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ABSTRACT: Octacalcium phosphate (OCP) has excellent bone
formation ability and a good resorption rate as compared to the
commercial bone substitutes [e.g,, Bio-Oss (Geistlich Pharma AG)
and MBCP+ (Biomatlante)], as well as synthesized biomaterials
(hydroxyapatite and tricalcium phosphate). The synthesis
approach to obtain phase-pure OCP possesses a great challenge
due to its complex reaction mechanism and narrow synthesis
window. Thus, the current study aimed to overcome the synthesis
challenges and to define the precise reaction conditions required
for controllable and reproducible synthesis of OCP. Using the
principles of the coprecipitation method, novel synthesis protocols
were developed ensuring ultrafast synthesis of OCP within
minutes. XRD analysis confirmed that phase-pure OCP was
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obtained. These processing schemes enabled the synthesis of tailor-made OCP with specific surface areas ranging from 16 to 91 m*/
g. The synthesized OCPs exhibited plate-like morphology. The interaction of the synthesized OCPs with MC3T3-E1 cells was found
to be nontoxic, confirming their cytocompatibility. The synthesis approach developed in this study indicates that challenges such as
the reaction volume, stirring rate, and flow rate need to be addressed in the future to upscale the technology.

1. INTRODUCTION

Octacalcium phosphate (OCP) [CagH,(PO,)¢5SH,0, Ca/P
ratio: 1.33] is recognized as a precursor of biological apatite
crystals in hard tissues.' The structure of OCP is composed of
an apatitic layer and a hydrated layer stacked alternatively to
each other.” The atomic arrangements of Ca** and PO,>” ions
in the apatite layers of the OCP structure are identical to those
found in the hydroxyapatite structure.” Initially, a two-
dimensional nucleus of OCP with a thickness of one unit
cell is formed, which grows subsequently into carbonated
apatite.”> Natural occurrence of OCP was reported in
calcifying dentine and urinary calculus.” Even though studies
suggest OCP as a precursor of bioapatite, these theories still
remain controversial due to the complex biomineralization
process.”

OCP is recommended as a substitute for autogenic bone
grafts due to its intrinsic property to stimulate bone
formation.”” Synthetic OCP has shown excellent bone
formation ability and a good resorption rate as compared to
commercial bone substitutes in various animal studies.'’”"
OCP promoted bone tissue formation within 1 week after
being implanted in mouse calvaria defect, whereas dicalcium
phosphate and amorphous calcium phosphate (CaP) (3
weeks) and hydroxyapatite (HAp) (S weeks) revealed delayed
tissue appearance. The in vivo study performed by Suzuki and

© 2024 The Authors. Published by

American Chemical Society

36165

7 ACS Publications

his colleagues reported enhanced bone formation on the
surface of OCP with higher alkaline phosphatase activity in
comparison to HAp.13 Moreover, OCP has potential to initiate
osteoblast differentiation without using any inductive media
and is suggested as an osteoinductive material for restoring
bone defects.'*'* Although OCP seems to have been widely
investigated, the synthesis approach to obtain phase-pure OCP
still possesses a significant challenge. The narrow opportunity
window to obtain OCP, complex synthesis, and proper control
over its phase purity has limited its valorization and clinical
applications.” The sole commercial OCP-containing product
“Bontree” (Hudens Bio) available on the market is a mixture of
OCP and HAp phases."

Precipitation and hydrolysis are the most common methods
employed for the synthesis of OCP. The synthesis of OCP is
governed by the common ion effect, Gibbs free enerégy,
molarity, pH, temperature, mixing order, and stirring rate.'”!”
A minor modification in these reaction parameters often leads
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to the formation of brushite or hydroxyapatite, that
compromises the purity of OCP. To date, numerous attempts
have been made for the synthesis of OCP, but the current
methodologies are found to be time-consuming and involving
multistep procedures, so that the entire reaction process can
take days to complete."® Most of the published scientific
studies lack precise data (Table 1) for the synthesis of OCP.

Table 1. Overview of OCP Synthesis Conditions Reported
in the Literature”

S. temperature Ca/P
no °C) pH time ratio
1 60 5-6 3to4h" 1
70 and 80 4to 4.5 1h" 1
2 67.5 NA 1 h* 1
3 50,60, and 70  NA 3, 6,and 12 h*' 1.33
60 NA 3 b 1.33
4 25 NA 113 h* NA
45 45 12 h* NA
5 60 5 NA> NA
6 60 5 50 min, 3 h aging”*° 1.33
7 70 5 NA* 1.33
8 45-55 649-7.17 2 days™* NA
9 80 NA 2 h*® NA
10 60 NA 3 h* NA
11 80 NA 24 h*° NA
2 7 6 2 days™ NA
1370 9 2 days® NA
14 80 6.81 1 day® NA
15 37 4to 8.8 NA* NA
16 35 NA 24 h** NA

“NA: information not available.

The objective of the present work was to develop a precise,
controllable, and reproducible procedure for the synthesis of
OCP. The influence of reaction pH, order of reagent addition,
temperature, and time on phase formation of OCP was
investigated. For the first time, detailed optimization of
reaction parameters assisting in the synthesis of tailor-made
OCP with different surface areas is presented. Moreover, the
cytocompatibility of the OCP sample [highest and lowest
specific surface area (SSA)] was also evaluated.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. Calcium acetate hydrate
(Merck, 99%), sodium hydroxide (Merck, 99%), sodium
dihydrogen phosphate dihydrate (Merck, 99%), and distilled
water were used as the starting chemicals. All chemicals were
used as received from the manufacturer. The reaction was
performed using the synthesis workstation Easy Max 402
reactor (Mettler Toledo). The Easy Max reactor was equipped
with a pH sensor, temperature probe, overhead stirrer, and
dosing unit SP300 for pH adjustment. Titronic (SI Analytics)
was used as the dosing equipment.

OCP was synthesized by the coprecipitation method. Stock
solutions of calcium acetate hydrate (0.0532 M), sodium
dihydrogen phosphate dihydrate (0.04 M), and sodium
hydroxide (3 M) were prepared in deionized water. The
calcium and phosphate stock solutions used in this experiment
had molar concentrations equivalent to a Ca/P ratio of 1.33
(which corresponds to the Ca/P ratio in the OCP). The
calcium acetate solution was filled in the Duran-capped bottle

connected to the Titronic dosing equipment, whereas the
sodium hydroxide solution bottle was attached to the dosing
unit SP 300 of the reactor. Later, 200 mL of sodium
dihydrogen phosphate dihydrate solution was transferred to
the 400 mL glass vessel kept in the reactor. This reaction vessel
was closed by using a glass lid. The pH sensor, temperature
probe, overhead stirrer, and dosing unit outlets were mounted
in the reaction vessel via flanges.

The phosphate source was heated to 40 °C with constant
stirring. After attaining the desired temperature, the calcium
source (200 mL) was added dropwise to the phosphate source
for 15 min. Initially, the influence of different pH values (5.5 to
6.5) on the precipitation of the OCP was studied. Additionally,
experiments were conducted in which the pH was not
controlled. The equipment was programmed to maintain the
desired pH of the reaction mixture by automatically adding an
appropriate amount of sodium hydroxide. Second, after pH
optimization, the reaction was carried out at temperatures
ranging from 30 to 70 °C. Similar procedures to the above
methodology were performed, but the only difference was in
the duration (30, 60, and 120 min) for the addition of calcium
solution into phosphate solution. The overall experimental
conditions used for the synthesis of OCP are given in Table 2.

Table 2. Optimized Reaction Conditions for the Synthesis
of OCP

processing time required for calcium temperature Ca/P
scheme no. addition (minutes) °C) pH ratio
1 15 40, S0, 60, 6 1.33
and 70
30
3 60
120

After completion, the precipitate was isolated by using vacuum
filtration and washed thrice with deionized water. Then, the
precipitate was frozen in liquid nitrogen, followed by
lyophilization. The synthesis schemes were performed more
than ten times to confirm the reproducibility. The influence of
different reaction pH, temperature, and time on surface
morphology and surface area was studied. Moreover, the
effect of the OCP SSA on cytocompatibility was also evaluated.

Additionally, the effect of the order of reagent addition on
the formation of the OCP was investigated. In these
experiments, the phosphate source was added dropwise to
the calcium source for 15 min. The reaction was performed at
40 °C, and the pH was maintained at 6. The filtration and
lyophilization steps were performed as mentioned in the above
paragraph. XRD analysis of the experiment is discussed in
Figure S2.

2.2. Characterization. 2.2.1. OCP Characterization.
Powder XRD (Panalytical, Aeris) was used for phase
identification. The XRD instrument operated at 40 kV and
15 mA by utilizing a copper (Cu) tube as its X-ray source. The
diffraction data was recorded within the 3—55° 26 range,
employing a 0.04° 20 step size. The samples were prepared
using a backloading sample holder. Each sample underwent 1 h
measurement duration. Scanning electron microscopy (SEM,
Tescan Mira/LMU) was used to analyze the surface
morphology of the synthesized OCP. The powdered sample
was fixed on a standard aluminum sample holder with double-
sided carbon adhesive carbon tape and then coated with gold
using an Emitech K550X system from Quorum Technology.

https://doi.org/10.1021/acsomega.4c01436
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Attenuated total reflection Fourier transform infrared (FT-IR)
spectroscopy (Thermo Fisher) was used to analyze the
presence of different functional groups associated with OCP.
The FT-IR spectrum was obtained with a resolution of 4 cm™
in the range from 400 to 4000 cm™'. A Brunauer—Emmett—
Teller (BET) model was employed to determine SSAs using
nitrogen gas adsorption (Quantachrome Instruments). Before
conducting the analysis, the OCP samples were subjected to 24
h of vacuum degassing at room temperature.

The particle size distribution of the samples utilized for the
in vitro cytotoxicity study (40 °C in 15 min and 70 °C in 120
min) was analyzed in dry mode using laser diffraction
granulometry (Mastersizer 3000, Malvern Instruments). The
median size d0.5 of the OCP samples (equivalent to 50%
cumulative volume percentage) was recorded. Particle size
analysis was conducted three times for each sample, and the
results are presented as the mean value =+ the standard
deviation.

2.2.2. Powder XRD Analysis and Rietveld Refinement. The
OCP powders were characterized with a diffractometer D8
ADVANCE with Da Vinci design (Bruker AXS, Karlsruhe,
Germany). The following measurement parameters were
applied: range: 2.5—70° 20; step size: 0.0112° 20; integration
time: 1 s; radiation: Cu-K,; generator settings: 40 kV, 40 mA;
divergence slit: variable slit with a fixed sample illumination of
10 mm. The variable divergence slit was chosen to enhance the
background in the initial part of the diffraction pattern. The
powders were prepared for the measurements by the front
loading method; three independently prepared samples of the
powders synthesized at 40 and 70 °C for 15 min each were
analyzed.

Rietveld analysis of the powders was performed with the
software TOPAS V5 (Bruker AXS, Karlsruhe, Germany). The
structure model ICSD #65347°° was used for the refinement of
OCP. All lattice parameters of the triclinic structure were
refined. The anisotropic crystallite size of OCP was refined
with the approach of Ectors et al, (2015),”” using an elliptic
cylinder model. rx was aligned parallel to the crystallographic b
axis, ry to the a axis, and rz to the ¢ axis (Figure 1). These three

Elliptic cylinder model

OCP unit cell

~_ &

Figure 1. Elliptic cylinder model used for the refinement of
anisotropic crystallite sizes in the OCP.

parameters are directly correlated to the OCP crystallite sizes
(ie, the sizes of the coherent scattering domains), in the
corresponding crystallographic directions. Microstrain was
refined in addition. No preferred orientation was included. A
Chebyshev polynomial of the second order was used for the
background. Additionally, a hkl phase was added to model the

elevated background, possibly due to amorphous content
present in the sample. A hkl phase contains lattice parameters,
crystallite size, and space group but no atom positions. Space
group P65/m (that of hydroxyapatite) was chosen.*®

2.3. In Vitro Cytotoxicity Studies. The OCP samples
were sterilized in 70% ethanol for 1 h followed by UV
irradiation for 30 min. The cytotoxicity of two types of OCP
samples synthesized at 40 and 70 °C (with lowest and highest
surface area, see Sections 2.1 and 3.3.4) was tested on the
MC3T3-El1 cell line (preosteoblasts). For the extract test, 4500
cells per well were seeded in a 96-well plate in 100 uL of cell
medium, which consisted of 89% alpha-modified Eagle
medium, supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin (P/S). Phosphate buffered saline (pH
7.4) was added to the wells around the perimeter to prevent
the solution on the plate from drying out. Prior to the
experiment, the plates with the cells were incubated overnight
at 37 °C, with 5% CO, (New Brunswick S41i CO, Incubator
Shaker, Eppendorf, Hamburg, Germany).

Each powder sample was suspended in fresh S mL of cell
medium obtaining a concentration of 10 mg/mL. After 24 and
48 h, all the solution was collected from the samples and
replaced with fresh S mL of cell medium. The collected
solution was filtrated with a 0.2 ym syringe filter and either
used as an undiluted extract or diluted with fresh medium
(extract to cell medium 1:10 and 1:100) and immediately put
onto the preincubated cells (100 uL for each well). Untreated
cells were used as a positive control, while a 5% dimethyl
sulfoxide solution in the medium was applied to cells as a
negative control. There were six replicates for each treatment.

To assess the cytotoxicity of the OCP extracts and their
dilutions, the Cell Counting Kit -8 (CCK-8) assay was used.
After 24 h of incubation for each time point, extracts and their
dilutions, 10 uL of CCK-8 solution was added to the
cultivation media to each well and incubated for 1 h at 37
°C, with 5% CO,. The absorption at 450 nm was measured
using an Infinite M Nano microplate reader (Tecan,
Minnedorf, Switzerland).

3. RESULTS AND DISCUSSION

3.1. Effect of pH. The pH profiles of all the samples
recorded during each experiment and the FT-IR spectra of
samples prepared at different pH are provided in the
Supporting Information (Figure S1). There were some pH
fluctuations but not more than +0.2. Thus, the precipitation
reaction was allowed to occur at the controlled pH. With the
change in pH of the reaction mixture, different CaP
compounds formed (Figure 2). The precipitation of CaPs
occurs spontaneously from supersaturated solutions, followed
by a decrease in the pH. The pH of the reaction mixture
decreases due to the release of protons. In the current study,
when the calcium source was added into the phosphate
solution, an increase in pH of the reaction mixture was noticed,
and later, a constant decline in the pH level occurred due to
the initiation of precipitation reaction. The initial increase in
pH was due to the higher pH of the calcium acetate solution as
compared with the phosphate solution.

The XRD pattern of the sample prepared without
controlling the pH (Figure 2a) revealed that brushite was a
dominant phase, whereas when the pH of the reaction mixture
was kept at 5.5 (Figure 2b), the sample was found to be
composed of two phases corresponding to OCP as well as
brushite. When the pH of the reaction mixture was maintained
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Figure 2. XRD pattern of samples prepared at different pH (a—d) and
comparison of the synthesized sample with the ICDD pattern of OCP

(e)f).

at 6, the pure OCP phase was obtained (Figure 2c).
Furthermore, increasing the pH from 6 to 6.5 resulted in a
decrease of the characteristic peak associated with the OCP
and the presence of a HAp peak was detected (Figure 2d).
This observation revealed that the pH of the reaction can alter
the reaction pathway of CaPs and leads to the formation of
different CaP phases, even if the reaction mixture contains a
constant Ca/P ratio of the desired phase, OCP. The
characteristic peaks of the OCP observed in the XRD pattern
(Figure 2f) matched with the standard OCP ICDD card no.
00-026-1056 (Figure 2e). This confirmed that the diffraction
maxima correspond only to the OCP, and no other phases
were identified (Figure 2f). Hence, optimization of the current
reaction scheme has established that pH 6 favored the
precipitation of OCP.

The potential reason for the formation of different CaP
phases is that the variation of pH affects the solubility and
changes the equilibrium of phosphate ions in the solution.
Decrease of pH results in the shifting of the phosphate ions
from PO,*~ (phosphates) to HPO,*~ (hydrogen phosphate) to
H,PO,” (dihydrogen phosphate) to H;PO, (phosphoric
acid).”® These ionic variations influence the chemical
composition of the end product. Due to this complex
equilibrium, it becomes difficult to control the precipitation
of the desired product. The dihydrogen phosphate ion
(H,PO,") and hydrogen phosphate ion (HPO,*”) coexist in
the investigated pH range (5.5—6) as per the previous study.”!
These ions vary fractionally according to their ionization
enthalpy dependent on the reaction temperature as per Van't
HofPs equation.”” The alteration of the concentration of the
required ions and the pH influence the degree of super-
saturation (solubility). The reaction mixture becomes over-
saturated due to the lower solubility of the OCP, leading to its
precipitation. During precipitation, the ionic composition of
phosphate species in the reaction mixture is affected by pH.
Moreover, it has been reported that the stability of CaPs in an
aqueous medium is highly affected by the pH.*' Previously,
Komlev et al. employed similar reagents and methodology for
the synthesis of OCP.*” However, their study lacked details on
the volume of reagents used, and no description of the pH
adjustment was mentioned. The authors observed the

formation of brushite and OCP at pH 6 and reported that
the brushite formed in the initial stages of the reaction converts
to OCP. In the present study, the presence of brushite at pH 6
was not detected.

In the current report, sodium hydroxide (background
electrolyte) was used to maintain a constant pH. The ionic
strength of sodium hydroxide was 3 M. The ionic strength is
associated with the measurement of the concentration of ions
in the given solution.”> The ionic strength of the background
electrolyte relates to the presence of ions in the solution, which
determines the pH of the reaction mixture and, subsequently,
influences the degree of supersaturation. The influence of pH
and ionic strength on CaP supersaturation is discussed
elsewhere.** It was found that at a constant molar
concentration of calcium and phosphate ions, the relative
supersaturation associated with CaP phases depends on the pH
of the reaction mixture. When the ionic concentrations of
calcium, phosphate, and hydrogen are kept constant, the
degree of supersaturation is dependent on the ionic strength of
the solution, which is maintained by the addition of an inert
electrolyte (background). It is important to consider that the
pH and ionic strength can vary during the precipitation
reaction, indicating the complexity of the CaP solution
chemistry. Therefore, it is crucial to conduct thermodynamic
studies for developing models to predict the formation of CaP
phases. Additionally, understanding the reaction kinetics will
be more beneficial in predicting the formation of a particular
CaP phase under the given conditions. This approach will
assist in overcoming the key challenge of understanding the
mechanisms of precipitation reactions involving calcium and
phosphate ions by calculating the activities of ionic species and
the formation of CaP phases during the crystallization process.
Thus, additional research is required with a specific focus on
the early stages of synthesis to predict the mechanism of the
OCP formation.

3.2. Effect of Synthesis Temperature. 3.2.7. XRD and
Rietveld Characterization. The impact of the synthesis
temperature on the formation of the OCP at a pH of 6 was
studied. The reaction performed at 30 °C indicated the
existence of dual phases corresponding to OCP and brushite
(Figure 3).
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15 minutes
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30°C

TN W N
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=z
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Figure 3. XRD pattern of samples prepared in 1S min at 30 (a) and
40 to 70 °C (b).
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The samples prepared at temperatures ranging from 40 to 70
°C reveal the OCP phase. This temperature-specific phase
formation response can be associated with the lack of sufficient
energy, which acts as a driving force for the precipitation of the
OCP. Even though the pH was maintained at 6, the
temperature (30 °C) was not enough to propagate the
reaction toward the formation of the characteristic OCP phase.
Although the OCP characteristic diffraction duplet at 9.4 and
9.7° 26 can be seen, the main diffraction maxima at 4.7° 260
cannot be distinguished. Likely, the crystallite size in the [100]
direction is very low, resulting in a very broad (100) reflection
at around 4.7° 20 that is hardly visible. Crystallite size in the b
direction is supposedly higher, thus resulting in more clearly
visible (1—10) and (010) reflections between 9 and 10° 2.

All peaks observed in the XRD pattern (Figure 3b) matched
the standard OCP ICDD card no. 00-026-1056. In addition, all
reflections could be fitted in the Rietveld software with
structure model ICSD #65347.>° These findings confirmed
that no crystalline secondary phases were present. Moreover,
the characteristic (100) reflection of the OCP became higher
and sharper with an increase in temperature (Figure 4).

(2 (b) 70 °C
(100) (700)
010 (321)
— | 110 (q11)
=
ﬁ:
>
&
E
£, (003} (a) 40 °C
N
(700)
g (010) (321
S10) (11

S 10 15 20 25 30 35 40 45 50 55
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Figure 4. Diffraction patterns of OCP synthesized at 40 (a) and 70
°C (b) for 15 min each.

Accordingly, the radius of the elliptic cylinder model assigned
to the [100] direction, correlated to the OCP crystallite size in
the [100] direction (a axis), increased from 3.2 + 0.3 nm in
the 40 °C sample to 9.9 + 0.8 nm in the 70 °C sample. No
significant change of the radius aligned in [010] direction was
observed; it was around 20 nm in both cases.

Previously, the synthesis of OCP was reported in 1 daZ and
113 h at a temperature of 35 and 25 °C, respectively.””*> A
recent study utilized a microflow reactor for the synthesis of
OCP. The total volume of the synthesis reaction was 36 mL
and OCP phase formation was detected only after aging the
mother solution at 50 °C for 12 h and at 60 and 70 °C for 3 h,
respectively,”" whereas in the current work, the total reaction
volume employed was 11 times more, and the OCP was
obtained without any aging step. The methodology developed
in the present work is capable of synthesizing OCP within 15
min at temperatures ranging from 40 to 70 °C.

The layered crystal structure of OCP enables the
incorporation of carboxylate ions into the hydrated layer.”
When carboxylate ions are incorporated into the crystal
structure of the OCP, this compound is known as OCP
carboxylate and commonly abbreviated as OCPC. Rietveld
refinement of the a parameter of the OCP crystalline lattice
indicated a clear decrease for the 70 °C sample, compared to
the 40 °C sample. Due to the inverse correlation between the
interplanar distance d and the incident angle 8, as expressed by
the Bragg equation n-4 = 2d-sin 6, the corresponding (100)
reflection is shifted to a higher °20 position in the 70 °C
sample. Accordingly, decreases were observed for the b and ¢
parameter (Figure S). The lattice parameters obtained in this
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Figure S. Lattice parameters of OCP synthesized at 40 °C and 70 °C,
compared to the lattice parameters provided in the structure model
ICSD #65347.%° The measured data are means of three independent
measurements; the error bars represent the standard deviation.

study were further compared with those of the OCP reference
structure ICSD #65347.%° It is evident that for the OCP
obtained at 40 and 70 °C, all three measured lattice parameters
were significantly higher than those of the standard structure
ICSD #65347 (Figure S). The a parameter of the OCP is not
identical to the interplanar spacing (d;o) value due to the
triclinic symmetry, but d; can be obtained from the a
parameters and the angle a from geometric correlations.
Accordingly, the d,, value of the ICSD 65347 OCP structure
is 18.658 A, whereas the d,y, value of the 40 °C sample was
18.711 A. The interplanar spacing d;o, of 18.658 A (ICSD
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Figure 6. FT-IR spectra of samples prepared in 15 min at different temperatures (a) and at 40 °C (b).

#65347) would correspond to a (100) peak position of 4.732°
20 for the Cu-K,, radiation used within this study (wavelength:
1.5406 A), thus differing by 0.013° 26 from the position of the
(100) peak in the 40 °C sample (4.719° 26).

The observed increase of lattice parameters, especially the a
parameter, of the 40 °C sample compared to the 70 °C sample
can be explained by the incorporation of carboxylate ions into
OCP, which leads to the shifting of the peak in the XRD
pattern and causes variations in the interplanar spacing (d;q)
of OCP.* The incorporation of carboxylate ions in the OCP
structure caused the shifting of the (100) refection peak to a
lower angle.** Previously, it was emphasized that the expansion
of the a axis indicates the incorporation of carboxylate ions
into the crystal plane (100) of OCP.* The interplanar spacing
values of the present study are lower than those published in
reports,*’ as the elongation deé)ends on the number of carbon
atoms in the carboxylate ion.*

However, it should be noted that carboxylation is not the
only possible reason for an increase in the lattice parameters. It
is reported that the water content of OCP can be variable.’
Increase of water content in the hydrate layer would increase
digo and hence the a parameter. Therefore, it is possible that
only the 40 °C sample is carboxylated, while the increase of the
70 °C sample compared to the reference can be explained by
other factors.

3.2.2. FT-IR Analysis. The FT-IR spectra of samples
synthesized at different temperatures are shown in Figure Ga.
The absorption peaks at 466, 527 to 598 cm™' are associated
with the bending vibrations (v, v,) of the phosphate group
(PO,*"). The absorption bands at 861, 915, and 1295 cm™
correspond to the stretching vibrations of HPO,>”, whereas
the absorption bands ranging from 961 and 1014 to 1073 cm™"
are associated with P—O stretching (v, and v;) vibrations.**
The broad OH stretching vibration was observed at 3400
cm™, the bending OH vibration was found at 1644 cm™), and
the shoulder peak at 627 cm™ is associated with water.”
Moreover, the HAp-characteristic OH stretching band at 3572
cm ™! was found to be missing, which is a good indicator for the
absence of HAp."

This research was focused on developing a protocol for the
ultrafast synthesis of the OCP, but surprisingly, we
encountered the possible formation of OCPC. FT-IR spec-
troscopy is an appropriate characterization technique to

36170

confirm the incorporation of carboxylate ions into the OCP
structure.* The absorption band associated with the hydrogen
phosphate ions in the hydrated layer of the OCP was noticed
at 1193 cm™ in all the samples except the sample prepared at
40 °C (Figure 6b). The disappearance of the absorption peak
at 1193 cm™" occurs due to the incorporation of carboxylate
ions in the OCP. This indicates the substitution of hydrogen
phosphate ions by carboxylate ions.** The FT-IR spectra
(Figure 6b) of the sample synthesized at 40 °C revealed the
absence of an absorption peak at 1193 cm™', and the bands
ranging from 1400 to 1650 cm™" are derived from carboxylate
groups.*® This unique observation could be linked to the
stability of the carboxylate ion at 40 °C. Higher temperature
might lead to decarboxylation. Therefore, conducting addi-
tional experiments is necessary to substantiate this hypothesis.
It has been reported that the asymmetric stretch of the
carboxylate ion is found between 1540 and 1650 cm™,
whereas the symmetric stretch is noticed between 1360 and
1450 cm™". The asymmetric stretch is more intense than the
symmetric stretch. Both bands must coexist in the FT-IR
spectra to confirm the existence of carboxylate in a sample.’>*"
The absorption bands ranging from 1424 to 1457 and 1572 to
1650 cm™" would be derived from the carboxylate ion present
in OCP. The bending OH vibration was found to be masked
with the absorption peaks derived from the carboxylate group
at 1644 cm™'°” This analysis confirms the existence of
functional groups related to both the OCP and carboxylate.
Moreover, a recent article describing the governing role of the
carboxylate moiety in the mineralization of interfibrillar
collagen indicated that only the hydrated layer of CaP has
potential to incorporate carboxylate ions.”* The association of
the OCP with carboxylate (acetate) is a complex process, and
more advanced analysis is required to depict the exact
interaction.

3.2.3. SEM Analysis. The surface morphology of the
synthesized samples (Figure 7) was found to have a plate-
like structure, which is the characteristic morphology of the
OCP. The synthesis temperature highly influenced the plate-
like structure of the samples. It can be seen from the SEM
images that the length of platted structures increased with the
increase in temperature. Thus, the formation of larger particles
at higher temperature is presumed due to either crystal growth
or fusion of particles. Previously, it has been found that the
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Figure 7. SEM micrographs of samples prepared at different
temperatures.

growth of crystals is directly proportional to temperature.”*
This observation indicates that the temperature alters the
morphological architecture of the OCP. A previous study
reported a similar observation during the aging process of OCP
samples.”!

3.3. Effect of Synthesis Time. 3.3.1. XRD Analysis. The
influence of the synthesis time (calcium addition duration) on
the formation of the OCP was studied at pH 6. Figure 8 shows
the XRD pattern of the samples prepared in different synthesis
durations (30, 60, and 120 min) without aging the reaction
mixture. All the samples exhibited the presence of the OCP
phase, which matched the standard ICDD pattern 00-026-
1056. The XRD pattern revealed the existence of (100), (200),
and (010) reflection peaks associated with OCP at 4.7° 26,
9.4° 26, and 9.7° 20. As the reaction temperature (from 40 to
70 °C) and time (from 30 to 120 min) were increased, the
diffraction peaks also intensified. This is an indication that the
reaction temperature as well as time influences the crystallite
size of OCP samples. The long-term stability of the synthesized

samples after 1 year of storage was studied and discussed in the
Supporting Information (Figure S4).

3.3.2. FT-IR Analysis. FT-IR analysis (Figure 9) of the
samples synthesized at different reaction times revealed the
existence of different functional groups associated with the
OCP as discussed in subsection Section 2.2.2 (Figure 6a).
Additional information in the form of Supporting Information
(Figure S3) has been included to illustrate the impact of
various reaction times (ranging from 1S to 120 min) while
maintaining a constant temperature of 30 °C and pH of 6.

3.3.3. SEM Analysis. The scanning electron micrographs of
the samples prepared at different synthesis temperatures and
times are shown in Figure 10. The samples revealed that the
particles exhibit plate-like structures scattered throughout the
surface. The most distinguishing feature observed among all
samples was the increase in the length of the plate-like
particles. Thus, the increase in the synthesis time (from 30 min
to 2 h) resulted in the formation of longer ribbon-shaped
particles. An earlier study reported that longer aging periods (3
and 12 h) resulted in an increase in the length of OCP
particles,”’ whereas in the current study, the short plate-like
architecture of the OCP particles grew into a belt-like structure
with the increase in temperature and time.

The structure of the OCP is composed of an apatite layer
and a hydrated layer arranged alternatively after each other,
perpendicular to the a direction. The calcium and phosphate
ions are arranged in the apatite layer like in the case of
hydroxyapatite, whereas the hydrated layer comprises hydro-
gen phosphate, hydroxyl ions, and water (H,0). The
accumulation of ions (Ca** and PO,*”) from the mother
solution on the (100) plane leads to the crystal growth of
OCP. The affinity of these ions, specifically toward the (100)
face of the apatite layer, is higher than that toward the other
faces because the crystal plane (100) is the highest energetic
face of OCP in the presence of water.”® The ions tend to lower
the overall surface energy by apposition on the (100) face.
This process leads to an increase in the height of (100)
reflection as observed in the XRD patterns (Figures 4 and 8)
due to the increase of the crystallite size in this direction as
well as the formation of longer ribbon-shaped particles as
evidenced in SEM images (Figure 10). Concerning the above
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Figure 8. XRD patterns of the OCP samples prepared at different synthesis durations.
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Figure 9. FT-IR spectra of OCP samples prepared in 30 (a), 60 (b), and 120 min (c).
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Figure 10. SEM images of OCP samples prepared at different synthesis temperatures in 30 (a—d), 60 (e—h), and 120 min (i-1).

discussion and the results observed in the present study, it can
be suggested that an increase in reaction temperature (40 to 70
°C) and synthesis time (15 to 120 min) leads to elongation of
OCP crystals visible under SEM and increases the crystallite
size (i.e, the size of the coherent scattering domains,
determined by XRD analysis) along the a direction. An
increase of the (100) peak height (or the OCP peaks in
general) might further result from an increase of the quantity
of crystalline OCP in the sample. Indeed, the Rietveld scale
factors, which are proportional to the phase quantities, were
around 40% higher in the 70 °C sample. Hence, it is possible
that a more amorphous CaP phase is present in the 40 °C
sample.

3.3.4. SSA Analysis. The SSA of the synthesized OCP
samples (Figure 11) was studied by BET analysis. The SSA of
the synthesized OCP samples (bar graph) is shown in the
Supporting Information (Figure SS). The SSA of the OCP
samples was highly influenced by the reaction temperature and

time. The SSA of the samples followed a decreasing trend as
the reaction temperature was raised from 40 to 70 °C and a
similar trend was observed when the reaction time was
increased from 15 to 120 min. Thus, the highest SSA (91 m*/
g) corresponds to the sample prepared at 40 °C in 15 min,
which is 5 times higher than the sample produced in 120 min
at 70 °C (16 m?/g). Moreover, considering the reactions
completed in 15 min, the SSA of the OCP produced at 40 °C
is 3 times higher than that of the samples prepared at 60 and
70 °C, respectively.

The OCP samples prepared in 2 days exhibited different
surface areas such as 1.2, 4.62, 26, and 62 m?/ g.14 In a recent
article, OCP synthesized using the hydrolysis method over a 3
day period exhibited an SSA of 66 m*/g.'® Compared to
previous findings, the present study reports the highest known
SSA of the OCP (91 m?/g synthesized within 15 min). Thus,
the methodology developed in the present work has the
potential to synthesize tailor-made OCP with different SSA.
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Figure 11. SSA of OCP samples prepared at different temperatures
and synthesis durations.

The high SSA biomaterials offer enhanced reactivity,
increased adsorption capacity, and improved efficiency across
various processes and technologies. They play a pivotal role in
facilitating the adsorption of bioactive molecules, including
proteins and cytokines, onto biomaterial surfaces, thereby
accelerating biomaterial integration and tissue regeneration.’®
SSA also governs a material’s drug adsorption capability,
making it a valuable parameter for drug adsorption.”” For
instance, the comparison of risedronate adsorption between
HAp and zinc-substituted hydroxyapatite (ZnHA) demon-
strated that ZnHA's larger surface area (86 m*/g) resulted in
superior risedronate adsorption compared to HAp (23 m?/
g).*® Furthermore, the commercial success of deproteinized
bovine bone mineral, with a high SSA of up to 88 m?/g*’
comparable to that of natural bone (ranging from 40 to 240
m?/g),*’ underscores the growing demand for high SSA
biomaterials in biomedical applications.

3.3.5. Particle Size Analysis. The particle size distribution of
the OCP sample used for cellular studies is shown in Figure 12.
Both the samples revealed monomodal curves. The average
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Figure 12. Particle size distribution of the OCP samples.

particle size of the sample synthesized at 40 °C was found to
be 13 pm, whereas in the case of 70 °C, it was found to be 27
um (Table 3).

Table 3. Particle Size of Synthesized OCP Samples

S. no. OCP samples d0.5 (um)
1 40 °C in 1§ min 13 +£0.1
2 70 °C in 120 min 27 £ 0.5

3.4. Cellular Studies. The impact of OCP synthesis
temperature and resulting changes in SSA and particle size on
cell viability was explored (Figure 13). The study, conducted in
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Figure 13. Effect of OCP sample extracts on MC3T3-E1 cell viability.

line with ISO 10993-5:2009 guidelines, demonstrated that
none of the tested OCP extracts or their dilutions exhibited
cytotoxic effects, with all experiments consistently revealing cell
viability exceeding 70%. In most of the experiments, dilutions
exhibited no significant differences when compared to extracts.
Nonetheless, statistical analysis revealed the presence of
statistically significant differences (*p < 0.05) in select cases.
A decrease in cell viability was noted for OCP extracts with
lower SSA following a 48 h incubation period. In previous
studies, the suppressive influence of OCP on the proliferation
of osteoblastic cells was similarly noted;*’ however, in
prolonged incubation, proliferation of ST-2 cells was similar
to cells grown on HAp or p-tricalcium phosphate—clinically
already used materials.”” Kovrlija et al. recently demonstrated
that CaPs with dimensions comparable to cells (diameter 15—
30 um) could generate false events in vitro analysis.é3
Furthermore, investigation of hydroxyapatite particle size and
shape influence on inflammatory responses revealed that
particles in the mean size of 5 pm induce higher IL-1f
secretion compared to larger particles (mean size 20 and 100
um).°* Therefore, our study also highlights the impact of
particle size in in vitro analysis. Another major factor involved
in the cell viability is the dissolution process of the OCP
through its hydrolysis to calcium-deficient hydroxyapatite. The
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OCP dissolution effect on the cellular viability has been
studied extensively by Suzuki et al®® and Petrakova et al.*®
According to their studies, higher dissolution capacity ensures
enhanced progressive Ca* ion incorporation in the OCP and
inorganic phosphate ion release in the physiological environ-
ment. Also, nonlinear calcium ion adsorption from the cell
culture medium decreases the proliferation rate for bone cell
lines and formation of calcium-deficient hydroxyapatite
provokes acidification of culture media,’’ therefore we see
the decrease of the cell viability in the 48 h time point.

4. CONCLUSIONS

Current research reports an ultrafast and straightforward
procedure for the synthesis of OCP within minutes. The
phase formation of the OCP was found to be influenced by
pH, temperature, and order of reagent addition. The presence
of brushite and HAp phases was noticed at pH lower and
higher than 6. Even if the pH is controlled at 6, a temperature
of 40 to 70 °C is necessary for the formation of the OCP. The
length of the plate-like structure of the OCP particles increased
with the increase in reaction temperature and time. The
processing schemes enabled the synthesis of OCP with varying
SSAs. The SSA of the OCP samples can be tuned as desired by
altering the reaction temperature and time. The highest SSA
sample revealed a higher cell viability than the lowest SSA
sample. This research was focused on developing a protocol for
the facile synthesis of the OCP, but surprisingly, the possible
formation of OCPC was also encountered at 40 °C. The
present work suggests that the high SSA OCP samples can be
explored as scaffolds, composites for hard tissue regeneration,
or carriers of therapeutic molecules for drug delivery
applications.
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