b 5

0

2 4 6
wt% CO,*

Materialia 29 (2023) 101795

was only slightly smaller for K-apatite at 2 wt% total CO% than Na-
apatite (difference of 0.0026 A); however, the p-spacing was higher
for K-apatites than Na-apatites by 0.0068 and 0.0045 A at 4% and 6%
CO3~, respectively.

The Na-apatites generally exhibited increased crystallite length and
width along the (002) and (310) planes, respectively (Fig. 6¢-d). There
was no apparent trend with the crystallite size for the K-apatite series
(Fig. 6¢-d). Na- and K-apatites had similar crystallite lengths (10.10 vs
11.37 nm, respectively) and widths (3.44 vs 3.73 nm, respectively) at 2
wt% total CO3™. At 4% total CO3~, the K-apatite crystallite length and
width was 4.68 and 1.69 nm larger than Na-apatite at the same wt%
CO%". However, the opposite trend occurred for 6 wt% CO% where the
Na-apatite crystallite length was 4.80 nm larger than that of the 6 wt%
total CO%" K-apatite.

4. Discussion

Bone and dentin apatites as well as their biomimetic synthetic ana-
logs share several key features such as nonstoichiometry, nanosized
crystal dimensions, and the presence of an ionic hydrated layer (amor-
phous and non-apatitic) covering the apatite nanocrystals. These com-
pounds are significantly different in structure from regular, well-
crystallized stoichiometric hydroxyapatite (HA) as for synthetic sam-
ples prepared at high temperature/pressure or in mature tooth enamel.
Besides structural distinctions, compositional modifications are also
involved, as biological apatite is formed and constantly submerged in
body fluids rich in a large variety of inorganic ions — including those
resulting from alimentation - leading to different degrees of ionic sub-
stitutions either in the apatitic core or within the amorphous surface
layer on the nanocrystals. The ions present in this non-apatitic surface
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Fig. 6. Structural properties of the Na- and K-apatites. Values of p-spacings for the (a) (002) and (b) (310) diffraction lines for Na- and K- apatites with increasing wt
% CO3™. (¢, d) The crystallite length and width were determined from the (002) and (310) through Scherrer’s equation. Error bars for the c- and a-axis represent the
standard error of the fitting parameters from Diffrac.eva. The error bars for crystallite length and width were calculated through propagation of error.
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layer were shown previously to be highly labile and can be exchanged
with ions contained in the surrounding fluids [22,49], depending on the
nature of ion [18]. This mechanism is biologically relevant for main-
taining adequate ionic concentrations in body fluids for homeostatic
processes [50]. Thus, biological minerals may be considered as dynamic
inorganic materials — far from the idea of an inert piece of stone.

This dynamic character depends on the overall thermodynamic sta-
bility of the bioapatite compound. The thermodynamic stability of
nanocrystalline apatites has been quantitatively demonstrated to
depend on its degree of nonstoichiometry [17]. This may be explained
by the lower 3D cohesion of an apatitic lattice containing more ionic
vacancies. In vivo as well as in biomimetic analogs, nanocrystalline ap-
atites progressively undergo a maturation process with time spent in wet
conditions [51,52]. A mechanistic scheme has been proposed for this
maturation process for non-carbonated compounds, suggesting the
progressive release of phosphate ions through the deprotonation of
HPO3 ™ ions upon apatite aging in solution [22]. However, research is
still in progress for carbonated compounds in terms of thermodynamic
status and evolution through maturation. The ionic hydrated layer
present on the nanocrystals — which is rich in calcium, water, and
divalent anionic species such as HPO%’ ions or CO%’ — could be seen as
an out-of-equilibrium interphase between the crystal surface and the
surrounding liquid medium. The exact role of carbonation throughout
the maturation process as well as the hydrated layer is still rather un-
known, and this is further complicated by the co-presence of other ions,
such as Na* or K*.

For non-stoichiometric apatites, it is often considered as a first
approximation that each Ca?* vacancy in the lattice may be compen-
sated by a concurrent vacancy in the OH™ site and the simultaneous
protonation of a PO~ ion into HPOF  for charge balance [53,54].
Although a deeper examination of the charge compensation mechanism
in highly immature apatites still needs to be evaluated — especially to
account for the Ca and (H)POj4 ions involved in the hydrated layer — this
mechanistic scheme agrees with the main alterations of bioapatite or
their synthetic biomimetic analogs, namely the significantly lower hy-
droxylation level as well as the large presence of HPO3 ™ ions [55]. In
carbonated systems, it is then suggested that these divalent HPO3™ ions
can be partly substituted by CO3~ in a similar mechanism [53].
Although this process is being further validated, especially for highly
immature apatites, this provides a valuable first approximation of the
observed compositional trends in bone-like apatites. However, addi-
tional charge balancing mechanisms may also come into play when
monovalent cations, such as Na* or K, are also present in the medium,
in which Na*/K" could substitute for Ca®" to account for some of the
CO%’-for-POi’ substitution (B-type) [12,34,35].

In terms of relative amounts, it has been well established that CO3~
substitution is one of the primary physiological ionic substitutions in
biological apatites and can have significant effects on their properties,
such as increased solubility and resorption rates in biological conditions
with increasing wt% CO%’ [13,24,25,56]. B-type CO%’ is generally
considered to be the primary substitution in biological mineral, how-
ever, other types of CO3~ species are also involved in biological apatite
and its synthetic analogs, such as A-type or labile surface CO3~ [21,23].
Na™ substitution is likely due to its prevalence in body fluids as well as
some synthetic precipitating solutions. It may be noted that Na™ exhibits
a somewhat larger ionic size than Ca®* (Table 1) but still closer than
other cations, such as K*, which are significantly more voluminous [35].
In the present study, we sought to elucidate the structural and chemical
effects of monovalent substitutions by Na® and K™ in biomimetic
carbonated apatites.

As evidenced by XRD and FTIR analyses (Sup. Fig. 1a-b, Sup. Fig. 2a-
b), carbonated apatites with targeted levels of 2, 4, and 6 wt% CO%’ were
successfully prepared by aqueous precipitation, in the presence of either
K* or Na* used as counterions of precursor salts. This increase in CO3~
from 2 to 6 wt% suggests that the resorption rate in vivo may be
increased irrespective of Na' and K" substitutions [56]. As total CO%’
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levels increased for the Na- and K-apatites, the monovalent cationic
content concurrently increased. This supports the idea that monovalent
cations co-substitute with CO%' to maintain charge balance [12,27].
However, the Na-apatites exhibited 10 x, 12.3 x, and 24.8 x more Na*
than K in the K-apatites for 2, 4, and 6 wt% total CO%’ (Fig. 3b). This
confirmed that Na® integrated into the apatite structure much more
effectively than K*. These findings are in agreement with previous ob-
servations [21,44]. This is likely due to a greater mismatch of ionic sizes
between K+ and Ca®* compared to Na*/Ca®" [32,33]. However, there is
evidence that a lower Gibbs free binding energy for Kt would make K*
more thermodynamically favorable for substitution compared to Na™
due to its reduced electronegativity (0.82 vs 0.93) and higher
Metal-Oxygen (M-O) bond character (1.445 vs 1.375) [18]. This sug-
gests that cationic size and even electronegativity may not be the sole
factors that allow metal ions to substitute into biomimetic apatites, and
local constraints as well as symmetry may also come into play [14,46].
Thus, despite the seemingly favorable thermodynamic drive for K™
substitution, the mechanical constraints imposed on the lattice during
the substitution likely serve to regulate cationic inclusion. As cationic
and anionic substitutions increased, both the Na- and K-apatite unit cells
experienced an increased c-axis parameter as seen by the increased
(002) p-spacing. This suggests that these substitutions caused an
expansion of the lattice along the c-axis. In the Na-apatites, the
perpendicular a-axis parameter related to the (310) plane decreased
with increasing substitution (Fig. 6b). This has been commonly seen in
B-type CO%‘substitution, where CO%'exchanges for PO%’, causing c-axis
expansion and a-axis contraction [13,24]. Our FTIR data further
confirmed that the Na-apatites were primarily B-type apatites with
lower levels of A-type CO%~ (Fig. 5b). On the other hand, K* increased
the a-axis p-spacing for the same total CO3~ substitution. This suggests
that K* substitution significantly expanded the lattice along all axes of
the unit cell despite the low amount of K™ incorporation (Fig. 7b). Ac-
counting for both axes, the presence of K led to a 0.6% greater
expansion in the unit cell total volume at 4 wt% CO%‘than Na® (46.30
nm? vs. 46.03 nm®). This may be partly caused by the significantly larger
cationic radius of K*; however, an increased a-axis in apatite may also be
associated with A-type CO3~ substitutions. Examination of the FTIR data
supports both theories, as the K-apatites were primarily B-type CO3~
substituted but they also contained significantly higher amounts of
A-type CO% than the Na-apatites. Together, these results indicate that
cationic substitutions affect the unit cell structure not alone, but in
conjunction with their effects on CO% substitutions.

To further explore how K* and Na* substitutions affected CO3 in the
apatite, the FTIR data corresponding to the out-of-plane vy CO3 defor-
mation mode were analyzed (Fig. 2b). Na-apatites showed a red-shift in
bond energy for the main carbonate type, B-type CO3~, with increasing
substitutions. To the best of our knowledge, such a shift has not yet been
reported in bone-like apatites, but a comparative analysis of several
carbonated salts in the literature showed a downshift of v, CO3 for
carbonates located in disorganized structures (e.g. for amorphous/
vitrous states) [27]. This was correlated to weaker binding due to a
“disruption of the local intermediate-scale structure” [27]. This may be
linked to local constraints within the unit cell, and our XRD findings of
the changes in unit cell parameters for the partial Na-for-Ca substitution
indeed suggest the existence of locally distorted crystalline sites. To shed
more light on the local CO% modifications in bone-like Na-bearing
apatite compounds, analysis of the asymmetric stretching vs CO3 mode
was also evaluated by FTIR (Sup. Fig. 1a-b). In this spectral domain,
each CO% type leads to a doublet signal that ultimately generates a very
complex multicomponent band as previously stated in Section 2.3. This
complexity is further enhanced by the fact that these apatites have a
combination of A- and B-type CO%’ substitutions, and the different CO%’
types may “sense” each other, especially with increasing total CO%~
levels, which may lead to additional lattice bands and band assignment
ambiguity [27]. However, it is fortunate that the most intense
low-frequency limb of the v3 CO3 domain (around 1415-1420 ecm V) is
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Fig. 7. Schematic of the unit cell when Na™ or
K" is co-substituted with CO%". (a) Na-apatites
increased in Na* and B-type CO3~, causing the
c-axis to expand and a-axis to contract. The
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assigned to the B-type CO%‘ contribution of interest here [27]. Inter-
estingly, as for the v, CO3 deformation mode, a red-shift of the B-type
CO3™ position could also be evidenced, typically from ca. 1419.4 cm ™
down to ca. 1416.4 cm™ !, as total CO3~ increased from 2 to 6 wt%. For a
more accurate assessment, Fourier self-deconvolution processing
(apodization) was applied to the whole v3 CO3 domain to better resolve
the contributions (Sup. Fig. 4a-f). The B-type CO3~ signal again
confirmed the previous conclusions, pointing to a red-shift as CO3~
increased for the Na-series (Sup. Fig. 3a). The stretching nature of the v3
COg vibration mode suggests a lengthening of the B-type C—O bond for
our Na-bearing samples as the total CO3~ increased. The longer bond
length may be due to the extra space provided within the lattice from the
smaller CO%™ ion substituting into a bulky PO}~ space [57]. Regarding
Na™, it is plausible that the Na™ ions may migrate to the vacant oxygen
site of the phosphate that is closest to the OH™ channel to maintain
optimal charge balance [57].

The same v, CO3 and v3 CO3 domains analyses were evaluated for the
K-apatite series. For v, COs, contrarily to the Na-samples, a slight blue-
shift was shown for B-type CO% (Fig. 4b). However, no clear trend was
seen in the B-type CO%’ signature in the v3 CO3 domain (Sup. Fig 3b).
This may be due to either the low overall amount of K* (thus, many Ca®*
neighboring cations remain present in this K-apatite samples) and/or no
noticeable change occurred in the C—O bond length. The slight blue-
shift detected in the out-of-plane vy, CO3 deformation domain is diffi-
cult to explain with certainty at this point. Other large cations, such as
Sr2+, have been shown to potentially occupy both the Ca(I) and Ca(Il)
sites. However, Sr>" may preferentially substitute for Ca®* in the Ca(Il)
sites at high Sr?* contents as these sites provide the largest volume for
the large ion as opposed to the Ca(I) sites [58]. Yet, at low Sr content, a
slight preference for Ca(I) seems to be observed [58]. A similar scenario
may occur here, in which K" may substitute for the Ca(I) site at our low
doping rates. This would mostly affect the neighboring phosphate sites,
or B-type CO%~, leading to altered constraints for the CO%~ ions as
opposed to Na-apatites. In addition, the wavenumber increases in a
crystalline environment compared to the free CO3~ ion, which may arise
from the effect of a packing compression among the neighboring cations
[48]. A similar phenomenon could be involved in this study with
substituting K* ions playing a packing-enhancement role. In any case,
our XRD data demonstrated different structural changes in the unit cell
geometry between Na* and K*, and the larger amount of Ca>" neighbors

Packing compression
by large K* ions

4

near CO3~ ions for the K-apatites compared to Na* may also contribute
to different unit cell distortion mechanisms.

As mentioned previously, biological apatite and biomimetic analogs
also have a hydrated surface layer on the nanocrystals that possesses
variations in cationic and anionic concentrations with chemical and
structural differences [55,59,60]. For K-apatites and Na-apatites, labile
CO%~ generally increased and the overall amount of HPOZ~ (apatitic and
non-apatitic) decreased as the total CO%’ content increased. These
opposite trends are associated with maturation of biological carbonated
apatites, where increased aging in bone apatite causes more labile car-
bonate while simultaneously decreasing HPOZ~ contents [1,49,61].
These results agree with the maturation times shown in Table 2. Note
that the band around 866 cm™! assigned to the labile surface CO3~
should not be confounded for the specific band observed in the same
region by Fleet [27] on apatites obtained by high temperature and
pressure, as these are assigned to a particular local organization denoted
as “A2” of A-type carbonates.

This evolution of the relative labile CO3~ amounts was accompanied
by a slight blue-shift of their v, CO3 mode as total CO3 substitutions
increased for both Na- and K-apatites. If we make a parallel with the
comparative literature study of carbonate salts cited above [27], this
slight blue-shift may be tentatively associated with an even lower degree
of ionic organization within the hydrated layer as CO3~ levels increased.
This may be linked to the “missing” oxygen in the CO3~ ion compared to
the tetrahedral HPO3 ion that is replaced within the surface layer
(further disorganizing the hydrogen bonding network of the H,O mol-
ecules present in the layer). The K-apatites showed stronger effects in all
these parameters than the Na-apatites, which may be due to the longer
and higher maturation times and temperatures needed to prepare the
K-apatites. The higher retention of HPO3~ with Na™ may result from two
reasons: (1) the charge balancing mechanism for B-type CO3~ may be
occurring [62,63] and/or (2) Na™ may help maintain well-developed
HPO3™ layers in apatite as seen in octacalcium phosphate [64,65]. To
our knowledge, this is the first study to probe the function of Na* and K*
on the hydrated layer in biomimetic apatites.

4.1. Limitations

The interplay between maturation, temperature, and the initial
CO3~/PO3~ molar ratio in the starting reagents used in the synthesis
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methods may have affected the structural properties, such as crystallite
size [45]. The maturation process allows for increased crystallite size as
well as progressive CO3™ incorporation [66] as seen in the Na-apatites
[39]. Increased temperatures typically accelerate the maturation pro-
cess crystallite size as well, as shown in the 2-6% CO%‘ (Fig. 6¢-d) [45].
However, the crystallite size did not increase with increasing CO3~ for
the K-apatites, despite the higher temperature and longer maturation
times used for this series (Table 2). This suggests that CO%’ in
conjunction with K* may have affected crystal growth formation. CO3~
is a known crystal growth inhibitor [67,68] and K™ has been reported to
inhibit nucleation and crystal growth as well [69,70]. This inhibition
was revealed in the 6 wt% CO3~ K-apatite due to the higher C0% /P03~
molar ratio compared to the lower wt% CO3~ apatites (2:1 for 6% vs 1:1
for 2/4%) (Table 2). In addition, identical synthesis parameters were
used for 4% CO%~ Na-apatite and 2% co%~ K-apatite as well as 6% CO3~
Na-apatite and 4% CO3~ K-apatite. When purely comparing Na- and
K-apatites based on the synthesis conditions, K-apatites have less CO3~
and generally smaller crystallite length and width (Fig. 6c¢-d). This
suggests that K* may influence the structural properties of apatites in
addition to CO3™. Future studies parsing out the individual effects of
maturation, temperature, and CO%’/K+ inhibition will be important to
further identify their precise contributions on K-containing carbonated
apatites.

5. Conclusions

In this study, we prepared biomimetic carbonated apatites in Na- or
K-rich solutions, with three CO%~ levels relevant to bone. While Na™
more readily substituted for Ca?* in our close-to-physiological precipi-
tation conditions, K* scarcely incorporated into the structure. Yet, both
Na®™ and K co-substitutions with CO3~ were shown to modify the
physicochemical features of the precipitated apatites. To date, potas-
sium’s function had been overlooked in the literature; however, we
reveal that K™ co-substitution, even in limited quantity, affects the unit
cell parameters and the local ionic environments. This could impact the
regulation of water absorption, CO3™ reactivity, and CO3~ mobility in
apatites [25,71]. Overall, the data shown here indicate that Na™and K™
have distinct mechanisms for CO% incorporation during apatite crystal-
lization and ionic exchange in Na™ and K*-rich solutions. The relative
amounts of A-, B- and labile-type CO%‘ were assessed by deconvolution
of the IR-active v, CO3 domain while taking into account — as is rarely
done - the presence of the underlying HPO3  spectral contribution.
These relative amounts were found to vary depending on the nature of
the substituting monovalent cation and overall CO3~ level. Under-
standing the effect of monovalent cations on the amount of A-, B-, or
labile CO%~ could help elucidate how the seemingly unfavorable A-type
CO3~ incorporation into apatite occurs biologically at atmospheric
pressure. Also, we show that the COs-for-(H)PO4 substitution pathway
(B-type CO37) in the co-presence of Na* led to a lengthening (weak-
ening) of the C—O bond, as shown by analysis of the v3 CO3 vibrational
domain. Furthermore, the role of the local structural constraints was
demonstrated and differentiated between the Na/CO%_ and K/CO3~
substitution mechanisms based on FTIR and XRD data.

From a more fundamental viewpoint, we report new data using bone-
like nanocrystalline apatites synthesized in close-to-physiological tem-
peratures. The FTIR analyses shown here, especially for Na/CO3~ co-
substituted apatites, are distinct from previous studies utilizing apa-
tites prepared at high temperature and/or pressure that may have other
types of structural changes than those expected in vivo. From a
biomedical engineering perspective, by taking advantage of carbonate’s
ability to inhibit apatite crystal growth, using these ions may help
further tune the hydrated layer’s reactivity/stability. In addition, the
presence of K or Na* may help modulate the resorption rate of car-
bonate apatite-based bone substitutes after implantation, allowing for
different behaviors in vivo. This work will also add to the existing
repertoire on controlling CO3~ incorporations for clinical treatment and
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biomedical applications. Overall, our findings suggest that biological
apatite in the body can change/adapt its material properties during high
influxes of Na™ or K in body fluids. This may resonate in the field of
biomineralization research to help understand normal and/or patho-
logical calcification behaviors in vivo.
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