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This research explores the transformation of biogenic CaCOs microparticles (@ < 45 um) from oyster shell
waste into luminescent Eu- or Th-doped calcium phosphate (apatites), using a sustainable “one-step” and
eco-friendly method. The full transformation was achieved at 200 °C via a dissolution-precipitation
mechanism. Precipitates were composed of Eu- or Tb-doped apatite particles, with average sizes L = 163
+ 7 nm and anisometric shapes for the former, and 41 + 8 nm and more isometric shapes for the latter.
Alongside these, particles of either EuPO4-nH,O or TbPO4nH,O (rhabdophane) were present. The
physicochemical and electrokinetic analysis revealed the A- and B-carbonate substitutions and labile COs>"
species in the apatite particles, and (-potentials approaching zero in the aqueous suspensions at
physiological pH levels, indicating a tendency for particle aggregation. The luminescence properties, such
as relative luminescent intensity and luminescence lifetimes, were dependent on the lanthanide content
and the presence of the rhabdophane phase. The Ap-Ln samples demonstrated cytocompatibility, with cell
viability exceeding 85% when incubated with murine pancreatic endothelial cells (MS1) and murine
mesenchymal stem cells (m17.ASC), regardless of the lanthanide type or the particle dosage used (ranging
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1. Introduction

Mollusc shells are described as mineral/organic hybrid
composites containing CaCO; crystals embedded in an
organic matrix (OM) formed mainly of proteins and
polysaccharides (1-5 wt%)." These shells, which are mostly
generated in canning industries or seafood restaurants, are a
waste product of the marine aquaculture and fishing sectors.
In 2018, the production of molluscs in the world, mainly
bivalves, was of 17.7 million tons, which represented 2.6 kg
per capita.” Clams and oysters are the major bivalve species,
with 38% and 33% of the overall production, while scallops
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and mussels represent 17% and 13%, respectively.>* The
shells account for 65-90 wt% of live weight depending on the
species which, considering only the bivalves, represent over
10 million tons per year.” This waste is usually dumped in the
sea® or disposed of in landfills, causing unpleasant smell and
health issues due to the microbial decomposition.”® Their
removal involves the use of incineration or burial,® thus
representing an environmental and economic issue as well as
a loss of potentially usable biomaterials. Repurposing this
waste into new materials contributes to alleviating these
problems while also presenting an opportunity for shell
valorization, and then stimulation of the circular blue
bioeconomy.’

CaCO; from seashell waste has been used by different
researchers as a calcium supplement for livestock feeding,'"'
liming agents for treating the soil acidity in agricultural
exploitations,*? aggregate substitutes in concrete
preparation,'*'® or as absorbents in water treatment,'® CO,-
capture,’” or catalysts in biodiesel production.’® Triunfo et al.
showed that calcite and aragonite single crystals recovered from
waste mussel shells of the species Mytilus galloprovincialis were
effective substrates in removing anionic organic dyes from
water, thus finding applications in water remediation.'® Basile

This journal is © The Royal Society of Chemistry 2025
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et al. showed that for stearate-functionalized biogenic CaCO;
crystals recovered from oyster shells of the species Crassostrea
gigas, when used as a filler of an ethylene vinyl-acetate polymer
employed in the fabrication of shoe soles, the obtained
polymeric material showed better mechanical performance than
the one made with geogenic CaCO3.%° Several studies have used
biogenic CaCO; (bCC) waste for the preparation of calcium
phosphate (CaP) nano or microparticles of the apatite phase
(Ap). Eggshells,”" shells from mussels,** clams,* oysters,**
snails,*® cockles®® as well as coral skeletons®” and cuttlefish
bones,*® have been used as biominerals sources. Since Ap is the
major inorganic compound of bones and teeth, synthetic Ap is
employed largely for biomedical applications such as coatings
for dental implants, drug delivery, bone filling, substitution,
replacement, and regeneration in orthopedics, and when doped
with lanthanides, it can be used as luminescent probes in
bioimaging applications.””™> In this regard, these materials
combine the biocompatibility and osteoconductivity of Ap with
unique optical properties.®> Lanthanide ions (Ln) such as
europium (Eu®') and terbium (Tb*"), and others have been
successfully incorporated into Ap structures, resulting in
materials with tunable light emission.® The concentration of
dopants, particularly Tb**, influences the morphology,
structure, and photoluminescence properties of Ap.*” These
novel materials have shown good biocompatibility in cell
viability tests, suggesting their potential for biological system
imaging and other biomedical applications.*****”*® The
development of rare earth-doped Ap luminescent probes from
bCC represents an innovative approach for repurposing
biomineral waste since the apatite market including nano-,
micron- and larger sizes, is continuously growing and is
expected to reach around USD 3086.05 million by 2027.*°

The methods used to prepare Ap particles from bCC
typically comprise two main steps. Firstly, bCC is calcined at
temperatures ranging from 900 to 1200 °C, leading to the
formation of calcium oxide (CaO) and carbon dioxide (CO,).
The second step involves neutralization with a phosphorus
reagent, usually phosphoric acid (H;P0,).*°** Alternatively, a
three-step procedure has been employed: this involves
calcination to CaO and CO,, followed by carbonation to
produce calcium carbonate (CaCO;) particles, and then a
hydrothermal reaction with ammonium hydrogen phosphate
((NH4),HPO,) to yield apatite nanoparticles (Ap NPs).** These
multi-step procedures, involving calcination of bCC, fully
destroy the intracrystalline organic matrix. Additionally, they
are neither ecologically or energy sustainable; that is, they
need extremely high temperatures and emit a substantial
amount of CO, into the atmosphere, which accounts for
around 44% of the bCC. A sustainable “one-step” and eco-
friendly hydrothermal method, recently developed by our
team, has allowed the full transformation of bCC particles (&
< 45 pm) into Ap submicron-nanoparticles (L < 200 nm)
under mild hydrothermal conditions (T < 200 °C) in
experiments lasting 7 days.”>*® In this research, we will
investigate the “one-step” hydrothermal transformation of
bCC into luminescent Eu- and Tb-doped Ap nano-submicron

This journal is © The Royal Society of Chemistry 2025
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particles (Ap-Eu and Ap-Tb), and characterize their
physicochemical, = luminescent, and  biocompatibility
properties.

2. Experimental
2.1. Reagents and preparation of raw materials

The bCC powder was prepared from oyster shell of the
species Crassostrea gigas (Mg-calcite, ~5% at Mg) provided by
F.lli Terzi (Palosco, BG, Italy). The shells were first washed
with tap water, then immersed in a 5% v/v hypochlorite
solution for 24 hours to remove the surface organic residues.
Afterwards, they were washed again with tap water, deionized
water, and then air-dried. The bleached shell was crushed by
a hammer mill and the resulting bCC powder sieved at @ <
45 pm. Potassium phosphate monobasic (KH,PO,, ACS
reagent, 99% purity), europium(m) chloride hexahydrate
(EuCl;-6H,0, ACS Reagent, 99.9% purity), and terbium(ur)
chloride anhydrous (TbCls, 99.9% pure, trace metals) were
provided by Sigma-Aldrich (St Louis, MO, USA). All solutions
and CaCO; suspensions were prepared using deionized Milli-
Q water (0.22 pS, 25 °C, Millipore, Burlington, MA, USA).

2.2. Hydrothermal synthesis and particle characterization

Based on previous results,**® the experiments for the

current study have been performed within the temperature
range 100 °C < T < 200 °C (A20 °C) in an oven with
circulating forced air for 7 days. The experiments were
carried out in an aluminum box provided with a rack of PTFE
tubes inside a PTFE-coated aluminum cap to close the box
hermetically. The PTFE tubes were filled with 0.5 g of bCC
powder suspended in 8 mL of a KH,PO, solution of
concentration 375 mmol L™ and either 10 or 20 mmol L™
Eu®" and Tb*". The percentage fill of the tubes was 70% to
avoid an overpressure. After the trials were completed, the
precipitates were washed with deionized water through
centrifugation at 9000 rpm for 20 minutes, repeated four
times, and then freeze-dried overnight at -50 °C under a
vacuum of 3 mbar.

Particle characterization was performed using various
techniques: X-ray diffraction (XRD) patterns were acquired with
an X-ray powder diffractometer Bruker D8 Advance Vario Series
II (Bruker AXS, Bruker GmbH, Karlsruhe, Germany). The
equipment is provided with a CuKa, radiation (1.5406 A)
generator. Crystallite size of more pure samples was determined
using software TOPAS 7.0 (Coelho Software, Brisbane, Australia)
considering the instrumental contribution from a measurement
of Si standard (NIST). Fourier transform infrared spectra (FTIR)
were recorded with a Hyperion 3000 (Bruker, Massachusetts,
USA) instrument in transmittance mode within the
wavenumber range from 4000 cm™' to 400 cm™'. The
instrument is equipped with an attenuated total reflectance
(ATR) accessory of diamond crystal. We conducted additional
measurements to determine the degree of carbonation by
preparing pellets composed of approximately 1 mg of sample
mixed with about 100 mg of anhydrous KBr. These mixtures

CrystEngComm, 2025, 27, 1078-1089 | 1079
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were then pressed with a hydraulic pump at a pressure of 10
tons. For the measurements, pure KBr disks were used to record
the background.

Complementary  spectroscopic  characterization = was
performed by Raman spectroscopy. Spectra were recorded
with a LabRAMHR spectrometer (Jobin-Yvon, Horiba, Tokyo,
Japan) equipped with a laser diode emitting at a wavelength
of 532 nm. Crystal size distribution (CSD) was determined by
dynamic light scattering (DLS) using a Malvern Zetasizer
Nano ZS analyzer (Malvern Instruments Ltd., Malvern, UK).
The measurements were done at room temperature in
disposable polystyrene vials containing aqueous particulate
suspensions (~0.5 mg mL™). For (-potential versus pH
measurements using the same instrument, the pH of the
suspensions was adjusted with HCl and NaOH solutions
(0.25 and 0.1 M, respectively) as titration agents, without
adding any additional electrolyte. For the bCC particles, the
CSD measurements were performed by laser diffraction with
a Mastersizer 2000 (Malvern, UK) particle size analyzer
coupled to a Hydro 2000SM fully automated large-volume wet
sample dispersion unit.

Scanning electron microscopy (SEM) analysis was
conducted using a variable pressure Zeiss SUPRA40VP
scanning electron microscope (VPSEM), which was equipped
with a large X-Max 50 mm area detector for energy dispersive
X-ray spectroscopy (EDX) microanalysis. Samples were
deposited on conventional stubs and carbon-sputtered, prior
observation. Element composition was determined averaging
7-15 measurements in different particles of each sample.
Transmission electron microscopy (TEM) imaging was
performed with a Libra 120 Plus TEM instrument (EELS) at
80 KV (Carl Zeiss, Jena, Germany). Particles were dispersed in
ethanol (99.8% v/v) and then deposited on copper microgrids
coated with a FORMVAR carbon film. High-resolution TEM
(HRTEM) analysis was done with a TITAN G2 60-300 FEI
Instrument (FEI, Hillsboro, OR, USA) operating at 300 kV.
The instrument is equipped with EDX Super X detector to
perform microanalysis and a STEM type HAADF.

Elemental analysis of Eu and Tb was also carried out by
inductively coupled plasma mass spectroscopy (ICP-MS)
using a Perkin Elmer NexION 300D ICP mass spectrometer
(Perkin Elmer), while for Ca and P we used a Perkin Elmer
ICP-OES OPTIMA 8300 spectrometer (Perkin Elmer). The pH
of solutions was measured by using a Sension++ CAT pH
electrode connected to a Hach Sension+ pH-meter with an
accuracy =0.02 pH.

2.3. Luminescence spectroscopy

The luminescence properties of the solid Ap-Eu and Ap-Tb
samples such as luminescence spectra, luminescence lifetime
(7) and the relative luminescence intensities (RLI) were recorded
with a Cary Eclipse Varian fluorescence spectrophotometer
(Varian Australia, Mulgrave, Australia), using a front surface
accessory. The spectra for Tb-containing particles were recorded
using the following instrumental parameters: Je= 372 nm,

1080 | CrystEngComm, 2025, 27,1078-1089
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Aem= 543 nm, slitwidtheye/em = 10/10 nm, delay time (¢4) = 0.120
us, gate time (t) = 5 ms and detector voltage = 580 V. The
instrumental parameters for recording the spectra of Eu-
containing particles were Aeye = 395 nm, ey, = 616 nm, slit-
widthese/em = 10/10 nm, delay time (¢4) = 120 ps, gate time (t,) =
5 ms and detector voltage = 530 V.

Luminescence lifetimes (r) were measured using the
following conditions: a) For Ap-Tb particles: Aexc/em = 372/543
nm, slit-widtheye/em = 20/20 nm, ¢4 = 0.1 ps, ¢, = 0.120 ms and
detector voltage = 800 V; and b) for Ap-Eu particles: Aexc/em =
395/616 nm, slitwidthese/em = 10/10 nm, tq = 0.1 ps, t; = 0.120
ms and detector voltage = 700 V.

2.4. Cytocompatibility

2.4.1. Cells and cell cultures. The cytotoxicity of the
particles was evaluated using two distinct murine cell lines.
Dulbecco's modified Eagle’s medium (DMEM) (Sigma-
Aldrich) was used to cultivate MS1 cells, a pancreatic
endothelial cell line (ATCC-CRL-2279™). An antibiotic
solution (streptomycin 100 ug mL™" and penicillin 100 U
mL™", Sigma-Aldrich) and 2 mM r-glutamine were added to
form the so-called complete medium. Using the same
compounds as the DMEM media, m17.ASC cells—an
immortalized mesenchymal stem cell clone from
subcutaneous adipose  tissue’’—were cultivated and
maintained in Claycomb medium (Sigma-Aldrich). When the
cells achieved 80-90% confluency, they were split at a 1:10
ratio after being incubated under usual conditions (37 °C,
5% CO,). Every three days, the medium was changed.

2.4.2. Cytotoxicity tests. 6 x 10° MS1 cells and 5 x 10°
m17.ASC cells were seeded into 96-well plates and incubated
for 24 hours in their respective growth media. Various
concentrations of nanoparticles, ranging from 0.1 to 100 g
mL ™, were added in 100 uL of fresh medium. After 72 hours
of incubation, cell viability was evaluated using the (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium  bromide)
(MTT, Sigma-Aldrich) colorimetric assay. 20 pL of MTT
solution (5 mg mL™" in buffer phosphate buffer saline - PBS)
were added to each well. Following 2 hours of incubation at
37 °C, the supernatants were removed, and 125 pL of 0.2 N
HCI in 2-propanol was added to dissolve the formazan
crystals. Then, 100 uL of each well were transferred to a clean
96-well plate. The optical density was measured in a
multiwell reader (2030 Multilabel Reader Victor TM X4,
PerkinElmer) at 570 nm. The viability of untreated cells,
along with their corresponding absorbance value, was set as
100% of cell viability, while values from treated cells were
compared to this reference. At least three experiments were
conducted, with three replicates for each sample.

2.4.3. Statistical analysis. Statistical analyses were carried
out using GraphPad Prism version 10.4.0 for Windows,
developed by GraphPad Software (GraphPad Prism, San
Diego, CA, USA). An appropriate statistic test with the
relevant post-test for grouped analyses was used to express
the results, which were shown as mean + standard deviation

This journal is © The Royal Society of Chemistry 2025
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of three triplicates. There were statistically significant
differences at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and
P < 0.0001 (¥**%),

3. Results

3.1. Compositional, crystallographic and physico-chemical
characteristics of precipitates

The evolution of the transformation of bCC with the
temperature in the presence of 10 mM lanthanide,
characterized by XRD, FTIR and Raman spectroscopy, is
shown in Fig. la-i and Sla-f (see ESIf material). From
bottom to top, it is shown the characterization results of the
reference samples bCC and Ap blank, and then of the
samples obtained at each temperature. The XRD pattern of
bCC shows the most intense reflections of CaCO; (C, calcite,
PDF 01-086-2339) at 26 = 23.06°(012) and at 26 = 29.4°(104).
The pattern of Ap-blank is characterized by the reflections at
26 = 25.8°(002), 28.05°(102), 28.9°(210) and at 31.75°, 32.12°,
32.88°, and 33.9°, corresponding to the reflections (211),

View Article Online
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(112), (300) and (202), respectively (PDF 01-089-5631). In both
Ap-Eu and Ap-Tb samples prepared at 160 °C a small C(104)
reflection remains, while a new reflection at around 29.8°
(marked with *) is visible. The latter corresponds to the (200)
reflection of EuPO,-nH,0,*® (PDF 20-1044) and TbPO,-nH,-
0," (PDF 20-1244), both rhabdophane phase, and is slightly
higher in intensity in the Ap-Tb sample.

At 200 °C, both the C(104) of bCC and that of the
LnPO,(200) are negligible, indicating the almost complete
transformation to the Ap phase. Nonetheless, when
increasing the Eu®" and Tb*' concentrations to 20 mM at 200
°C the LnPO4(200) reflection appeared again, being also
visible the (100) and (101) reflections of these phases (Fig.
S2a-df). A small amount of rhabdophane was also found
when using the citrate-based thermal decomplexing method
to prepare Ap-Eu at long maturation times (7 days or more)
or at shorter maturation periods (96 h) with higher Eu*"
concentrations®® as well as when preparing Ap-Tb.**

The analysis by FTIR (Fig. 1b, e, h, and S3f) and Raman
(Fig. 1c, f, i, and S47) of these samples allow us to complement
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Fig. 1 Conversion of bCC powder to Ap-Eu and Ap-Tb particles at 100, 160 and 200 °C for 7 days analyzed by XRD (a, d and g),

spectroscopy (b, e and h) and Raman spectroscopy (c, f and i).
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Table 1 Average composition (atom%) of Eu, Tb, Ca, P and metals to phosphorous

Sample T (°C), Crn(mM) Eu Tb Ca P (Ca + Ln)/P (Ca+M +Ln)/P
Ap-Eu 160, 10 1.1+ 0.6 17.9 £5.8 12.6 £ 2.3 1.47 £ 0.16 1.56 £ 0.17
Ap-Eu 200, 10 1.9+1.6 — 189+ 7.5 14.1 + 3.4 1.38 £ 0.32 1.47 £ 0.32
Ap-Eu 160, 20 2.5+21 — 20.7 £9.9 15.4 £2.8 1.48 £ 0.30 1.58 £ 0.26
Ap-Eu 200, 20 2.1+1.8 — 20.4 +7.8 14.2 £ 2.5 1.52 £ 0.93 1.67 £ 0.94
Ap-Tb 160, 10 — 1.5+£13 19.2 £ 7.5 14.8 £ 2.8 1.38 £ 0.35 1.48 £ 0.35
Ap-Tb 200,10 — 1.7+1.1 15.9 £ 4.6 13.4 £2.7 1.29 £ 0.13 1.44 £ 0.11
Ap-Tb 160, 20 — 1.4+0.7 17.3 £4.0 13.1+1.0 1.42 £ 0.15 1.54 £ 0.09
Ap-Tb 200, 20 — 1.4+1.3 21.9 +8.8 14.6 £ 2.6 1.56 £ 0.27 1.69 £ 0.25

EDX (7-15 spectra per sample). M = Na (0-0.5 atom%), K (0.4-2.0 atom%), Mg (0.5-1.2 atom%), Ni and Si (0.1-0.3 atm%). Average + S.D.

Lanthanide (Ln = Eu and Th9).

and confirm the XRD results. Hence, in the FTIR spectra bCC
displays the CO,* signal at ~1415 cm™ (v3) and two bands at
875 cm™ (v,) and 710 em™ (v,) while Ap (blank) displays the
vibrational modes of PO,*” at ~1020 cm™ (v;), and at 560 and
604 cm ™" (v4). The CO; band at 875 cm™ is commonly observed
in COz-doped Ap. At 200 °C (Fig. 1h), the bands of calcite
disappeared, while a small remnant at ~1419, ~1449 cm™* and
875 cm ' correspond to the CO; groups of the Ap. A
deconvolution of the latter band reveals three sub-bands (Fig.
S51). For Ap-Eu they are located at 880, 873 and 869 cm™" while
for Ap-Tb these bands are found at 880, 873, and 866 cm .
These sub-bands are attributed to A-type (CO,* replacing OH"),
B-type (CO,*" replacing PO4*") and labile CO5>” species located
at the surface of the particles.”™" The degree of carbonation of
these apatite samples, estimated with the method that
compares the intensity of v,CO; band with those of the
v;-v;PO, ones,”* was 2.2 + 0.2 wt% for the Ap blank, 3.1 + 0.1
wt%. for Ap-Eu and 3.5 + 0.2 wt% for Ap-Tb. The Raman
spectra (Fig. 1c, f, i, and S47) display the characteristic Ap band
at approximately 962 cm™', corresponding to v,(PO,).>
Additionally, the spectra show the mode v,(CO3) of calcite at
around 1087 cm™,>® as the most representative signal. This
band above 100 °C (Fig. 1f) is insignificant.

The EDX chemical composition of the Ap-Eu and Ap-Tb
samples (Table 1), shows the presence of Eu, Tb, Ca, P, and

other minor or trace elements such as Na, K, Ni, Si, and Mg
doping the samples, the latter becoming from the raw material
bCC. The elemental composition of Eu, Tb, Ca and P of some
representative samples determined by ICP is shown in Table
S1.} The atomic percentages of Eu doping in the samples fall
between 1.1 and 2.5 atom% and those of Tb between 1.4 and
1.7 atom%. They increase with the doping concentration when
using Eu®* and slightly decrease when incorporating Tb**, even
though the latter are rather similar. The high S.D. that affects
the concentration of each element within the analysed crystals
indicates significant heterogeneity in its distribution. Regarding
the (Ca + M + Ln)/P ratios, they increase when the doping
concentration of both lanthanides increase, reaching a value
around 1.67 (the ratio of stoichiometric hydroxyapatite) at 200
°C, thus reflecting the substitution of Ca with M and Ln in the
apatite crystals.

3.2. Morphology, microstructure, crystal size distribution and
electrokinetic properties

The morphological features of the Eu- and Tb-doped samples
are different, as shown in Fig. 2.

While Ap-Eu samples display crystals arranged to form
flower-like morphologies and elongated needle-like crystals
(Fig. 2a-c), those Ap-Tb present more isometric crystals

Fig. 2 VPSEM micrographs of Ap-Eu and Ap-Tb samples prepared at 160 °C in the presence of 10 mM of Eu®* (a) and 10 mM Tb** (d), at 200 °C
in the presence of 10 mM Eu** (b) and 10 mM Tb>* (e), and at 200 °C in the presence of 20 mM Eu** (c) and 20 mM Tb** (f).
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Fig. 3 TEM micrographs of Ap blank (a), Ap-Eu (c and d) and Ap-Tb (e) particles prepared at 200 °C in presence of 10 mM of lanthanide. Insets show
the indexed SAED patterns corresponding to Ap (a), small particles of whitlockite and long apatite-Eu crystals (c), and apatite-Tb nanoparticles (e).
HR-TEM image of (a) Ap-blank crystals displaying the lattice fringes corresponding to d-spacing of the (100) plane (b). Inset shows the corresponding
FFT images displaying the (100) plane. EDX element mapping analysis of Ca (f), P (g) and Tb (h) of the sample shown in micrograph (e).

(almost spherical) and platelets (Fig. 2d-f). According to XRD
results, only samples prepared at 200 °C, 10 mM lanthanide
(Fig. 2b and e), were composed of Ap-Ln. Their average sizes
determined with Image] were L = 163 + 7 nm for Ap-Eu and
41 + 8 nm for Ap-Tb. In contrast, the crystallite sizes
determined from XRD measurements using the Software
TOPAS 7.0 were found to be 53.9 nm for Ap-Eu and 51.2 nm
for Ap-Tb. The crystallite size for Ap-Eu is around one third
of the average particle size, suggesting that the Ap-Eu
particles are polycrystalline. In comparison, the crystallite
size for Ap-Tb particles is similar to the average particle size,
suggesting that Ap—Tb particles are monocrystalline.

A more detailed analysis of these samples by TEM and
HRTEM (Fig. 3) was performed and compared to the Ap
blank prepared at 200 °C. This shows that Ap blank is
formed of needle-like Ap crystals (Fig. 3a). The SAED
pattern (inset) shows rings corresponding to its planes
(002), (300) and (321). The HR-TEM image (Fig. 2b) of one
of the elongated apatite crystals displays lattice fringes with
a d-spacing of 8.211 A, corresponding to its (100) plane.
The inset shows the fast Fourier transform (FFT) of this
image displaying the (100) plane. The TEM micrographs of
the Ap-Eu at 200 °C (Fig. 3¢ and d) shows big aggregates of
long needles, whose SAED pattern (inset) display the (002)
and (102) planes of Ap, and small aggregates of
nanocrystals whose SAED pattern (inset) shows the
representative planes (104), (214), (1 0 10), and (0 2 10) of
the whitlockite phase. However, the amount of this phase is
negligible since it is hardly observable in the XRD pattern.
Fig. 3e shows the micrograph of the Ap-Tb sample
displaying nanorods and some needles. The SAED pattern
(inset) displays rings, some of them corresponding to
planes (002), (301), and (402) as more representative of the
Ap phase, while Fig. 3f-h show EDX mappings of Ca, P and
Tb of the sample of Fig. 3e.

This journal is © The Royal Society of Chemistry 2025

The characterization of the CSD and {-potential versus pH for
suspensions of the Ap-Ln particles at physiological pHs allow
us to evaluate their possible uses as luminescent nanocarriers
in nanomedicine or as luminescent osteoinductive materials.
The tendency for these particles to either disperse or aggregate
in physiological fluids (pH ~7.4 in the blood), or within the
tumor microenvironment (pH < 6.5), is influenced by their size
and surface charge.**** The CSD in volume of Ap-blank, Ap-Eu
and Ap-Tb prepared at 200 °C with 10 mM lanthanide is
presented in Fig. 4a.

It is evident that two peaks characterize the CSD of Ap
blank: one around 44 nm, which represents the size of
individual particles, and another around 1280 nm dominated
by aggregation. In contrast, the CSD for Ap-Eu and Ap-Tb
samples is primarily dominated by aggregation, reaching
sizes up to approximately 5000 nm. Notably, for Ap-Tb, the
smaller particles remain within the nanometric range, as
confirmed by SEM images.

To evaluate the impact of Eu®" and Tb*" doping on the
aggregation/dispersion behavior of Ap, we compared the
curves of {-potential versus pH, as shown in Fig. 4b. For Ap
blank, the {-potential decreases across nearly the entire pH
range, indicating increasing adsorption of hydroxide ions
(OH") on the surface of the particles. At pH values relevant to
physiological conditions (between 6 and 8), the (-potential
decreases to values between -7.5 mV and -12.5 mV, which
are still too low to achieve significant dispersion of the
particles. In contrast, when doped the particles with Eu*" and
Tb*", the (-potential in this pH range approaches zero,
suggesting compensation of the surface charge. This
condition indicates a high propensity for particle
aggregation. While dispersion of colloidal particles is
essential when used as nanocarriers for chemotherapeutic or
anti-inflammatory drugs,®® it is not a critical feature for
their application as osteoinductive materials.
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Fig. 4 Crystal size distribution in volume (a) and (-potential vs. pH (b) of the samples Ap blank (orange), Ap-Eu (red) and Ap-Tb (green line)

prepared at 200 °C in presence of 10 mM lanthanide.

3.3. Luminescent properties

The luminescence properties in the solid phase of Ap-Eu and
Ap-Tb materials are shown in Fig. 5a and b, respectively. For
Ap-Eu particles the sensitized luminescence excitation
wavelengths are 320, 360, 380, 393, 466 and 537 nm, and
emission wavelengths are 592, 616 and 700 nm; while for Ap-
Tb particles the wavelengths are 320, 353 and 373 nm for
excitation and 490, 545, 590 and 624 nm for emission.

These wavelengths are in concordance with those obtained
in the literature for other lanthanides-doped particles.**>® It
is well known that Eu- and Tb-doped materials can be excited
at the charge transfer band (CTB) which is centred around
230 nm (see Fig. S6t), but a larger excitation wavelength is
preferred because the same emission spectrum is obtained

and the biological applicability is increased.*” In fact, 395
nm (corresponding to the Eu*" "F,—°Lg transition) and 372
nm (corresponding to the Tb*" "Fg—>Gg, *Dj; transition) were
selected as excitation wavelengths. Concerning the emission
wavelength, those producing the highest relative
luminescence intensity (RLI) are 616 and 543 nm. These
wavelengths correspond to the hypersensitive transition
without inversion center (°D,—’Fs for Ap-Eu and °D,—’F;
for Ap-Tb, respectively), and are in concordance with other
Eu/Tb-doped materials.””

Fig. 6a compares the RLI of Ap-Eu and Ap-Tb prepared at
160 and 200 °C with 10 and 20 mM lanthanide. At 200 °C,
where the amounts of impurities bCC and LnPO, are negligible,
as described in section 3.1, it is observed that an increase in the
content of Eu*" or Tb*" doping the material leads to an increase
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Fig. 5

(a) Uncorrected excitation (dashed lines) and emission (solid lines) spectra of different Eu-doped particles. Slit-widthexc/em = 10/10 nm, t4 =

120 ps, t = 5 ms and voltage detector = 530 V. (b) Uncorrected excitation (dashed lines) and emission (solid lines) spectra of the Th-doped
particles. Slit-widthseyc/em = 10/10 nm, ty = 120 ps, ty = 5 ms and voltage detector = 580 V.
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Fig. 6 (a) Relative luminescence intensity of the Ap-Eu and Ap-Tb samples. Slit-widtheyc/em = 10/10 nm, ty = 120 ps, ty = 5 ms. For Ap-Eu
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Luminescence lifetime comparison between materials doped with Eu and Tb. For Ap-Eu particles lexc/em = 395/616 nm, slit-widtheyc/em = 10/10
nm, and detector voltage = 700 V. For Ap-Tb particles Jexc/em = 372/543 nm slit-widtheyc/em = 20/20 nm, and detector voltage = 800 V.

of the RLI (see Table 1); the sample Ap-Eu 200, 10 (1.9 Eu*"
atom%) provides a lower RLI than Ap-Eu 200,20 (2.1 Eu**
atom%) and the same for Tb, the sample Ap-Tb 200, 10 (1.7
Tb>" atom%) shows a higher RLI than Ap-Tb 200,20 (1.4 Tb>"
atom%). Similar results are shown at 160 °C, the sample Ap-Eu
160,10 (1.1 Eu®* atom%) provides a lower RLI than the sample
Ap-Eu 160,20 (2.5 Eu*" atom%), and Ap-Tb 160,10 (1.5 Tb **
atom%) shows a higher RLI than Ap-Tb 160,20 (1.4 Tb*"
atom%). Therefore, we can conclude that the luminescence
emission intensity is affected by the lanthanide content, as was
found in Ap-Eu and Ap-Tb prepared by the citrate-based
thermal decomplexing method.**"**

However, if RLI at 160 and 200 °C are compared, there is
no consistency with the lanthanide content. This is due to
the presence of the impurities at 160 °C that are not present
at 200 °C, as described above and in the literature.”® The
presence of the EuPO,-nH,0 and TbPO,-nH,0 (rhabdophane)
phases impurifying the samples provides a decrease on the
RLI and for this reason the RLI of Ap-Ln at 160 °C are always
lower than those at 200 °C. Therefore, we can state that the
presence of the EuPO,-nH,0 and TbPO,-nH,O (rhabdophane)
phases impurifying the samples are also important from the
point of view of the RLI.

Fig. S7 and S8t show the luminescence lifetimes (z) of Ap-Eu
and Ap-Tb materials, respectively. The decay profile for each
sample was analysed as a single exponential component (RLI =
A x e - t/t + C). A comparison of 7 of the Ap-Eu samples (see
Fig. 6b) reveals that neither the Eu®" concentration nor the
temperature significantly affects ¢ because it is due to the
presence of Eu®*. Only, the Ap-Eu sample prepared at 160 °C,
10 mM Eu®" shows a slightly lower z. However, it can be
considered that the lifetimes of all Ap-Eu materials are
practically the same, regardless of the amount of Eu®" atom%
they contain and the presence of impurities.

Nevertheless, the 7 of the Ap-Tb sample prepared at 160
°C with 10 mM Tb*" shows a much lower luminescence
lifetime than the other Tb-doped materials. This effect was

This journal is © The Royal Society of Chemistry 2025

previously observed.** The decrease of r has been attributed
to the presence of bCC, rhabdophane, and undoped Ap
impurifying the sample. Therefore, we can conclude that the
luminescence lifetimes of the Tbh-containing samples depend
on the presence of impurities in the sample, while the
lifetimes of the Eu-containing samples do not.

Regarding the luminescence observed by naked eyes (see
Fig. 7) under UV light the Ap-Eu materials exhibit red
luminescence emission, increasing the color intensity with
the temperature and Eu®" content. The sample Ap-Eu 160 °C,
10 mM, with the lower amount of Eu®**, emits pink colour, a
mixture of red and blue colors. Ap-Tb materials, on their
side, emit a greenish luminescence while materials free of
lanthanides provides a strong blue emission. Interestingly
the samples Ap-Tb 200 °C, 10 mM and Ap-Tb 160 °C, 10 mM
emit in violet, a mixture of green and blue, indicating that
part of the Ap is undoped. No luminescence is detected when
the materials are exposed to white light.

3.4. Cytocompatibility of Ap-Eu and Ap-Tb particles

Apatite is a widely used material for biomedical applications
and the introduction of partial metal doping may
significantly impact its biological properties, which needs to
be investigated. To assess the cytotoxicity of the particles, an
MTT assay was performed after 3 days of incubation with two
murine cell lines: MS-1 (pancreatic endothelial cells) and
m17.ASC (mesenchymal stem cells).

Fig. 8 illustrates the cell viability results, with the
chemotherapeutic drug doxorubicin (reported as Doxo) serving
as internal control. All treatments are given at doses of 0.1, 1, 10
and 100 ug mL ™" and compared to untreated cells (CTRL-). The
particles demonstrated excellent cytocompatibility in both cell
lines, with viability consistently above 85% for all materials and
concentrations tested, surpassing the limit established by ISO
10993-5:2009.>° As expected, cell viability in the presence of
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Fig. 7 Pictures of the materials exposed to white (sun) or UV lights.

Doxo dropped below 50% at all doses, confirming the
cytocompatibility of the materials.

4. Discussion

Lanthanide-doped Ap NPs are a relatively new class of
fluorophores for bioimaging and biosensing
applications.***%*®1 Among their key features, they exhibit
long luminescent lifetimes, high quantum yield, sharp emission
peaks, different emission colors depending on the lanthanide
ion doping the particle and good resistance to photo-bleaching
caused by the environmental conditions.®” This research
explores the one-step hydrothermal conversion*® of bCC to Ap-
Eu and Ap-Tb particles. The objective is to transform waste
material, often sent to landfills, into high-value, biocompatible
luminescent apatites using a sustainable and eco-friendly
method. This approach aligns with the principles of the circular
economy and is relatively new in its application. To our
knowledge, there have been no reports of luminescent Ap-Ln
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Fig. 8 Cell viability of nanoparticles in (a) MS1 and (b) m17.ASC cells.
Significance levels were assessed with Dunnett's multiple comparisons
test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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samples derived from bCC obtained from molluscs shell waste.
Only recently, Ap-Eu NPs derived from eggshell were obtained
by the two-step method.®?

Considering these factors, the evolution of the
transformation of bCC with the temperature, characterized by
XRD, shows that it completely disappeared from the growth
medium in experiments at 200 °C. In addition to Ap-Ln, a
negligible amount of whitlockite was observed by HR-TEM.
Below 200 °C, the Ap-Ln phase was usually accompanied by
unconverted bCC and LnPO,-nH,0 (rhabdophane phase). The
presence of the latter phase increases when the concentration
of doping lanthanide increases to 20 mM. Only samples
prepared at 200 °C with 10 mM Ln*" were practically free of
spurious phases.

It was shown that precipitation of apatite from bCC in a
H,PO,rich aqueous suspension proceeds with an increase of
pH from 5.5-5.8 to around 10-10.5, and follows a dissolution-
precipitation mechanism ruled by the favorable balance
between apatite precipitation and calcite dissolution.*” This is
particularly true at high temperatures, due to the increasing
differences between the solubility products of hydroxyapatite
and calcite.®#®® This difference regulates the apatite
supersaturation and precipitation until the dissolution of the
CaC0,.*®

In this study, we have conducted a simulated experiment
using the speciation software Visual MinteQ 3.1 (ref. 66) to
analyze the aqueous system calcite/H,PO, /Ln" as a function of
pH (Fig. S9a and ct). The simulation revealed the formation of
some major species including Ca**, CO;>", CaHCO;*, HPO,*",
PO,*", CaHPO,°, Ln*", LnCO;", LnOH*', and OH . Notably, in
this system, when the pH exceeds 7.2-7.3, a decrease in the
concentration of Ca** and CaHPO,° species indicates their
involvement in the calcium phosphate precipitation process.
Recent findings by Yang et al.*” have provided evidence that the
non-classical precipitation pathway of calcium phosphate
includes the formation of prenucleation clusters (PNC),
specifically identified as Ca,(HPO,);>". These clusters consist of
2 CaHPO,° and 1 additional HPO,>~ species. Returning to our
simulation, we represented the evolution of the saturation index

This journal is © The Royal Society of Chemistry 2025
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(SI) with 10 mM and 20 mM of Lanthanide (see Fig. S9b and
df). The results show that the solution is supersaturated for
both the hydroxyapatite (reported as HAP) and the LnPO, across
the analyzed pH range. However, while below pHs 7.2-7.3, the
SI for LnPO, is higher than that for HAP, above these pHs the
opposite occurs. Additionally, at 20 mM Ln*", the SI for LnPO,
is greater than at 10 mM. This simulation illustrates that
nucleation of apatite preferentially occurs followed by LnPO,,
once the available CaCO; has been depleted, leading to an
increase in LnPO, precipitation at 200 °C.

In blank precipitation experiments using KH,PO, with a
stoichiometric P/Ca ratio, the minimum temperature required
for the complete transformation of bCC to Ap was found to be
160 °C.*> Nevertheless, in our study, this temperature increased
to 200 °C. This change would indicate that the presence of
impurities such as Eu®* or Tb*" slow down the dissolution of
CaCOj;. These impurities also affect the ionic activity product
necessary to reach the critical supersaturation for the nucleation
process, as they compete with Ca®>" ions for the available
phosphate species. Besides the influence at the nucleation
stage, we found that the morphology and average size of the Ap
particles varied between the Eu-Ap and Tb-Ap samples, as well
as in comparison to the Ap blank. This variation indicates that
the two metals influence the crystal growth differently. In
general, Eu’" encouraged growth along the caxis (001
direction), while Tb*" promoted growth along the a- and b-axes.

Concerning the influence of Eu®*" and Tb®" ions on the
electrokinetic properties of the Ap, the analysis reveals that
both ions similarly affect the evolution of the {-potential with
pH, approaching it to zero at pH values of physiological
interest. This shift favors particle aggregation over their
dispersion. According to Somasundaran®® for sparingly
soluble salts that react with the solvent, the solvent species,
the lattice ions, and their complexes, can all influence the
(-potential. In the case of aqueous suspensions of Ap-Ln
within the pH range of 4 to 11, the relevant ions include
Cca*", Ln*", H', OH", HCO,; /CO;*", H,PO, , HPO,*", PO,*", as
well as their charged complexes. Compared to the {-potential
versus pH curve of undoped Ap, the {-potential evolution of
Ap-Ln suggests that some Ln*" ions and their positively
charged complexes remain adsorbed on the outermost layers
of the particle surface. This adsorption neutralizes the
negatively charged surface species that contribute to the
negative (-potential observed in the undoped apatite sample.

When comparing the samples prepared at 200 °C, 10 mM
Ln’*, to those using commercial reagents by the citrate-based
thermal decomplexing method,**?* we found out key
differences: i) the particles produced in the former are larger,
ii) they contain impurities such as Na, K, Ni, Si, and Mg, and
iii) the apatite surfaces lack the citrate coating, which
otherwise is found in apatite particles (both undoped and
metal-doped) obtained by the thermal decomplexing
method.**?*%° Adsorbed citrate acts by inhibiting particle
growth and enhancing particle dispersion. However, the
luminescence properties of samples obtained by both
methods are similar, as they are primarily influenced by the

This journal is © The Royal Society of Chemistry 2025
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lanthanide ion and content, and their biocompatibility is
comparable.

Concerning the samples obtained at T < 200 °C we have
demonstrated that the heterogeneity in phase composition
affect the luminescent emission but does not the
biocompatibility. The luminescent emission depends solely
on the amount of lanthanide incorporated into the apatite
(Ap) structure and on the presence of the rhabdophane
phase, which can be adjusted by varying the lanthanide
concentration. Even though the luminescent emission of the
rhabdophane phase is lower than that of the apatitic phase,
the luminescent emission of Eu-doped samples enhanced
when Eu®" concentration is increased, due to the
precipitation of the new phase of EuPO,.”° In a different
research, it was shown that the maximum Tb** doping in the
apatite structure was ~12 wt%, and the presence of
additional Tb*'-containing phases was beneficial to increase
the global Tb®" content of the samples, thus increasing the
luminescence intensity almost linearly up to RLI around
800.%>* In contrast, the luminescence lifetimes differ between
Ap-Eu and Ap-Tb and are influenced differently by the
heterogeneous matrix.

In terms of biocompatibility, all samples were found to be
cytocompatible when incubated with MS1 cells (murine
pancreatic endothelial cells) and m17.ASC cells (murine
mesenchymal stem cells), regardless of the type of lanthanide
(Ln**) or the dose of Ap-Ln used, confirming the findings
described in previous studies.*®

In summary, the above findings suggest that Ap-Ln,
fabricated through the one-step hydrothermal method, using
oyster shell bCC particles, are valuable particles that may find
bioimaging applications as an implantable luminescent
material.

5. Conclusions

The preparation of Ap-Eu and Ap-Tb particles by transforming
bCC microparticles (0 < 45 um) from oyster shell waste was
successfully carried out through the one-step hydrothermal
method. A complete transformation of bCC was attained at 200
°C. Precipitates were composed of Ap-Eu submicron particles,
with average sizes L = 163 + 7 nm and anisometric shapes, and
Ap-Tb NPs with L = 41 + 8 nm and more isometric shapes
(nearly spherical rods). The precipitates were accompanied of
LnPO,-nH,0 (rhabdophane) as a spurious phase irrespective of
the reaction temperature (between 100 °C and below 200 °C).
Its presence increased with the concentration of the doping
lanthanide. Both Ap-Ln possess A- and B-carbonate
substitutions and labile carbonate ions, and the (-potentials
approached zero at pHs of physiological interest, indicating a
trend to aggregation. Ap-Eu and Ap-Tb materials emit strong
sensitized luminescence at 616 and 543 nm, respectively, when
they are excited at 395 and 372 nm, with an average
luminescence lifetime time of 1000 and 1500 ps respectively, in
concordance with those reported in the literature. Their
luminescence emissions are affected by the lanthanide content
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of the samples, irrespective of the doping concentration, as well
as the presence of the rhabdophane phases (EuPO,-nH,O and
TbPO,-nH,0) whose RLI and luminescence lifetimes are lower
than those of Ap-Eu and Ap-Tb. Regardless of the lanthanide
ion and the dose of particles used (ranging from 0.1 to 100 pg
mL™") the Ap-Ln samples were cytocompatible (cell viability
>85%) against MS1 (murine pancreatic endothelial cells) and
m17.ASC (murine mesenchymal stem cells).
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