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1. Introduction

A sustainable one-pot method to transform
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osteoinductive hydroxyapatite
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We have developed a straightforward, one-pot, low-temperature hydrothermal method to transform
oyster shell waste particles (bCCP) from the species Crassostrea gigas (Mg-calcite, 5 wt% Mgq) into
hydroxyapatite (HA) micro/nanoparticles. The influence of the P reagents (HzPO,4, KH,PO4, and KoHPO,),
P/bCCP molar ratios (0.24, 0.6, and 0.96), digestion temperatures (25-200 °C), and digestion times
(1 week—2 months) on the transformation process was thoroughly investigated. At 1 week, the minimum
temperature to yield the full transformation significantly reduced from 160 °C to 120 °C when using
KoHPO, instead of KH,PO,4 at a P/bCCP ratio of 0.6, and even to 80 °C at a P/bCCP ratio of 0.96. The
transformation took place via a dissolution—reprecipitation mechanism driven by the favorable balance
between HA precipitation and bCCP dissolution, due to the lower solubility product of HA than that of
calcite at any of the tested temperatures. Both the bCCP and the derived HA particles were cytocompa-
tible for MG-63 human osteosarcoma cells and m17.ASC murine mesenchymal stem cells, and addition-
ally, they promoted the osteogenic differentiation of m17.ASC, especially the HA particles. Because of
their physicochemical features and biological compatibility, both particles could be useful osteoinductive
platforms for translational applications in bone tissue engineering.

smell and causing health issues due to the microbial
decomposition.”> On the other hand, their disposal represents
an environmental and economic issue since it involves the use of

Seashells represent a waste by-product from fishery industry
and marine aquaculture.’ In 2018, world production of shelled
molluscs reached 17.3 million tonnes representing 56% of the
production of marine and coastal aquaculture.” Waste seashells
are often just dumped in the sea causing damage to the marine
ecosystem® or disposed in a landfill affecting the quality of
life for people living in proximity because of the unpleasant
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incineration or burial.® A way to overcome these issues may
involve turning cast-off waste seashells into new materials by
observing the main circular economy targets, ie., efficiency,
recycling, recovering and reducing.” Mollusc shells are hierarch-
ical organic/mineral composites made of CaCO; embedded within
an organic framework (1-5 wt%).® So far, this waste by-product
has been used as a source of calcium carbonate in different
fields.” Many studies report the use of CaCO; from the shells as
calcium supplements for livestock feeding,'”'" agricultural liming
agents for soil acidity treatment'> and as aggregate substitutes in
concrete preparation.”>'* In recent years, several papers have been
published on the transformation of biogenic CaCO; particles
(bCCP) to calcium phosphates of the hydroxyapatite phase (HA).

HA [Ca;(PO,)s(OH),] is the model phase representing the
bone and teeth mineral component. Synthetic HA is the most
largely studied calcium phosphate for biomedical applications
such as coatings for dental implants, drug delivery systems,
bioimaging and bone filling, substitution, replacement and

This journal is © The Royal Society of Chemistry 2023
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regeneration in orthopaedics.">™' The global HA market,
including nano-, micron- and larger sizes, is expected to grow
to around USD 3,086.05 million by 2027.>* The interest in HA is
due to its excellent features i.e., biocompatibility, bioactivity,
no-toxicity and osteointegration.>® Recently, HA nanoparticles,
in particular, have widely drawn attention due to their large
surface-to-volume ratio, which mimics the dimensions of calci-
fied tissue constituents allowing a higher biocompatibility and
cell affinity and proliferation.">**?>

Different biogenic CaCOj; sources have been employed as a
source of calcium to produce HA such as eggshells,”® mussel
shells,”” clam shells,”® cockle shells,” oyster shells,*® snail
shells,*" corals*” and cuttlefish bones.** Among them, oyster shells
are constituted by CaCO; in the form of calcite with an isomorphic
substitution of magnesium to calcium of about 5 mol%.** Both
valves comprise different microstructures of calcite that are layers
of sheet-like foliae alternated with discontinuous lense-like chalk
layers and a thin external layer of prisms 5-25 pm wide and 20-50
pm high which are in turn constituted by an internal laminated
structure.>>*® HA particles obtained from oyster shells having
biocompatibility and bioactivity properties have been already
produced. However, nothing about the osteoinductive properties
of these HA particles was reported.®”*

Several methods have been developed to convert bCCP in
HA so far. Most of them are two-step processes involving the
calcination of CaCO; to CaO at 900-1200 °C followed by the
reaction with a phosphate reagent (typically H;PO,) with
Ca(OH), produced by the hydration of Ca0.>*™** Calcium pre-
cursors for the wet chemical precipitation of HA can also be
obtained by dissolving CaCOj; in an acidic solution such as HCI
or lactic acid.**** The hydrothermal method was used in a
three-step procedure consisting of calcination of bCCP, hydra-
tion and carbonation of resulting CaO to produce precipitated
CaCO; particles, which were then used for the hydrothermal
reaction with (NH,),HPO, at 160 °C in an autoclave to yield
HA nanoparticles.*” Rod and flower-like HA nanoparticles were
synthesized by a microwave irradiation method with the aid of
EDTA as a calcium chelating agent.*®™*® Agalya et al. performed
one-pot ultrasound-assisted synthesis to produce Fe-doped
HA nanoparticles using mussel shells as the calcium source
with the aid of trisodium citrate as a complexing agent.*® HA
nanoparticles were also obtained via wet mechanosynthesis by
the use of ball milling but for the full conversion of bCCP to be
achieved, thermal treatment had to be performed after the
milling process.”® Balu et al. introduced an oil-bath-mediated
precipitation method at 80 °C for the synthesis of HA nanorods
from cuttlefish bone powder using basic pH.>

In this work, we investigate the transformation of bCCP
from oyster shell waste of the species Crassostrea gigas into HA
micro/nanoparticles with suitable cytocompatible and osteoin-
ductive properties for osteogenic applications using a one-step
hydrothermal process. Compared to most of the methods
reported in the literature so far, the method we suggest here
is straightforward, one-pot and involves the full transformation
of bCCP into HA nanoparticles. Moreover, it is low-cost since it
can avoid the use of expensive hydrothermal autoclaves,
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additives, and high-purity calcium reagents, and importantly,
it can be performed at relatively low hydrothermal tempera-
tures without any pH adjustment. This method will benefit the
environment since it proposes an efficient and low-cost produc-
tion of HA particles with applications in medicine and ther-
apeutics using waste seashells as the starting material, thus
contributing to reducing the waste material derived from the
fishery industry and marine aquaculture.

2. Materials and methods

2.1. Preparation of bCCP

Oyster shells of the species Crassostrea gigas were purchased from
F.Ili Terzi (Palosco, BG, Italy). The shells were carefully washed with
tap water to eliminate the meat residues and mineral debris. Then
they were treated with 5% v/v sodium hypochlorite solution for 24
hours to remove the organic residues from the surface, washed
with tap water and air-dried. The dry shells were finally crushed by
a hammer mill and sieved at @ < 45 pm by analytical sieving in
order to get biogenic calcium carbonate particles (bCCP).

2.2. Reagents

Potassium phosphate monobasic (KH,PO,4, ACS Reagent, >99%),
potassium phosphate dibasic (K,HPO,, ACS Reagent, > 98%),
and phosphoric acid (H;PO,, ACS reagent, 85 wt% in H,O) were
provided by Sigma-Aldrich. All solutions were prepared with
deionized water (0.22 pS, 25 °C, Milli-Q, Millipore).

2.3. Experimental method

The experiments were carried out in a furnace with circulated
forced air, using 10 mL glass Pyrex test tubes with PBT screw
caps and a rubber disc coated with PTFE at temperatures in the
range 25 °C < T < 120 °C, with AT = 20 °C. For higher
temperatures (120 °C < T < 200 °C, AT = 20 °C), an aluminium
box was designed to contain four 10 mL PTFE tubes. The box is
provided with an aluminium cap coated with PTFE to close the
ensemble. Alternatively, we used the Berghoff BR100 model
hydrothermal reactor equipped with a 100 mL PTFE liner
(see in Fig. S1 of ESIt a sketch of the experimental set-up and
the screened processing parameters). All tubes were filled at
70% volume with the bCCP aqueous dispersions. The disper-
sions were prepared with the bCCP by varying the phosphate
reagent (H;PO,, KH,PO,, K,HPO,) and the P/bCCP mol ratio to
0.24 (deficiency of phosphate), 0.6 (stoichiometric with respect
to HA), and 0.96 (excess of phosphate). The initial concentra-
tions of phosphate and bCCP were as follows: For P/bCCP =
0.24, 120 mM P/500 mM bCCP, while for P/bCCP = 0.6 and 0.96,
300 mM P/500 mM bCCP and 480 mM P/500 mM bCCP,
respectively. The maturation time (¢) varied depending on
the P/bCCP mol ratio and the setting temperature. Thus, for
P/CaCO; = 0.24 in the range 25 °C < T < 80 °C, the experi-
ments lasted 1 and 2 months, while for the range 100 °C < T <
200 °C, they lasted 1 week. This set of preliminary experiments
allowed us to fix the maturation time in further experiments
with P/CaCO; = 0.6 and 0.96 in 1 week. The initial pH was not
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adjusted but measured at the beginning and at the end of the
experiments in the residual solutions by using a Sension + +
CAT pH electrode connected to a Hach Sension+ pH-meter with
an accuracy < 0.02 pH. Upon completion, the precipitates were
subjected to three consecutive cycles of washing by centrifuga-
tion with deionized water to remove unreacted species or salts
such as NaCl. Afterward, they were freeze-dried overnight at
—50 °C under a vacuum (3 mbar).

2.4. Particle characterization

Different techniques were used for the characterization of the
precipitates including X-ray diffraction (XRD), thermogravime-
try, FTIR and Raman spectroscopies, scanning and transmis-
sion electron microscopies (SEM, TEM and HRTEM), energy
dispersive X-ray spectroscopy (EDS) analysis, and thermogravi-
metry. The selected samples were additionally analysed by
dynamic light scattering (DLS) and {-potential against pH.

XRD data were collected using a Bruker D8 Advance Vario
diffractometer with a Bragg-Brentano parafocusing geometry
and Cu K,; radiation (1.5406 A). Data processing of most
matured samples was carried out using software TOPAS 6.0
(Bruker AXS, Karlsruhe).>> The contribution of the isotropic
peak broadening due to domain size was modeled using the
TOPAS macro based on the Scherrer approximation and con-
sidering the instrumental contribution from a measurement of
LaBg standard (NIST SRM 660c).

Thermogravimetric analyses of some selected samples were
performed using a Shimadzu TGA-50H calorimeter at a flow rate
of 100 mL min~" air in an alumina crucible. The measurements
were carried out from 25 to 950 °C at a rate of 20 °C min™~".

FESEM observations and EDS were both performed using
a field emission high-resolution microscope GEMINI LEO 1500
(Zeiss, Jenna, Germany) equipped with an energy dispersive
X-ray (EDX) spectroscope by Oxford Instruments.

Transmission electron microscopy (TEM) was performed
using a Carl Zeiss Libra 120 Plus instrument at 80 kv. High-
resolution transmission electron microscopy (HR-TEM) ana-
lyses were performed using a TITAN G2 60-300 FEI Instrument
(FEI, Hillsboro, OR, USA) operating at 300 kV. The instrument
is equipped with an EDX Super X detector to perform micro-
analysis, and a STEM type HAADF detector. For both techni-
ques, the powder samples were ultrasonically dispersed in H,O
(MilliQ), and then a few droplets of the slurry were deposited on
copper microgrids coated with a FORMVAR carbon film prior to
observation.

Fourier transform infrared spectra were recorded using
an Invenio R FTIR spectrometer (Bruker) equipped with an attenu-
ated total reflectance (ATR) accessory of diamond crystals. The FTIR
spectra in a transmittance mode were recorded within the wavenum-
ber range from 4000 cm™" to 400 cm ™" at a resolution of 4 cm ™.
Raman spectra were recorded with a LabRAMHR spectrometer
(Jobin-Yvon, Horiba, Japan). The excitation line was provided by a
diode laser emitting at a wavelength of 532 nm. A Peltier cooled
charge-coupled device (1064 x 256 pixels) was used as the detector.

The analysis of both the crystal size distribution by dynamic
light scattering (DLS) and the electrophoretic mobility
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(¢-potential) of the HA samples was performed with a Zetasizer
Nano ZS analyzer with a 633 nm laser (Malvern, UK) using
disposable polystyrene cuvettes containing the particles sus-
pended in deionized water (0.5 mg mL ™) at 25 °C. For the
measurements of the {-potential versus pH, the MPT-2 autoti-
trator (Malvern, UK) connected to the analyser was employed.
Diluted HCI and NaOH solutions (0.25 and 0.1 M, respectively)
were used as titration agents. No additional electrolytes were
added. For oyster shell bCCP, the analysis was performed
by laser diffraction with a Mastersizer 2000 instrument (Mal-
vern, UK) coupled with a Hydro 2000SM system.

2.5. Biological tests

2.5.1. Cell cultures. MG-63, a human osteosarcoma cell
line (ATCC®CRL-1427™), was grown in Dulbecco modified Eagle’s
medium (DMEM) (Sigma-Aldrich, Milan, Italy) supplemented with
10% fetal bovine serum (FBS), antibiotic solution (streptomycin
100 pg mL~" and penicillin 100 U mL ™", Sigma-Aldrich, Italy) and
2 mM r-glutamine (complete medium). m17.ASC cells (a sponta-
neously immortalized mouse mesenchymal stem cell clone from
subcutaneous adipose tissue)®> were maintained in Claycomb
medium (Sigma-Aldrich), supplemented as above. All cells were
incubated under standard conditions (37 °C, 5% CO,), and splitted
when at 80-90% confluence (at ratios, MG-63 of 1:8 and m17.1ASC
of 1:10).

2.5.2. Cytocompatibility tests. For cytocompatibility
assays, MG-63 cells (5 x 103/well) and m17.ASC (2 x 103/well)
were seeded in a complete medium for 24 hours and then
different concentrations (ranging from 0.1 to 100 pg mL ') of
both bCCP and HA nanoparticles obtained from oyster shells
(here referred to as Oy-bCCP and apatite NPs, respectively) were
added in 100 pL of fresh medium. Hydrogen peroxide (1 pM)
was used as an internal control of toxicity. After 72 hours of
incubation, cell viability was evaluated by the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT, Sigma-
Aldrich) colorimetric assay as described in Goémez-Morales
et al.®* Briefly, 20 pL of MTT solution (5 mg mL™" in PBS
solution) was added to each well, and the plate was incubated
at 37 °C for 2 hours. Afterward, supernatants were carefully
aspirated, and then, 125 pL of 0.2 N HCI in isopropanol was
added to dissolve formazan crystals. 100 pL was then removed
carefully, and the optical density was measured in a multiwell
reader (2030 Multilabel Reader Victor TM X4, PerkinElmer) at
570 nm. The absorbance value of untreated cells was taken as
100% viability, and values obtained from cells undergoing the
different treatments were referred to this value. Experiments were
performed at least 3 times using three replicates for each sample.

2.5.3. Osteogenic differentiation of mesenchymal stem
cells. m17.ASC cells were seeded onto 12-well plates at a density
of 1 x 104 cells per well, and after 24 hours, they were treated
with an osteogenic medium (DMEM containing FBS 10%,
50 ug mL ™' ascorbic acid, 10 mM P-glycerophosphate, and
10 nM dexamethasone) for 14 days. The culture medium was
replaced every 3 days as previously described in the study by
Zamperone et al.’> To evaluate the potential osteo-inductive
effects of the particles, m17.ASC cells were cultured with Oy-

This journal is © The Royal Society of Chemistry 2023
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bCCP and apatite NPs at a concentration of 25 ug mL ™" in the
growth medium for 14 days.

2.5.4. Alkaline phosphatase (ALP) staining and quantita-
tive analysis. The osteogenic differentiation was evaluated by
alkaline phosphatase (ALP) staining and quantified with Ima-
ge] software as described in Dupont et al.>® Briefly, after 14 days
of culture with the particles, cells were washed three times with
PBS, fixed with 4% paraformaldehyde (4% PFA; Sigma-Aldrich)
for 15 min and stained with an alkaline phosphatase detection
kit (Millipore, Merck Millipore, Milano, Italy) according to the
manufacturer’s protocol. Cells cultured alone (without particles)
or with the osteogenic differentiation medium were used as
negative and positive controls, respectively. Images were
acquired under the optical microscopy at 200x magnification.
For ALP quantification, the intensity of violet staining was
estimated as the integrated density (INT.DEN.) by Image] analy-
sis. This value was normalized to the number of cells for each
picture and was expressed as the arbitrary unit (a.u.). Experi-
ments were performed at least 3 times.

2.5.5. Alizarin Red staining (ARS) and quantitative analy-
sis. The calcium deposition of m17.ASC cells was assessed by
Alizarin Red S staining after the induction of osteogenic
differentiation with or without the NPs for 14 days as previously
described.”® Briefly, cells were washed with PBS pH 7.2, fixed
with PFA (2 wt% in PBS) and then stained with Alizarin Red S
solution (40 mM), pH 4.1, for 30 min at room temperature.
Afterward, the wells were washed thrice with bi-distilled water
to remove the non-specific precipitation, and then samples
were analysed and photographed by optical microscopy at
200x. To quantify the staining, mineralized deposits were
dissolved in 10% acetic acid (Sigma-Aldrich) for 30 min, and
then 150 pL of each sample was collected in a 96-well plate to
measure their optical density in a multiwell reader (2030 Multi-
label Reader Victor TM X4, PerkinElmer) at 405 nm. Experi-
ments were performed at least 3 times using three replicates for
each sample.

2.5.6. Statistical analysis. Data were statistically analysed
and are expressed as mean + standard deviation of at least
three triplicates. Statistical analyses were performed using a
one-way ANOVA with Bonferroni’s post-test for grouped ana-
lyses using GraphPad Prism version 7.0 for Mac, GraphPad
Software (GraphPad Prism, San Diego, CA, USA). Statistical
differences between the treatments were considered significant
when p values were p < 0.05 (*), p < 0.01 (**), p < 0.001 (**¥),
and p < 0.0001 (****).

3. Results and discussion

3.1. Influence of P/bCCP molar ratio, P reagent, and
temperature on bCCP to apatite transformation

Fig. 1 summarizes the main results of XRD and spectroscopic
characterization (FTIR and Raman) of the precipitates resulting
in experiments with initial molar ratios of P/bCCP = 0.24 at
1 month (Fig. 1(a)-(c)), P/bCCP = 0.60 at 1 week (Fig. 1(d)-(f)),
and P/bCCP = 0.96 at 1 week (Fig. 2(g)-(i)). For the sake of

This journal is © The Royal Society of Chemistry 2023
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simplicity, the figure shows the results at 25 °C and at the
minimum temperature yielding the highest transformation
(Fig. 1(a)—(c)) or at temperatures yielding full transformation
(Fig. 1(d)-() and (g)-(i)).

In these plots, the starting material bCCP presents the
characteristic XRD pattern of calcite (PDF 00-005-0586), with
reflections at 20 = 29.3°(104) and 23.03° (012) marked in the
diffractogram.”® The XRD pattern of a carbonated-hydroxyapatite
blank®” shows the main reflections at 20 = 25.87° (002) and the
quadruplet 31.77° (211), 32.19° (112), 32.90° (300), and 33.97 (202)
(PDF 01-1008) (Fig. 1(a)). The FTIR spectrum of bCCP in the range
of 400-1200 cm ™" shows the v,(CO;) and v4(CO;) vibration modes
at ~875 cm ' and 713 ecm™',*® while for HA, it shows the
characteristic asymmetric stretching v; (PO,) at 1000-1100 cm ™",
symmetric stretching v;(PO,) at ~960 cm ', and the bending
mode v,(PO) at 562 cm™* and 603 cm ™. The presence of a small
band in the v,(CO;) region is due to the CO,>~ ions substituting
both OH™ (A-type) and PO,* (B-type) (Fig. 1(b)).>***” Concerning
the Raman spectra in the range 800 cm ™" to 1200 cm ™" (Fig. 1(c)),
we find the bands of HA v,(PO,) at ~960 cm " and calcite
v,(CO;) at ~1086 cm™*°° as the most representative ones.

In the experiments with a P/bCCP ratio of 0.24 (Fig. 1(a)-(c)
and Fig. S2 of ESIt), we obtained mixtures of bCCP and HA.
This P/bCCP ratio allowed us a preliminary screening of the
influences of time (¢), temperature (7) and P reagent on the
evolution of the precipitation. The effect of these parameters on
HA wt% was quantified by Rietveld analysis of the XRD patterns
using TOPAS 6.0 software (ESIL,{ Fig. S3). The plot shows an
increase of transformation with T within the range from 25 °C
to 80 °C (Fig. S3a, ESIt), with a maximum percentage at 80 °C of
39.5 wt%, which was attained with 120 mM KH,PO,. The conver-
sion percentages when using K,HPO, were worse (34.4 wt% and
30.4 wt% for 120 and 30 mM, respectively) but improved when the
maturation time doubled to 2 months (37.1 wt%) (Fig. S3b, ESI¥).
Only when increasing the temperature to 180 °C and 200 °C, the
HA wt% increased to around 43.6 wt%, even reducing the time to
1 week. The experiments using H;PO, (at 25 °C) did not produce
any transformation, so this reagent was ruled out in further
experiments at higher P/bCCP molar ratios using 1 week as the
experimental time.

At P/bCCP molar ratios of 0.6 (stoichiometric) and 0.96
(excess of P), the study shows the influences of P reagent
(KH,PO, or K,HPO,) and T (25 °C to 200 °C) at ¢t = 1 week.
A detailed examination of Fig. 1(d)-(f) and Fig. S4a,b (ESIt) for
the P/bCCP ratio of 0.6 and Fig. 1(g)-(i) and Fig. S5a,b (ESIt) for
the ratio of 0.96 allowed us to determine the minimum tem-
perature to yield the full conversion (T,in). The examination
considered the disappearance of the calcite reflection C(104) in
the XRD pattern and the lack of both the C(v,CO;) vibration
mode in the FTIR spectrum and C(v;CO;) in the Raman
spectrum at the same T. It was observed that for the P/bCCP
ratio of 0.6, the Ty, is 160 °C when using KH,PO, and 120 °C
for K,HPO,. However, for the P/bCCP ratio of 0.96, the T,,;, was
120 °C when using KH,PO, and 80 °C when using K,HPO,.
The evolution of HA wt% with time (from 12 h to 7 days) at the
molar ratio of 0.6, and T shows a growing

Tminy
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Fig. 1 XRD patterns (a), (d) and (g), FTIR (b), (e) and (h) and Raman (c), (f) and (i) spectra of precipitates obtained from aqueous suspensions with initial P/
bCCP ratios of 0.24 (defect of P) at 1 month, 0.6 (stoichiometric composition with respect to HA) at 1 week, and 0.96 (excess of P) at 1 week at 25 °C and
at the minimum temperatures allowing the maximum or full transformation percentage.

transformation trend with both reagents yielding >99.5 wt%
HA at 7 days (Fig. 2). The decrease of Ty, < 120 °C allows the
process to be scaled up using technology already established in
the chemical industry based on glass reactors, thus avoiding
the use of expensive hydrothermal autoclaves.
Thermogravimetric analyses (TGA) of HA particles obtained
at a molar ratio of 0.6 using both reagents (ESIL{ Fig. S6)
revealed the presence of three main regions. The first one
between 25 °C and 230 °C is associated to adsorbed surface
water, the second one up to 500-600 °C is due to loss of internal
or structural water, and the third one between 600 and 950 °C is

7770 | J Mater. Chem. B, 2023, 11, 7766-7777

due to loss of CO, by decomposition of CO;>".°" The latter
region is divided into two sub-regions in the COs;-apatite
obtained with KH,PO, (Fig. S6a, ESIt), with losses of 3.4 wt%
and 2.3 wt%, and the associated first derivative (DTG) peaks
centered at 708 °C and 795 °C. These losses can correspond to
A- and B-type CO;> substituted groups in AB-type CO;-
apatites.®> The presence of both types of substitutions is
reflected in the v,(CO;) region of the FTIR spectrum, which is
decomposed into two small peaks at 879-880 cm™ " and 870-
872 cm™ " attributable to A-type and B-type CO;>~ substitutions,
respectively.'®®® In the COj-apatite prepared with K,HPO,

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Evolution of HA wt% with time using KH,PO4 at a P/bCCP molar
ratio 0.6.

(Fig. S6b, ESIT), only one temperature region was found with a
loss of 6.8 wt% and a DTG peak centered at 796 °C. The v,(CO3)
of the FTIR spectrum shows a main peak at ~872 cm '
attributable to B-type CO;."®%* When increasing the conversion
temperature to 200 °C, the CO, region shifted to around
750-950 °C in both apatites, with losses of 1.6 and 1.7 wt%,
respectively, evidencing the minor content of carbonate of
these samples. The three mentioned thermal regions of HA
compare with those of Oy-CaCOj;. The first from 25-260 °C is
due to the loss of adsorbed water, the second one to the loss of
internal structural water and organics, and the third one
between 650 and 790 °C, with a DTG peak at 760 °C, to the
loss of CO, yielding the residue of CaO.

The type of P reagent regulated the initial pH of the
suspensions, ie., 5.6-5.8, when using KH,PO, and 8.5-8.8 in
the case of K,HPO, (Table S1 of ESIt), while the conversion
process was responsible for the higher pH at the end of the

View Article Online
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experiment, reaching in some cases values higher than 10.0.
This increase of pH is explained by the progressive dissolution
of bCCP that favors the increase of activities of Ca**, CO;>™,
HPO,*", PO,*>", and OH ", as well as of neutral (CaHPO,°) and ion
pair (CaPO,") species up to the critical supersaturation for the
nucleation of the HA phase. The favorable balance between HA
precipitation and CaCO; dissolution, due to the lower-solubility
product of HA than that of calcite, was responsible for the whole
dissolution of CaCOs;. For a better understanding of the process,
Fig. S7 of the ESI{ shows the results of a simulated experiment
using K,HPO, and P/CaCO; of 0.96 in which the full conversion
was attained at 80 °C. The decrease of activities of the aqueous
species Ca>" and CaHPO,° with an increase in pH and a slow
decrease of HPO,>~ is observed (Fig. S7a and c, ESIf), which
indicates that these are the species involved in the nucleation
process. Recently, some authors have shown pieces of evidence
that the non-classical calcium phosphate precipitation pathway
involves prenucleation clusters (PNC) identified as Ca,(HPO,);>",
which are constituted by a molecule of CaHPO,° plus HPO,*~ and
an extra Ca®" ion,* or ion associations of the type Ca(HPO,);*.%°
Going back to the simulation, the decrease of the activities of
Ca”*, CaHPO,’, and HPO,>~ also agrees with the formation of
these types of PNCs. The crucial role of PNCs in the formation
of the solid phase could explain the decrease in Ty, to attain the
full CaCO; to HA transformation when using K,HPO,.

3.2. Morphological and microstructural characteristics of the
precipitated HA particles

Following the precipitation processes at different temperatures,
the FESEM micrographs (Fig. 3) show that the initial
micrometer-sized Oy-bCCP layered rods (Fig. 3(a)) were coated
with HA nanoparticles in the experiments at 25 °C, irrespective
of the P/bCCP molar ratio and P reagent used (Fig. 2(b), (e), (f),
(i) and (j)). In experiments with a P/bCCP ratio of 0.24, at the

Fig. 3 FESEM micrographs of bCCP and apatites obtained at 25 °C and at the minimum temperature allowing full transformation using KH,PO4 and

K,HPO, at P/bCCP molar ratios of 0.24 (a)—(d), 0.6 (e)-(h), and 0.96 (i)—(l).

This journal is © The Royal Society of Chemistry 2023
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temperatures for maximum transformation (Fig. 3(c) and (d)),
the HA nanoparticles displayed mostly isometric morphologies.
At P/bCCP molar ratios of 0.6 and 0.96, the obtained nano-
particles at the T, displayed predominant morphologies
depending on the P reagent type, ie., thin needle- and plate-
like anisometric morphologies when using KH,PO, (Fig. 3(g)
and (k)) or more isometric quasi-spherical rods when using
K,HPO, (Fig. 3(h) and (1)). The two morphologies were found at
the different processing temperatures (Fig. S8, ESIt).

The results are confirmed by HRTEM characterization of
samples transformed at 200 °C. Fig. 4(a) and (i) show the high-
angle annular dark field (HAADF) images of samples prepared
at a P/bCCP molar ratio of 0.6 using KH,PO, and K,HPO,,
respectively. While the former particles are mostly needle-like,
the latter are more isometric. In both cases, the EDX elemental
mappings (Fig. 4(b)-(d) and (j)-(1)) reveal the presence of Ca, P,
and to a minor extent Mg with 0.61 + 0.06 wt% and a molar
ratio (Ca + Mg)/P of 1.73 + 0.03 when using KH,PO, and 0.49 +
0.11 wt% with a molar ratio of 1.72 £ 0.08 or 0.71% 0.11 wt%
with a molar ratio of 1.81 + 0.08, when using K,HPO,, as
revealed in 2 different zones of this sample. The amount of Mg
is similar to that reported in bone HA of 0.72 wt%.%® The role of
Mg>" is essential in bone formation since a decrease in Mg>*

- 4
- =
(Ca + Mg)/P
=1.73 +0.03

(Ca+Mg)/P
=1.81+0.08

(Ca+#Mg)/P

= 1.,.721%

Fig. 4
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level adversely affects all stages of skeletal metabolism and
increases bone fragility and the risk of osteoporosis.®” The
preparation of Mg-HA is therefore considered of great interest
in the development of artificial bone substitutes.®®®°

The indexed selected area electron diffraction (SAED) pat-
tern of the first sample (Fig. 3I) shows the characteristic crystal-
lographic planes of HA, i.e., (002), (211), (310), and (152), while
the HRTEM image (Fig. 4(f)) shows lattice fringes of the
elongated particles structured as single crystal domains whose
d-spacing of 8.15 A corresponds to planes (100).

On the other hand, the indexed SAED pattern of the second
sample (Fig. 3(g)) shows different crystallographic planes of the
HA phase, ie., (101), (112), (212), and (312), but the HRTEM
image (Fig. 4(h)) displays in addition lattice fringes corres-
ponding to the (104) and (006) planes of calcite. This finding
indicates that even after increasing the digestion temperature,
a small amount of calcite, not detected by XRD, is present in the
samples. Whether it is untransformed bCCP or precipitated
crystals in the experiment is not possible to be distinguished by
microscopy. Most likely, they correspond to freshly precipitated
calcite due to oscillations in the solution saturation index at the
stationary state (dynamic) once the full transformation is
attained. Note in the simulated experiment of Fig. S7 (ESIT)

(a) and (i) HAADF-STEM micrographs of samples prepared with KH,PO,4 and K,HPO,, respectively; (b)-(d) and (j)—(l) EDX element mapping

analysis of Ca, P, and Mg of particles of images (a) and (i), respectively. (e) and (g) SAED patterns of samples prepared with KH,PO,4 and K;HPOy,,
respectively, showing the planes of the apatite phase. (f) and (h) HR-TEM images showing the lattice fringes of particles prepared with KH,PO,4 and
KH,POy,, respectively. Note than in the latter image, lattice fringes correspond to the hydroxyapatite planes (112), (211) and (300) and calcite planes (104)
and (006).
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that after full transformation, the solution remains only slightly
undersaturated with respect to calcite.

3.3. Crystal size distribution and electrophoretic mobility
(¢-potential) of the HA particles

The crystal size distribution (CSD) and electrophoretic mobility
({-potential) against pH of aqueous suspensions of both Oy-
bCCP and HA-derived particles are relevant properties to assess
their potential biomedical applications as carriers for drug
delivery or as osteoinductive implantable bone filling materials.
The trend of a colloidal suspension to disperse in simulated
physiological conditions of the blood (pH~7.4), in a tumor
microenvironment, or in an inflamed tissue (pH 5-6) depends
on the size and surface charge of their particles. While the
dispersion of the colloidal particles is essential for their use as
carriers of chemotherapeutic or anti-inflammatory drugs,"®”° it
seems a priori not a crucial feature for their use as an osteoin-
ductive implantable material.

The CSD is here plotted as both volume-based (Fig. 5(a) and (d))
and cumulative volume-based distribution (Fig. 5(b) and (e))
because these latter plots allow measuring the percentiles Dj,,
D5y and Dy, of the distribution. The percentiles characterize the
percentage of cumulative volume undersize distribution. D,, is
close to the individual particle size observed microscopically, while
Ds (the median of the population) and Dy, are influenced by the
aggregation of particles. We can observe the big reduction of the
particle size experienced when transforming the Oy-bCCP particles
to HA, with D, reducing from 2270 nm to 99 nm (ratio P/bCCP 0.6)
or to 10 nm (ratio P/bCCP 0.96) in both experiments using KH,PO,
at 200 °C. The influence of P/bCCP ratio, P reagent, and T on the

View Article Online
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percentiles is evident. The experiments with a P/bCCP ratio of
0.96 at 200 °C yielded a lower particle size with negligible aggrega-
tion, with D,, Dso and Dy, percentiles equal to 10, 61 and 67 nm,
respectively, when using KH,PO, and 41, 67 and 70 nm when using
K,HPO,. However, by decreasing the temperature to 120 °C and
80 °C, the percentiles increased greatly. In experiments with a P/
bCCP ratio of 0.6, there is not a clear trend. Using this molar
ratio, both the particle size and aggregation tendency are higher.
Following the discussion, the particles prepared at a P/bCCP ratio
of 0.96 at 200 °C could find applications as drug carriers, while
those prepared at a P/bCCP ratio of 0.6 could find applications as
implantable materials. For these particles, we have studied their
osteoinductive properties.

4. Biological tests

4.1. Cytocompatibility of the Oy-bCCP and HA-derived
nanoparticles

The cytocompatibility of Oy-bCCP and HA-derived NPs was
tested in an MTT assay on the MG-63 human osteosarcoma
cells and on the m17.ASC murine mesenchymal stem cells after
3-day incubation at different concentrations ranging from 100
to 0.1 ug mL ™', No significant toxicity was observed on MG-63
cells at any particle concentration (Fig. 6(A)) since in all cases,
the cell viability is higher than 85%.

On the other hand, the mesenchymal stem cells are more
sensitive to the inorganic particles than the osteosarcoma cell
line, especially when they were incubated with the highest
particle concentration of 100 pg mL ™" (Fig. 6(B)). Nevertheless,
in all cases, the cell viability was always higher than 80%, which
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Fig. 5 Volume-based CSD (a) and (d), cumulative volume-based CSD (b) and (e), and {-potential versus pH (c)-(f) of Oy-bCCP and HA particles prepared
at different temperatures using KH,PO,4 and K,HPO,4 and P/bCCP molar ratios of 0.6 (a)-(c), and 0.96 (d)—(f). Note that CSDs of HA and Oy-bCCP
particles, though plotted in the same figures, were measured by different techniques, i.e., DLS and laser diffraction, respectively.
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Fig. 6 Viability of MG-63 (A) and of m17.ASC cells (B) incubated for three days with different nanoparticles derived from the oyster shell and with
different concentrations. Viability was assessed in MTT assays. Data represent means + SD of three independent experiments performed in triplicate, and
statistical analyses were carried out using one-way ANOVA, with Bonferroni comparison test. For statistical analysis, all data were compared to untreated

samples (*p < 0.05, ****p < 0.0005).

is above the cut-off of 70% indicated by ISO 10993-5:2009.”" As
expected, all the cells were affected by the addition of 1 pM
hydrogen peroxide, which reduced their viability to less than
50%. Thus, these data show the good cytocompatibility of the
different Ca-based materials that will be used in this study
focused on the osteogenic differentiation of the mesenchymal
stem cells.

4.2. HA particles derived from oyster shells induce
osteogenesis and mineralization in m17.ASC cells

Since calcium-based nanomaterials play a critical role in the
osteogenesis process,”>’* we analyzed the ability of Oy-bCCP
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and apatite-derived nanoparticles to induce the osteogenic
differentiation of the mesenchymal cell line m17.ASC. It has
been reported that the increase of ALP enzyme activity is a
pivotal event during the early stage of the osteogenesis and
generally reaches the maximum level at 2 weeks.”* Hence, after
m17.ASC cells were incubated with 25 pg mL ™" (minimum
effective dose reported in the literature) of particles for 14 days
in the absence of osteogenic stimulators, we evaluated the ALP
activity by the staining assay.

As shown in Fig. 7(A), a strong violet signal, typical of ALP
staining, was visualized in both particle-treated groups, in
contrast to untreated cells. In fact, the quantitative analysis
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Fig. 7 Effects of Oy-bCCP and apatite particles on ALP activity of m17.ASC cells after 14 days incubation with 25 pg mL™ particles or with the osteogenic
induction medium used as a positive control. (A) Representative images of ALP staining assay obtained at optical microscopy. Magnification 200X. (B)
Quantitative analysis of ALP activity obtained by counting ALP spots with ImageJ software. Data representing three independent experiments are
reported in the histogram as an average (A.U. + SD), and statistical analyses were carried out using one-way ANOVA, with Bonferroni comparison test.
Significance was considered as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 8 Effects of Oy-bCCP and apatite nanoparticles on the mineralization process of m17.ASC cells. (A) The extracellular calcium deposition was
visualized by Alizarin Red S staining after cells were cultured with 25 pg mL™? particles or with the osteogenic induction medium used as a positive
control. Magnification 200x. (B) Mineralization was quantified following the colorimetric analysis of Alizarin Red S solution from calcium deposition.
Results were obtained in three independent experiments made in triplicates, and they were reported in the histogram as an average + SD of the optical
density measured in a multiwell reader at 405 nm. For statistical analysis, all data were compared to untreated samples using one-way ANOVA, with

Bonferroni comparison test (***p < 0.001).

(Fig. 7(B)) showed that the intensity of violet staining associated
with the particles (7000 and 9000 a.u. for Oy-bCCP and apatite,
respectively) is nearly comparable to the signal detected
(12000 a.u.) in the case of differentiated cells with the osteo-
genic medium. Thus, these findings suggest that the tested
particles could play a role at early stages of the osteogenesis
process. As a matter of fact, mineralization is another hallmark
of the osteogenesis contributing to the final stage of the
differentiation process, which is characterized by the calcium
salt deposits forming the bone matrix.”” Therefore, we evalu-
ated whether Oy-bCCP and apatite particles were also able to
induce the mineralization in cell line m17.ASC performing the
Alizarin Red staining after the cells underwent the same treat-
ments without or with the particles as described above. The
formation of the mineralized matrix, which was visualized as a
red nodule-like staining, was not only detectable in differen-
tiated cells with osteogenic factors but also detectable when
cells were incubated with both types of NPs (Fig. 8(A)). For
quantitative analysis, we measured the intensity of ARS
extracted from the stained wells and expressed it as the optical
density (O.D.). It is clear from Fig. 7(B) that particle-treated
groups attained O.D. values similar to the positive control.
Thus, the data obtained after 14 days of incubation illustrate
that both Oy-bCCP and apatite particles significantly increased
the mineralized matrix depositions in cells compared to the
untreated group (negative control). Taken together, these
results suggest that these calcium-based materials derived from
oyster shells benefit the osteogenic capacity even in the absence
of osteogenesis stimulators. Two recent studies have tested the
osteoinductive properties of calcium-based materials derived
from oyster shells, indicating the interest in reusing this waste

This journal is © The Royal Society of Chemistry 2023

material in the biomaterials field. In the first one, Coringa
et al.”® tested the internal layer of the shell (i.e., nacre) of the
species Crassostrea rhizophora from northeastern Brazil as a
bone substitute material and concluded that nacre presents
good biocompatibility and promoted the stimulation for bone-
forming cells. In the second one, Ho et al.”” produced biphasic
calcium phosphate (HA/B-TCP) granules from oyster shells and
found that this material was able to promote the differentiation
of induced pluripotent stem cells.”” Based on the results of the
current work, the bCCP recovered from Crassostrea gigas oyster
shells and the HA-derived particles can be useful osteoinduc-
tive platforms for translational applications in bone tissue
engineering.

5. Conclusions

We have set up a one-pot low-temperature hydrothermal
method to transform oyster shell bCCP particles into HA (Mg-
doped) micro-nanoparticles. The following crystallization para-
meters were screened to find the minimum temperature allow-
ing complete transformation: P reagent (H;PO,, KH,PO,, and
K,HPO,), P/bCCP molar ratio (0.24, 0.6, and 0.96), temperature
(25-200 °C) and time (1 week-2 months) in the absence of any
additive and without pH adjustment. The digestion tempera-
ture significantly reduced from 160 °C to 120 °C by using
K,HPO, instead of KH,PO, in experiments with a P/bCCP
molar ratio of 0.6 and even to 80 °C when increasing the
P/bCCP molar ratio to 0.96. The P reagent also influenced the
HA morphology and its carbonation type. The transformation
process followed a dissolution-reprecipitation mechanism
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driven by the favorable balance between HA precipitation and
CaCO; dissolution due to the lower-solubility product of HA than
that of calcite at any of the temperatures tested. Both the bCCP
and the derived HA particles were cytocompatible when incubated
with MG-63 human osteosarcoma cells and with the m17.ASC
murine mesenchymal stem cells. In addition, both materials
promoted the osteogenic differentiation of the m17.ASC cells in
the absence of osteogenic differentiation media, especially the HA
particles. We conclude that due to their biological features, both
particles can be employed as osteoinductive platforms with
applications in bone tissue engineering.
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