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Calcium phosphates (Ca-P) represent a significant class of biological minerals found in natural hard tissues.
Crystallization through phase transformation of a metastable precursor is an effective strategy to guide the
growth of crystalline Ca-P with exceptional functionality. Despite extensive research on Ca-P, the exact
process during the crystallization of amorphous particles to hydroxyapatite (HA) remains elusive. Herein,
pure HA microspheres with a core—shell structure are crystallized via dissolution and re-crystallization of
smooth amorphous calcium phosphate (ACP) microspheres. The transformation is initiated with the
increase of the hydrothermal treatment time in the presence of sodium trimetaphosphate and L-

glutamic. The underlying mechanisms along with the kinetics of such transformation are explored.

Received 4th June 2024 . . o .
Accepted 7th August 2024 Nanocrystalline areas are formed on the smooth ACP microspheres and crystallization advances via
nanometre-sized clusters formed by directional arrangement of nanocrystalline whiskers. Our findings

DOI: 10.1035/d4ra04078¢ shed light on a crucial but unclear stage in the genesis of HA crystals, specifically under the conditions of
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1. Introduction

Calcium phosphates (Ca-P), notably hydroxyapatite (HA), are
essential biological minerals in natural hard tissues and are
integral to bone tissue engineering applications."”> Composite
biomaterials for bone tissue engineering often include HA or
a Ca-P precursor that can transform into HA under physiolog-
ical conditions. However, developing a straightforward and
scalable method to produce pure HA under mild conditions
remains challenging. One promising solution is the “biomi-
metics” approach, which involves non-classical crystallization
through amorphous intermediates. Understanding the forma-
tion mechanisms of these apatitic minerals can enhance
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biomaterials development and pave the way for synthesizing
nonbiogenic minerals.’>™

Despite extensive research on Ca-P, the precise crystalliza-
tion pathway of amorphous particles into HA, the mechanisms
behind this transformation, and its kinetics are still under
investigation. Studies on the nucleation of biological HA concur
that HA does not form directly from solution but through an
amorphous calcium phosphate (ACP) precursor.*” There is
ongoing debate about the factors driving this ACP-mediated
process, from ACP formation to its transition to HA. Tang's
group suggested a solution-mediated surface nucleation
process, where HA forms heterogeneously on ACP, with the
transformation rate dependent on the initial ACP amount and
calcium activity in solution.*** In contrast, Xie et al. and Wang
et al. proposed that HA nucleation occurs within the ACP
through a solid-solid transformation.™**

Different proposed mechanisms for ACP-mediated HA
formation suggest varying roles for additives. Additives can
stabilize or destabilize ACP by altering its dissolution rate, affect
the HA nucleation rate, or influence the chemistry and solu-
bility of the ACP phase, impacting the solution's supersatura-
tion. The presence of biomolecules, such as amino acids, can
induce specific polymorph nucleation and affect crystal
morphology.’**® Sodium trimetaphosphate (STMP), a phos-
phorylating agent used in the food industry, can also introduce
phosphate groups onto collagen surfaces, promoting minerali-
zation.?*** Therefore, the choice of biomolecules and
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phosphorus sources is crucial for creating Ca-P particles with
desired structures.

This study introduces a one-step hydrothermal synthesis
strategy for Ca-P microspheres, utilizing STMP as the phos-
phorus source and r-glutamic acid as an additive. ACP serves as
an intermediate phase that readily transitions as a precursor for
HA microsphere growth. By adjusting the reaction time, smooth
ACP microspheres can be transformed into porous core-shell
HA microspheres. The study investigates the phase evolution,
morphology, particle size distribution, BET surface area, and
pore size of these core-shell structured HA microspheres over
time. The formation mechanism and crystallization process of
HA under hydrothermal treatment is discussed, informed by
the observed evolution.

2. Experimental

2.1. Materials

The anhydrous calcium chloride (CaCl,, AR), sodium trimeta-
phosphate ((NaPOs);, AR), nitric acid (HNO3, AR), r-glutamic
acid and urea (CO(NH,),) were purchased from the Sinopharm
Chemical Reagent Company Limited of China (Shanghai,
China). All chemical reagents were utilized as received without
additional purification.

2.2. Preparation of the samples

Calcium phosphate microspheres were obtained through
a hydrothermal route. In a typical step, 0.1 mol per L CaCl,,
0.02 mol per L (NaPO3); and 1 mol per L urea aqueous solutions
were first mixed under magnetic stirring. A dilute nitric acid
(HNOg) solution is then used to adjust the pH of the mixture to
3.5 to obtain a clear solution. When the pH of the solution is
stable, 0.05 mol per L t-glutamic acid was added to it. The final
mixture was hydrothermally treated at 180 °C in a high-pressure
reactor lined with Teflon for 0.5, 1, 2, 3 and 8 h, respectively.
After the treatment, the products are washed with deionized
water and ethanol, centrifuged, and dried.

2.3. Characterizations

The phase composition and functional groups of the samples
were examined by powder X-ray diffraction (XRD, Bruker D8
Advance) in the 26 range of 10-60° and Fourier transform
infrared spectroscopy (FTIR, Nicolet IS50) collected between
4000 and 500 cm . The crystallite sizes (Djy) of the three
strongest diffraction peak in as-prepared HA products were
determined using the Debye-Scherrer approach.”** The degree
of crystallinity of the HA samples was calculated by the Jade
software. The surface morphologies were characterized using
field scanning electron microscope (FE-SEM, Zeiss JSM-7610F)
at an acceleration voltage of 5 kV equipped with an energy
dispersive spectrometer (EDS) by dropping suspensions onto
aluminum foils. The particle size distributions and physical gas
adsorption performance were evaluated by laser particle size
analyzer (Mastersizer 2000) and Micromeritics ASAP 2460
instrument. Prior to the FE-SEM and PSD tests, the samples
were dispersed ultrasonically in anhydrous ethanol for 5 min.
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3. Results and discussion

3.1. Phase analysis

The phase composition and functional groups of the synthe-
sized samples were characterized under varying hydrothermal
durations using XRD and FTIR spectroscopy, as depicted in
Fig. 1. At a hydrothermal duration of 0.5 h, the XRD pattern
exhibited a broad and amorphous profile with a prominent
peak at 26 = 29° (Fig. 1a, black line), which is characteristic of
the ACP phase.*® Upon increasing the hydrothermal time to 1 h,
the predominant phase remained ACP, albeit with the emer-
gence of several weak diffraction peaks (Fig. 1a, red line). This
suggests the onset of crystallization and an impending change
in the sample’s morphology. Upon further extending the
hydrothermal treatment to 2 h, the sample underwent a phase
transition to a crystalline HA phase, as evidenced by the XRD
pattern which aligns with the standard HA profile (JCPDS 09-
0432, shown as the bottom bar chart in Fig. 1a). The three high-
intensity diffraction peaks, observed at 26 values of 31.7°, 32.1°,
and 32.9°, are attributed to the crystallographic planes (211),
(112), and (300) of the HA phase, respectively. The crystallinity
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Fig. 1 XRD patterns (a) and FTIR spectra (b) of the samples prepared
under different hydrothermal times.
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Table 1 The crystallite sizes of Dy, and crystallinity of HA samples
synthesized under different hydrothermal times

Hydrothermal Dyq1 Dyqn D30 Crystallinity
treatment time (h) (nm) (nm) (nm) (%)

2 8.20 19.36 17.52 50.88

3 17.27 22.04 15.67 92.06

8 22.44 15.16 18.66 93.47

of the HA sample significantly enhanced after 3 h of hydro-
thermal treatment and exhibited minimal further change when
the hydrothermal duration was extended to 8 h (Fig. 1a, blue
and purple lines). Noticeably, extending the hydrothermal
treatment to 8 h, a longer time intervals, aims to explore the
stability of the HA sample over an extended period, ensuring
that the crystalline phase remains stable and does not undergo
further significant changes. This investigation is crucial for
understanding the optimal conditions for HA synthesis and its
potential applications in various fields.

The crystallographic characteristics for the samples, such as
crystallite sizes and crystallinity, are crucial parameters to delve
deeper into the crystal growth dynamics.?® Herein, the Dy;; and
the degree of crystallinity of HA subjected to varying durations
of hydrothermal treatment were measured and are presented in
Table 1. The crystallinity, along with the general trend in the
growth of crystallite sizes, shows a significant increase, espe-
cially when the hydrothermal treatment time is extended from
2 h to 3 h. This suggests that the crystallites grow larger as the
treatment time increases, which can be attributed to the pro-
longed exposure to the hydrothermal conditions that facilitate
further crystallization. It is important to note that the calcula-
tions for these parameters, as performed using the Jade soft-
ware, are approximate and should be taken as a reference.

The functional groups of all samples, as revealed by FTIR
spectroscopy, substantiate the phase transformation described
earlier (refer to Fig. 1b). A distinct peak at 560 cm ™' emerges
with hydrothermal treatments lasting up to 1 h, indicating the
presence of ACP, while the broad absorption peak at 1115 cm ™"
is a hallmark of ACP (as shown by the black and red lines in
Fig. 2b).2° The peaks at 918 cm™ " and 560 cm ™' correspond to
the stretching and bending vibrational modes of the P-O bonds
in the PO,>~ group, respectively. As the hydrothermal duration
extends beyond 2 h, the spectral patterns of the samples remain
consistent (as indicated by the blue, green, and purple lines in
Fig. 2b). The broad peaks at 3430 cm ™', 3370 cm ', and
1650 cm ' are characteristic of the hydroxyl (OH) group
present in water molecules. The peak at 3570 cm ™" is associated
with the stretching vibrations of OH™ within the HA structure,
which suggests that the HA crystal lattice remains intact within
the sample. The solitary peak at 1445 cm™" is indicative of the
characteristic vibration of CO;>” ions, a product of urea
hydrolysis. The broad and weakly defined doublet bands at
1460 cm ' and 1420 cm ™', along with the peak at 876 cm ™', are
aligned with the characteristic vibrations of the CO;>~ group.
This suggests that CO,>” ions are substituting for the B-site in
the PO,*” group within HA.” It is a well-documented

© 2024 The Author(s). Published by the Royal Society of Chemistry
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phenomenon for CO;>~ to replace PO,>” in HA during urea
hydrolysis, particularly at temperatures exceeding 80 °C.”® The
peaks around 1040 cm™ ", 962 cm ™', 603 cm™ ', and 570 cm ™"
are assigned to the PO,*>~ group present in HA.>> These findings
are congruent with the XRD patterns and collectively confirm
that the synthesized HA samples are indeed carbonate-

substituted HA.

3.2. Morphological characterization

The morphological evolution of the porous HA microspheres
was investigated over time using FE-SEM, as illustrated in Fig. 2.
At a hydrothermal duration of 0.5 h, the precipitated ACP
phases are observed to be spherical with a smooth surface,
ranging in size from 1 to 5 um (Fig. 2a-c). The dimensions of the
ACP particles are influenced by several factors, including the
solution pH, the concentration of the mixed reagents, and the
preparation temperature.”® Upon increasing the hydrothermal
time to 1 h, the morphology of the microspheres undergoes
a noticeable change, characterized by the emergence of a small
number of particles on the surface and a slight reduction in the
microsphere diameter (Fig. 2d-f). Notably, the surface of the
microspheres becomes pitted and loses its smoothness. These
morphological changes are in agreement with the XRD results.
As the hydrothermal time extends to 3 h, the particles continue
to grow and accumulate, forming a spherical shell with
a discernible gap from the inner core, leading to the formation
of HA core-shell microspheres with a diameter of approximately
2 um (Fig. 2g-i). In some instances, the nuclei have begun to
separate from the shell. The transformation from ACP to crys-
talline HA phase is suggested to occur through nucleation and/
or the direct formation of crystalline phases within the ACP
phases or on their surface, followed by outward growth via the
Kirkendall process, with the internal ACP phases supplying the
material flux necessary for phase conversion.*® Further extend-
ing the hydrothermal time to 8 h results in the HA maintaining
a core-shell microsphere morphology (Fig. 2j and k). It is
observed that the microspheres, post-core-shell separation,
exhibit a porous structure (Fig. 21). With prolonged hydro-
thermal treatment, the reaction becomes more complete, and
the microspheres exhibit enhanced stability.

Upon closer examination, it is observed that the synthesized
HA core-shell microspheres are composed of an inner core and
an outer shell (Fig. 3a). The shell is constructed from nano
whiskers, which measure approximately 200-800 nm in length,
and there are discernible gaps between the core and the shell, as
shown in Fig. 3a-c. In certain regions, the core has become
entirely detached from the shell, as depicted in Fig. 3d.

To substantiate the transformation process from ACP to HA,
element analysis of the samples prepared for 0.5 h and 2 h was
conducted using EDS. As depicted in Fig. 4, S1 and 2 (ESI),} the
presence of calcium (Ca), phosphorus (P), and oxygen (O) is
observed in both the ACP and HA microspheres. The detection
of aluminum (Al) and platinum (Pt) is attributed to the use of
aluminum foil during sample preparation. A notable increase in
the Ca/P atomic ratio is observed, rising from 1.034 to 1.642 as
calculated from the EDS spectrum curves. This increase aligns

RSC Adv, 2024, 14, 25369-25377 | 25371


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04078c

Open Access Article. Published on 13 August 2024. Downloaded on 12/26/2025 10:19:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

1um | x 10000

View Article Online

Paper

Tum |x 20000

Fig.2 FE-SEM images of the products prepared under different hydrothermal times. (a—c) 0.5 h, (d—f) 1 h, (g—i) 3 hand (j—1) 8 h. (b), (e), (h), and (k)
in the second column are high-magnification views of the areas within the red rectangular boxes in (a), (d), (g), and (j), respectively.

with the expected chemical transformation from ACP to HA. It is
noteworthy that ACP can be synthesized with a Ca/P molar ratio
as low as approximately 1.0,°*** whereas the stoichiometric
ratio for HA is 1.67.

3.3. Particle size distribution and specific surface area

The particle size distribution and physical gas adsorption
properties are pivotal in determining the characteristics of
synthesized microspheres. Granulometric analysis data for ACP
and HA microspheres, prepared under varying hydrothermal
conditions, are detailed in Fig. 5 and Table 2. The particle size
distribution curves, as shown in Fig. 5, reveal that both types of
microspheres have a concentrated size distribution, adhering to
a Gaussian pattern, with two main size peaks suggesting
uniformity in microsphere sizing. The observed shift from
larger to smaller diameters marks the transition from solid ACP
to core-shell HA microspheres, a finding corroborated by FE-
SEM analysis, indicating that there is a sign of ACP shrinkage
during HA growth. Notably, the particle size within the 3-10 pm
range remains stable over hydrothermal treatments ranging

25372 | RSC Adv, 2024, 14, 25369-25377

from 3 to 8 h, indicating minimal alteration in HA microsphere
size with extended treatment duration. Table 1 further illus-
trates that while the mean particle size decreases from 9.26 um
to approximately 5.72 um as the hydrothermal treatment time
increases from 0.5 to 3 h, there is a negligible change in mean
particle size with additional treatment extending to 8 h.

Fig. 6a illustrates the nitrogen adsorption-desorption
isotherms for microspheres synthesized under varying hydro-
thermal durations. These isotherms, along with their type H3
hysteresis loops, are categorized as type IV according to the
International Union of Pure and Applied Chemistry (IUPAC).
This classification is indicative of a shell that self-assembles
from clusters, creating slit-shaped pores. As depicted in
Fig. 6b, the pore width distributions widen with increasing
hydrothermal time, suggesting that more intricate pore chan-
nels are beneficial for drug loading and sustained release. Table
3 compiles the BET surface areas, total pore volumes, and
average pore diameters for microspheres produced at different
hydrothermal times of 0.5, 1, and 3 h. Initially, at a hydro-
thermal time of 0.5 h, the ACP microspheres exhibit a relatively

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 FE-SEM images of the core—shell HA microspheres after broken. (a) Core—shell microspheres, (b) high magnification of the outer shells in
(a), (c) hollow exterior shells and (d) isolated inner cores separated from the core—shell structure.

Sum Spectrum

—
Ay o]

Element O Al Ca P C
Wt(%) 458 16.2 15.2 14.7 8.1

Ca/P=1.034

O L N RN RN

Sum Spectrum

Element O Al Ca P C
Wt(%) 34.0 26.7 17.9 10.9 10.4

Ca/P=1.642

J

O R NN R

Fig.4 Electronic images and corresponding EDS spectra of the products prepared under different hydrothermal times. (a and b) 0.5 h and (c and
d) 2 h.
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Fig. 5 Particle size distribution curves of the microspheres prepared
under different hydrothermal treatment times.

Table 2 Particle sizes of the synthesized microspheres®

Hydrothermal do1 dos do.o Mean size
treatment time (h) (um) (um) (um) (um)
0.5 1.83 7.96 17.95 9.26
1 1.21 5.18 10.32 5.72
3 1.09 4.93 10.03 5.44

% dy1, dos and dy o means 10%, 50% and 90% of total particle size less
than some value, respectively.

low BET surface area of 3.00 m?* g~ *. This specific surface area
progressively increases to 5.17 m* g~ " as the hydrothermal time
is extended. Notably, the HA microspheres, once the core-shell
structure is established, exhibit a significantly higher BET
surface area of 35.24 m> g~ '. This elevated surface area can be
ascribed to the porous structure and the self-assembly of nano
whiskers that serve as the building blocks for the external shell,
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which is characteristic of a typical mesoporous structure.** The
average Barrett-Joyner-Halenda (BJH) pore size for the solid
ACP microspheres is 7.24 nm, whereas for the HA core-shell
microspheres, it expands to 14.91 nm. All the characteristic
makes them an exemplary candidate for drug-delivery systems,
presenting a strong potential in the realms of controlled drug
release and targeted therapeutics.

3.4. From smooth ACP to core-shell HA: a proposed growth
mechanism of the microspheres

The ACP-to-HA conversion in this experiment is a complex,
multi-step process, with the structural evolutions depicted in
Fig. 7.

3.4.1 Nucleation and initial formation. The process initi-
ates with urea hydrolysis, which releases OH™, creating an
alkaline environment. This environment facilitates the conver-
sion of P;0,,°~ to OH- PO,*>". As the concentration of Ca®*" and
PO, ions in the solution reaches supersaturation, Ca-P clus-
ters form, which are the precursors to ACP.

3.4.2 Role of glutamic acid. Glutamic acid plays a crucial
role by chelating with calcium ions, promoting the aggregation
of ions and the formation of Ca-P clusters. The charged side
chain of glutamic acid is instrumental in the growth of these
clusters, although it does not become part of the clusters.*

3.4.3 Formation of ACP microspheres. Posner's clusters,
fundamental units of ACP, are pivotal to apatite nucleation in
solution.***” ACP microspheres form due to surface character-
istics during hydrothermal reactions, with higher supersatura-
tion leading to smaller microspheres.

3.4.4 Transformation to HA. ACP, Being metastable, is
more soluble than the stable HA and tends to transform into
other calcium phosphate phases.®®* The P;0,,°~ can chelate
with Ca®" on the ACP surface, creating active nucleation sites for
whisker-like apatite to nucleate and grow through a dissolu-
tion-reprecipitation mechanism.*’

3.4.5 Core-shell structure development. As the hydro-
thermal process continues, the internal ACP microspheres
slightly dissolve, while external nanoclusters accumulate to

o
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Fig. 6 Physical gas adsorption performance analysis of the microspheres prepared under different hydrothermal times. (a) N, adsorption—
desorption isotherms and (b) BJH desorption pore size distribution curves.
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Table 3 BET surface areas, total pore volumes and average pore diameters of the synthesized microspheres

Hydrothermal treatment BET surface

Total pore volume Average pore

time (h) area (m* g ") (em® g™ diameter (nm)
0.5 3.00 0.0054 7.24
1 5.17 0.0177 13.69
3 35.24 0.1314 14.91

? Hydrothermal treatment

SN APOY  @Ca*

(0}

. (e)
5-

) * < P;:O5% O OH

&

] * (P03)33” L- glutamic acid
O <

Fig. 7 Formation mechanism of the HA microspheres transformed from ACP.

form a porous shell, creating a gap from the internal
microspheres.

3.4.6 Phase transition mechanism. The internal ACP
microspheres gradually transform into HA crystals, forming the
core. The internal microspheres’ phase transition is likely
a surface-mediated transformation, where surface dissolution
promotes ion migration for HA nucleation and growth. The
reorganization of Posner's clusters into HA crystals within the
core requires minimal activation energy, facilitating the
transformation.**

3.4.7 Final product. The end result is pure HA micro-
spheres with a core-shell structure, where the shell is composed
of porous HA nanoclusters and the core is crystalline HA.

This transformation process is significant for applications in
biomaterials and drug delivery, as it results in microspheres
with unique properties that can be tailored for specific uses,
such as controlled drug release and bone growth promotion.

4. Conclusions

In summary, porous HA microspheres featuring a core-shell
structure have been successfully synthesized from smooth ACP
microspheres by using sodium trimetaphosphate and r-gluta-
mic through a one-step hydrothermal method. A time-gradient
experiment elucidated the progression from smooth to core-
shell microspheres, along with the phase transition from ACP to
HA. When subjected to hydrothermal conditions exceeding 3 h,
pure core-shell HA microspheres with enhanced crystallinity,

© 2024 The Author(s). Published by the Royal Society of Chemistry

an average diameter of 5.44 um, and a BET surface area of
35.24 m*> g ' were obtained. A plausible mechanism for the
crystallization of smooth ACP microspheres into core-shell HA
microspheres has been proposed, involving a multi-step reac-
tion with sodium trimetaphosphate and a dissolution-recrys-
tallization process during nucleation and growth. These
findings provide valuable insights into a pivotal yet previously
obscure phase in the formation of HA crystals, particularly
within the context of hydrothermal synthesis.
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