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With the increasing use of carbonated apatite (CAp) in biomedical devices, it has become necessary to under-
stand how this thermodynamically unstable mineral interacts with varying surrounding body fluids. Despite
existing knowledge about the evolution of other calcium phosphates in bio-like fluids, it is unknown how CAp
reacts in these solutions. Therefore, our goal was to determine how solution phosphate concentration and the
buffer capacity (BC) affects CAp dissolution/recrystallization. To do so, CAp powder was first synthesized
through an aqueous precipitation reaction and then exposed to one of the following solutions for 3 days: (1) 0
mM PO4, (2) 8 mM PO4, (3) 16 mM PO4, (4) low BC, or (5) high BC. Afterwards, the powders were analyzed for
mass loss, composition via Raman, crystal structure via XRD, and size via TEM. The solutions were evaluated for
Ca, P, Na, and K through ICPOES. Our results suggest that increased phosphate in the solution, regardless of BC,
created larger, more crystalline CAp crystals, indicating crystal maturation. In addition, the crystals had fewer
carbonate substitutions and more phosphate ion uptake from the solution after pH equilibrium. This data offers
insight on how CAp in biomaterials may mature and change composition and material properties in the body
after implantation.

1. Introduction as solution pH, ionic concentration, and solution composition affect the

mineral’s propensity for phase transformation and maturation into hy-

The ability of apatites to mimic biological mineral, in addition to
their tunability via ionic substitution, makes them ideal as restorative
biomaterials for bone and teeth [1-4]. Carbonate-substituted apatites
are of particular interest as carbonate makes up ~2-8 wt% of biomineral
in those tissues [5,6]. Substitution of carbonate for either phosphate
(PO37) or hydroxyl (OH™) groups in the apatite structure, known as B-
and A-type respectively [7,8], introduces disorder in the crystal lattice.
This makes carbonated apatite (CAp) formation unfavorable compared
to stoichiometric hydroxyapatite (HA) according to classical thermo-
dynamics. As a result, the crystals exhibit reduced growth and matura-
tion, increased lattice strain, decreased crystal size, crystallinity, and
elastic modulus as well as increased solubility [9-14]. The thermody-
namic instability, or relative immaturity, of CAp is also expected to in-
crease the reactivity of CAp to surrounding solutions, suggesting a
possible evolution of CAp towards hydroxyapatite-like compositions and
structures during solution exposure [11].

Previous studies investigating the effects of phosphate saturated so-
lutions on non-apatitic calcium phosphates have shown that factors such

Abbreviations: BC, Buffer Capacity; PBS, Phosphate Buffered Saline.

droxyapatite [15-19]. However, despite its current use as a biological
agent, it remains unknown how CAp-based biomaterials change when
exposed to phosphate-rich solutions, such as phosphate buffered saline
(PBS), during storage or implantation [20-24]. The two main factors of
concern are (1) the role of phosphate concentration on substitutional ion
exchange in apatites, especially with regards to carbonate, and (2) the
effect of varied buffering capacity on the apatite composition and
structure. Therefore, this study evaluated the dissolution/recrystalliza-
tion of biomimetic CAp after exposure to varying phosphate concen-
trations and BC. Shedding light on the mechanism will provide insight
on how the material properties of CAp may change when used in
biomedical scaffolds.

2. Methods
2.1. Apatite synthesis

To recreate the carbonate levels seen in bone and dentin, carbonated
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Table 1
Solution composition for the effect of PO3~ and BC.
Effect of PO} Effect of BC
Solution 0.1M 0.7x 0.017 M 1x PBS 0.012 M
Used KCl PBS KH,PO4 + KH,PO4 +
0.083 M KCl 0.16 M KCl
Ionic 0.1M 0.1 M 0.1 M 0.017 M 0.017 M
Strength
pH 3.0 3.0 3.0 6.6 6.6
Buffering n/a n/a n/a 5.2x 7.4x1073
Capacity 1073 (High)
(Low)
PO3 0 8mM 16 mM 12 mM 12 mM
Content mM

apatite with 6 wt% carbonate content was synthesized via aqueous
precipitation as previously described [21]. The mineral phase was
confirmed to be carbonated apatite via Raman spectroscopy, Fourier
Transform Spectroscopy, and X-ray Diffraction (Figs. Sla—c). Carbonate
content was analyzed through Raman spectroscopy and compared
against our CAp standards.

2.2. Solutions

Solutions were prepared to allow us to independently measure the
effect of phosphate content and BC while keeping all other factors
constant (Table 1). To determine the effect of phosphate content inde-
pendent of buffering capacity, we compared: (1) 0 mM PO3~ (0.1 M KCl,
Sigma-Aldrich), (2) 8 mM PO%’ (0.7x PBS, Fisher), and (3) 16 mM PO3;~
(0.017 M KH,PO4 with 0.083 M KCl, Sigma-Aldrich). These solutions all
exhibited an ionic strength of 0.1 M and were titrated to pH 3 with 0.1 M
HCI to negate buffer capacity effects.

To isolate the effect of BC, we compared solutions with variable
buffering capacities (BC) of: (1) BC = 5.2 x 103 (1X PBS) and (2) BC =
7.4 x 1073 (0.012 M KH3PO4 with 0.16 M KCl). Solutions (1) and (2)
both have a phosphate concentration of 0.12 M PO3~, 0.17 M ionic
strength, and a pH of 6.6.

2.3. Powder exposure to solutions

For all conditions, 50 mg of CAp powder was placed in a conical tube
containing 10 mL of the solution of interest (Fig. S2). The tube was
agitated for 72 h during which the pH was taken throughout. After-
wards, the powders were filtered, thoroughly rinsed, and dried in a 60 °C
oven overnight. Once cooled, each powder sample was massed to
determine the change in mass (Amass). Each condition was performed in
triplicate.

2.4. Raman spectroscopy

Powder composition was determined via Raman spectroscopy. Using
a WiTec Raman microscope with a 785 nm laser, 10 spectra were
collected per sample using a 50x objective and an integration time of
30x 1-s per spectra. The WiTec Project 5 software was used to decon-
volute the v; PO3~ (950 cm™), v; PO3~ (960 cm™1), and v; CO%~ (1070
cm™!) peaks using a Gaussian fit function. To determine the carbonate to
phosphate ratio (CO3/P0O4), the 1070 peak area was divided by the sum
of the 950 and 960 peak areas (1070/950 + 960). Values were averaged
over all 10 spectra for each sample including exposed and non-exposed
powder samples. The difference in CO3/PO4 ratio between unexposed
and exposed powders was calculated for each condition and will be re-
ported as the percent change in CO3/P0O4 (ACO3/P04).

2.5. X-ray diffraction

X-ray diffraction (XRD) was used to determine the phase and
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structural lattice changes of the powders after exposure. A Bruker D2
Phaser X-Ray Diffractometer (Bruker AXS, Germany) operating at 30 kV
and 10 mA with an acquisition time of 1.0 s/increment and an increment
of 0.02° ranging from 20 to 60° (20) was employed to obtain the peaks of
interest. PseudoVoigt peak fitting functions were used to identify peak
centers and integral breadth with the Diffrac.eva analysis software. The
powders were compared with the Powder Diffraction File (PDF) open
database from the International Center for Diffraction Data (ICDD) to
identify and confirm the apatite mineral phase and possible secondary
phases, such as brushite. The changes in d-spacing of the 002 (A002),
310 (A310), and 004 (A004) peaks were calculated and averaged be-
tween the pre- and post-exposure samples to determine changes in
crystal lattice parameters (n = 3). The coherent domain size (CDS) and
microstrain (pe) were calculated via the Halder-Wagner method using
the integral breadth of the peaks to determine the average changes in
crystal size and lattice structure.

2.6. ICP-OES

One sample from each condition (n = 1) was analyzed for changes in
calcium (Ca), phosphorus (P), sodium (Na), and potassium (K) before
and after solution exposure via a PerkinElmer 7300DV Dual View
Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES).
All samples were directly analyzed at 20x dilution due to the very high
levels of phosphate in the samples. Standard quality assurance proced-
ures were employed, including analysis of initial and continuing cali-
bration checks and blanks, duplicate samples, preparation blanks
(Blank), post digestion spiked samples, and laboratory control samples
(LCS).

2.7. Transmission Electron Microscopy

Transmission electron microscopy (TEM) was used to determine the
size and morphology of the crystals. For each condition, 2 mg of powder
was added to 1 mL of 100% ethanol, sonicated for 90 min, and dropped
onto lacey carbon TEM grids. The crystals were imaged under Bright
Field TEM on a Tecnai T-12 instrument operating at 120 kV and 310 kX
magnification with 1.28 s acquisition time. The average crystal size and
the size distribution were obtained from 7 representative images, a total
of 225 crystals, for each condition. The change in crystal size was
calculated by comparing the average sizes of the exposed versus non-
exposed crystals.

2.8. Statistical and correlation analysis

One-way Analysis of Variance (ANOVA) with a Tukey pairwise
comparison was used in Minitab (Minitab, LLC, State College, Pennsyl-
vania, USA) to determine the statistical significance between each
condition. Significance is defined as p < 0.05.

Pearson correlation coefficients were used to determine the associ-
ation between the independent variables and the outcomes from Raman,
XRD, mass, and pH of all samples (n = 3). Significance is defined as p <
0.05 and correlations are denoted as c.

3. Results
3.1. Carbonate apatite pre-exposure

The synthesized mineral is clearly a B-type carbonate substituted
apatite as indicated by the characteristic PO3~ and CO3~ peaks in the
Raman and FTIR spectra (Figs. Sla-b) [5,10,25,26]. The average car-
bonate content as determined from Raman was 6.4%. The XRD patterns
confirmed the apatitic structure with no additional crystalline phases
within the powder (Fig. S1c). The average coherent domain size of the
powders was 2.70 nm as determined by the Halder-Wagner equation and
the average crystal size was 21.17 + 7.79 nm through TEM. The

12416



S.L. Wong and A.C. Deymier Ceramics International 49 (2023) 12415-12422

a b o8
% %k %k %
5 ok Kk ok kK
+ *%

4 0.6

3 - £
5 504

2

0.2
1
0 0
0 mmoliL 8 mmol/L 16 mmoliL Low BC High BC

Fig. 1. (a) ApH decreased after exposure to varying phosphate concentrations while (b) ApH increased as buffer capacity increased after exposure. p < 0.05.

Table 2
Correlations for the phosphate conditions.
%A Mass % A CO3/PO4 A pH 002 310 004 A002 A310 A004 ACDS Ape
mM PO}~ —0.66 —0.91 —0.91 —0.30 0.16 —0.71 —0.21 0.53 0.87 0.87 —-0.84
%A Mass 0.86 0.90 ~0.26 ~0.64 0.11 ~0.30 ~0.72 —0.21 ~0.34 0.36
% A CO3/P04 0.98 -0.01 —0.48 0.45 —0.09 -0.75 —0.64 —0.64 0.62
ACDS —0.66 —0.50 —0.15 —0.76 —0.42 0.22 0.87 —-0.99
Ape 0.65 0.49 0.16 0.74 0.42 -0.19 -0.81 ~0.99
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Fig. 2. (a-b) ICP-OES data of ACa and AP solutes after powder exposure for the phosphate solutions and (c-d) buffer capacity conditions. (n = 1) Note: (b) has small
instrumental error bars.

differences between the coherent domain size and the average crystal density of 3.03 g/cm® [27]. This average SSA was consistent for all
size indicate the synthesized powders are polycrystalline. An estimated powders used in this study thus eliminating surface area as a variable.
specific surface area (SSA) of 72.19 mz/g was calculated from the TEM
measurements assuming that the platelets are ellipsoidal and have a
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Fig. 3. (a-b) The ACO3/P0O4 and Amass of the powders decreased in the phosphate solutions and (c-d) buffer capacity solutions. Significance is p < 0.05.

3.2. The effect of phosphate

3.2.1. Composition

All solutions exhibited an increase in pH and achieved a steady state
pH during the first hour of exposure to the CAp powders (Fig. 1a,
Fig. S3a). The 0 mM PO3~ solution had the highest ApH of 4.46, while 8
and 16 mM PO3~ had ApH’s of 3.19 and 3.01, respectively. Overall, ApH
significantly decreased as solution PO3~ concentration increased (¢ =
—0.91; Table 2).

Solution Ca levels generally increased with increasing solution PO3~
levels (Fig. 2a). The opposite trend occurred for AP, where AP decreased
in the solution as initial PO%‘ content increased (Fig. 2b). Solution ANa
did not change significantly with solution PO3~ (Fig. S4a). AK generally
increased in 0 mM and 8 mM PO3~ solution and decreased in the 16 mM
PO3~ solution after powder exposure (Fig. S4b).

The CO3/P04 ratio significantly decreased in all CAp powders after
solution exposure as phosphate concentration increased (Fig. 3a). The
ACO3/P0O4 exhibited a strong negative correlation with solution PO3~
concentration (¢ = —0.91; Table 2). 16 mM PO had the greatest
ACO3/PO4 with 45% decrease while the 0 mM PO3~ condition had a
12% decrease.

3.2.2. Structure

All CAp powders exhibited mass loss after solution exposure
(Fig. 3b). The greatest mass loss (—42.9%) occurred in the solution with
0 mM PO3~, with the smallest loss occurring in the 8 mM PO3~ solution
(—22%). The change in mass (Amass) generally had a negative corre-
lation with PO%’ (c = —0.66, Table 2).

There were no apparent mineral phases other than hydroxyapatite in
all conditions. The change in the c-axis d-spacing, A002, did not change
in the 0 mM PO3~ condition and showed no clear trend in the PO3~

solutions, with the highest average change being 0.005 nm out of all
conditions (Fig. 4a). Similarly, A310 did not change significantly in the
0 mM PO3~ condition, whereas it increased for the other PO3~ solutions
to about 0.006 A (Fig. 4b). A002 or A310 was only weakly correlated to
PO%’ content (c = —0.21 and ¢ = 0.53, respectively; Table 2). The CDS
increased for all solutions (Fig. 5a). CAp in 16 mM PO%’ had the highest
ACDS with 1.44 nm increase compared to the other conditions where 0
mM and 8 mM POj ™ increased by 0.67 and 0.87, respectively. ACDS was
strongly correlated to the amount of PO}~ (c = 0.87; Table 2).
Conversely, the Ape was negative for all solutions, with a significant
decrease in Ape 16 mM PO?( compared to the 0 mM PO?{ (c =-0.84;
Table 2; Fig. 5b).

The average crystal size as measured by TEM also increased for all
conditions, ranging from 0.57 to 1.81 nm in growth. The change in
crystal size for 0 mM, 8 mM, and 16 mM PO?{ were 1.78, 0.57, and 1.81
nm, respectively. There is no clear trend in size with the amount of PO}~
in the solution.

3.3. The effect of buffer capacity

3.3.1. Composition

The pH increased by 0.46 and 0.55 for low and high BC, respectively
(Fig. 1b). The ApH of the high BC solution was significantly higher than
low BC. The BC was positively correlated to ApH (c = 0.96; Table 3).

Solution Ca increased by 6.28 mg/L and 7.80 mg/L for low and high
BC, respectively, while solution P decreased by —104.10 mg/L and
—77.10 mg/L for low and high BC, respectively (Fig. 2c—d) but the
change was not significant. ANa decreased in the solution to around
—44 mg/L for low BC while there was no change in ANa for high BC due
to negligible amounts in the initial solution (Fig. S4c). Conversely, AK
increased in the solution to about 18.90 mg/L for low BC while AK
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Fig. 4. (a-b) The changes in apatite d-spacing of the 002 and 310 in different phosphate concentrations and (c-d) buffer capacities.

generally decreased to —36.00 mg/L in the solution for high BC
(Fig. S4d).

The CO3/P0O4 decreased by —41% and —44% for low and high BC,
respectively, with no statistical significance between BCs (Fig. 3c).

3.3.2. Structure

The powder mass decreased by about —24% of the initial mass for
both BCs with no significance between low and high BC (Fig. 3d).

There were no other phases besides hydroxyapatite seen in the XRD
patterns. The A002 and A310 slightly increased with exposure but there
was no significant difference in BC (Fig. 4c-d). The average CDS
increased by about 2.2 nm while the pe decreased by —0.02 for both low
and high BC with no statistical significance between them (Fig. 5¢—d). In
addition, ACDS had no correlation with BC (¢ = 0.13; Table 3).

The average crystal size for the control (unexposed crystals), low BC,
and high BC were 21.38, 25.79, and 23.12 nm, respectively
(Figs. S6a-b). This resulted in an increase of 4.41 nm for low BC and
1.74 nm for high BC.

4. Discussion

To date, phosphate buffered solutions remain the gold standard for
storage and testing of mineralized tissue scaffolds. However, the phos-
phate concentration and buffering capacity of these solutions varies
greatly from those found in body fluids to which the scaffolds will
eventually be exposed to. Previous examinations showed that simulated
body fluids can cause phase changes from tricalcium phosphate and
octacalcium phosphate towards hydroxyapatite stoichiometry [16-18].
However, these studies never investigated the effects of phosphate and
BC independently nor their effects on carbonated apatites, making it
difficult to identify the role that these different components might play.
Thus, in this study, we optimized solutions for exposure experiments to
independently measure these two variables.

4.1. Phosphate effect

Phosphate buffered solutions are often used to inhibit phosphate
diffusion and demineralization [28,29]. However, it is unclear how
PO~ concentration in solution affects bone-like mineral dis-
solution/recrystallization. The dissolution mechanisms of apatite are
complex and exhibits numerous mechanisms depending on the mineral
structure and solution properties [30]. This study does not seek to
identify those mechanisms but does show that exposure of bone-like CAp
to solutions containing varying levels of PO3~ led to mineral dissolution
in all cases as determined by a decrease in powder mass post-exposure.
As hypothesized, the mineral dissolution resulted in an increase in so-
lution pH likely due to the release of buffering ions. The decrease in
powder CO3/P0O4 ratios and solution P concentration as well as the
positive correlation between ACO3/PO4 and ApH suggests that CO3~
may be acting as the dominant buffering moiety [31]. However, if we
use the expected powder stoichiometry [12] and the mass loss to predict
the ApH using the Henderson-Hasselbalch equation, the calculated
values for 0, 8, and 16 mM PO4 (3.79, 0.60, and 0.64, respectively) were
substantially smaller than the experimental values (4.46, 3.19, and 3.05,
respectively). This suggests that carbonate release is not the sole regu-
lator of solution buffering and that contributions from PO3~ and surface
proton sequestration must be considered. We proposed that there may
be a 2-step process by which Ca®*, PO, and CO%~ moieties are initially
released via dissolution, buffering the pH, and establishing an equilib-
rium between mineral and solution [30]. Then, once ionic equilibrium is
established, recrystallization occurs preferentially sequestering avail-
able PO3~ and H' while excluding the CO%™ that continues to buffer [31,
32]. We suggest that further studies should examine the ionic concen-
trations in the solution as a function of time to confirm this possible
process.

Further evidence for the dissolution and recrystallization process and
its dependence on PO3~ content comes from the decreased pe and
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Table 3
Correlation for the buffer capacity conditions.
% A Mass % A CO3/P0O4 A pH 002 310 004 A002 A310 A004 ACDS Ape

BC 0.18 —0.26 0.96 0.25 0.37 0.09 0.25 0.37 0.09 0.13 —0.19
%A Mass 0.38 0.12 0.02 0.06 0.04 0.02 0.06 0.04 —0.25 0.27
% A CO3/P0O4 -0.33 0.63 0.62 0.73 0.63 0.62 0.73 0.11 0.13
ACDS 0.29 0.21 0.20 0.34 0.21 0.20 0.34 —0.97
Ape —0.36 —0.05 —0.04 —0.16 —0.05 —0.04 —0.16 —0.97

increased CDS and crystal size seen with increased PO}~ after exposure.
This suggests that PO3~ availability promotes the formation of larger,
more ordered crystals, with less CO%‘ substitutional defects - in other
words, more mature crystals [21,33,34]. This increase in crystal matu-
rity is expected to induce expansion of the c-axis and contraction of the
a-axis due to increased level of OH™ into the lattice structure [33,35].
However, this is accompanied by a decrease in CO%’ substitution, which
is expected to decrease c-axis and increase a-axis lattice spacing [7,12,
14,21]. Using literature values from studies examining the effects of
both CO3~ and maturation on apatite lattice spacing [12,36], we find
that 3 days of maturation as used here is expected to induce a 0.19%
increase in the c-axis d-spacing while the measured loss of carbonate
should cause a 0.19% decrease in d-spacing. Together these opposite
effects likely explain the lack of significant change in (002) d-spacing
with exposure and PO%‘ content. Using similar data for the a-axis [12,
36], we find that 3 days of maturation should cause a 0.45% decrease in
d-spacing while the carbonate loss causes a 0.48% increase. This small
difference may explain the greater tendency for an increased (310)
d-spacing in the phosphate solutions where there was a greater loss of
CO3%~. Taken together, mineral exposure to solutions with increasing

PO}~ content create more mature crystals with increased grain size and
crystallinity as well as decreased CO3~ content, even at low initial pH’s.
The formation of these larger more mature crystals will provide signif-
icant surfaces for the sequestration of labile phosphates and protons,
thus acting as an additional regulator of pH [37].

4.2. BC effect

BC is defined as a solution’s ability to resist changes in pH; therefore,
we had hypothesized that the solution ApH should be reduced with
increasing BC. However, the opposite was observed (Fig. 1b). During
exposure, powder dissolution was indicated at both high and low BC by
mass loss, increased solution Ca, and CO%’ loss as shown by the
decreased ACO3/P0O4. Release of buffering ions during dissolution is
expected to raise the solution pH; however, this ApH was higher in the
high BC solution than its low BC counterpart. This unexpected result
may be explained from the BC vs pH plots of the low and high BC so-
lutions (Fig. S7). In the pH range from 6.6 (initial pH) to 7.15 (final pH
for high BC) the BC slope is much shallower for the low BC solution than
the high BC solution. Therefore, as the pH rose during dissolution by
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0.45 and 0.55 for the low and high BC solutions respectively, the BC
underwent a much more significant drop (~2.5X) in the high initial BC
solution than the low BC solution suggesting that the initially high BC
solution is relatively less able to regulate pH at the final solution pH. As a
result, the high buffering solution underwent a great change in ApH than
the low BC solution.

The rising pH caused by mineral dissolution induced a decrease in
the relative difference in BC between solutions. An initial pH 6.6 was
selected because it maximized the difference between the high and low
conditions (2.2 x 107%). However, as the pH increased to ~7.1, the
difference in BC between solutions decreased to 8.6 x 10~* (2.6-fold) in
this closed system. As a result, final BCs were more similar to each other
than the initial BCs, providing similar environments for the minerals to
recrystallize. This may explain the insignificant difference measured
between high and low initial BC for mass loss, CO3~ loss, lattice spacing,
Ca®*, and P levels.

As seen in the effect of PO}~ above, the lattice parameters did not
change despite a decrease in COZ~ after exposure. This suggests that
increased maturation with decreased CO3~ substitution may counteract
any changes in lattice spacing. Combining this with the significant in-
crease in CDS, crystal size, and decreased pe in both BC conditions, CAp
may be undergoing crystal maturation while removing CO3~ from the
lattice regardless of BC.

Together, this data indicates that the initial BC of phosphate solu-
tions does not have a substantial effect on apatite dissolution/recrys-
tallization mechanisms compared to the effect of phosphate. This is
contrary to the BC of other solutions, such as soft drinks and acidic
organic solutions [38-40]. This is likely due to the closed nature of the
experiment and the initial increase of pH upon powder exposure. This
data shows that phosphate has a bigger effect on apatite maturation
mechanisms than initial BC.

4.3. Limitations

Although the solutions used here were identical in ionic strength and
pH, the ionic compositions were variable. The PBS solutions contained
Na ™ while the KH,PO4 solutions contained significant K. These vari-
ations are important to consider since apatite and biological mineral can
have many ionic substitutions, especially Na® and K" [41-45]. These
cations substitute for Ca>* when CO3%~ is incorporated into the apatite
structure to balance the overall charge of the crystal, with Na® sub-
stitutions being more favorable due to ionic size similarities [43,46-48].
The larger ionic radius of K' results in a bigger lattice strain when
substituting for Ca?*, which significantly changes the effect on crystal-
lite size, lattice spacing, apatite thermodynamic stability, and growth
kinetics of apatite compared to Na ™' substitutions [48-50]. Although this
can introduce measurement bias, we believe that the little to no Na™ and
K" in the recrystallized apatites are not substantial enough to cause
major effects in maturation.

To mimic biological mineral that mainly contains B-type carbonate
substitution, the powders used here were predominantly B-type CAp.
While A-type CAp is present in lower quantities in bone and dental
mineral, examining the role of A-type carbonate in these apatites could
be of interest for future studies.

5. Conclusions

CAp is used in many biomedical applications, such as dental and
orthopedic implants. Given that CAp is thermodynamically unstable, it
is unknown how CAp evolves in solutions saturated with phosphate
despite the knowledge of transformation of other calcium phosphates in
similar conditions. This study suggests that phosphate ions in the solu-
tion, regardless of buffering capacity, is an important component for
CAp to mature into larger crystals with less carbonate substitutions and
more phosphate once pH equilibrium is achieved. The work presented
here provides insight into controlling the extent of crystal maturation of
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CAp in biomedical scaffolds with specific phosphate concentrations in
solution. The mineral-fluid dynamics of this work will help with fine-
tuning scaffolds with a desired amount of carbonate, crystallinity, and
crystal size during exposure to phosphate fluids, which may ultimately
alter the composition and mechanics of the scaffold. These findings will
also aid in the understanding the dissolution/recrystallization mecha-
nisms of CAp in both bone and synthetic analogs after exposure to
healthy and pathological fluids where phosphate concentrations are
modified.
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