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ABSTRACT: Europium-doped calcium hydroxyapatite and fluoroapatite nanophosphors

functionalized with poly acryl acid (PAA) have been synthesized through a one-pot microwave-



assisted hydrothermal method from aqueous basic solutions containing calcium nitrate, sodium
phosphate monobasic, PAA, as well as sodium fluoride in the case of the fluoroapatite particles.
In both cases a spindle-like morphology was obtained, resulting from an aggregation process of
smaller subunits which also gave rise to high specific surface area. The size of the nanospindles
was 191 (32) x 40 (5) nm for calcium hydroxyapatite and 152 (24) x 38 (6) nm for calcium
fluoroapatite. The luminescent nanoparticles showed the typical red luminescence of Eu**, which
was more efficient for the fluoroapatite particles than for the hydroxyapatite. This is attributed to
the presence of OH™ quenchers in the latter. The nanophosphors showed negligible toxicity for
Vero cells. Both PAA-functionalized nanophosphors showed a very high (up to at least one
week) colloidal stability in MES at pH 6.5, which is a commonly-used buffer for physiological
pH. All these features make both kinds of apatite-based nanoparticles promising tools for
biomedical applications, such as luminescent biolabels and tracking devices in drug delivery

systems.

TEXT

Nanoparticles are attracting interest in nanomedicine not only due to their potential
medical applications,* ranging from optical biolabels and contrast agents for magnetic resonance
imaging®® to carriers for drug and gene delivery for disease therapy.5-® All these applications
require uniform nanoparticles with controlled size, shape, composition, surface chemistry, and
other physicochemical properties.® For example, a large surface area is required for drug
delivery. It is also known that the particle geometry plays an important role in cell-material

interactions, affecting cellular uptake and cell functioning.!!



Several luminescent nanomaterials®? such as quantum dots,® nanostructures
functionalized with organic dyes!* and rare earth (RE) based phosphors have been suggested to
be used as optical biolabels for imaging of tissues or intracellular structures, as sensors to detect
biological molecules or as tracking devices. RE-based nanophosphors exhibit important
advantages compared with the other available luminescent materials due to their lower toxicity,
photostability, high thermal and chemical stability, high luminescence quantum yield, and sharp
emission bands.*® These nanophosphors usually consist of a host matrix such as fluorides,*®
phosphates,'” 18 and vanadates,'® doped with luminescent lanthanide cations. Among phosphates
hosts, calcium hydroxyapatite is of special interest due to their high biocompatibility and good
biodegradability.?® This is caused by the fact that calcium phosphate is the inorganic mineral of
human bone and teeth.?* Calcium hydroxyapatite nanoparticles have been synthesized by
different methods, based on precipitation,?? sol-gel,?* combustion,?* emulsions,?® hydrothermal,®
and microwave assisted processes.?” 2 Anisotropic calcium hydroxyapatite particles with a rod-
like shape are by far the most common morphology reported in the literature, but other
morphologies have also been described. For example, spherical particles of 250 nm and 26 nm
have been obtained in presence of porphyrin?® or from cyclohexane/water microemulsions,°
respectively. Micrometric hollow spheres composed of rods have also been synthesized in
water/N,N-dimethylformamide medium with tartrate additives,3' and porous hollow
microspheres have been synthesized though a DNA-templated hydrothermal method.3?

It is also well-known that dispersions of calcium phosphate nanoparticles tend to
agglomerate and sediment,3 hindering any possible biomedical application. A further
functionalization process is thus required in order to achieve colloidal stability. This process also

provides anchors for adding functional ligands such as antibodies, peptides, proteins and some



anticancer drugs,3* and can also be used to enhance the fluorescence intensity of the
nanophosphors.® Functionalization of luminescent lanthanide-doped calcium hydroxyapatite
nanoparticles with additives such as DNA% and 2-aminoethylphosphonic acid (AEP)3": % have
been reported. Poly(ethyleneimine) (PEI)-functionalized calcium hydroxyapatite nanoparticles
have been suggested as transfection gene silencing systems,® whereas the functionalization of
calcium phosphate nanoparticles with cell-specific antibodies leds to cell-specific targeting
systems.“? It has also been reported that europium-doped calcium hydroxyapatite ellipsoidal
nanoparticles functionalized with AEP and folic acid exhibit a low cytotoxicity and can be
internalized by ZR751 breast cancer cells.** Poly (acrylic acid) (PAA) is one of the polymeric
ligands which is used for the biofunctionalization of nanoparticles, because of its negligible
toxicity*? and its hydrophilic character,*® which make it feasible for a further functionalization
with molecules of biomedical interest. The synthesis of hydroxyapatite nanocrystals in the
presence of poly (acrylic acid) has been reported in the literature,* 4° although these procedures
resulted in polydisperse, heterogeneous and aggregated particles.

In addition to calcium hydroxyapatite, calcium fluoroapatite shows also a good
biocompatibility, at least as implant material.*® It has more chemical and structural stability than
hydroxyapatite*’ and it is expected to be a more efficient host material for luminescent
applications due to the absence of OH- that constitute possible quenching centers for the
luminescence.*® Calcium fluoroapatite white light emitting phosphors codoped with Ce®* and
Mn?* have been reported.*® However, no studies about the biological applications of calcium
fluoroapatite nanophosphors can be found in the literature.

We report in this paper a novel and fast microwave-assisted method which is suitable for

the one-pot synthesis of uniform and highly monodisperse Eu®*-doped calcium hydroxyapatite



and Eu®*-doped calcium fluoroapatite nanoparticles with a novel spindle-type morphology, and
their functionalization with PAA. We show that this additive acts as morphology-directing agent
and provides a high colloidal stability for the nanophosphors in biological buffer media (MES,
pH 6.5). We also report for the first time a comparative study of the luminescence efficiency and
cell toxicity of calcium hydroxyapatite and calcium fluoroapatite nanophosphors. The obtained
results indicate that both kinds of nanophosphors may have potential biomedical applications,
such as biolabels for in vitro assays.

Experimental section
Synthesis of the nanoparticles

Europium-doped calcium hydroxyapatite nanoparticles (sample EuUHAp) were
synthesized though a microwave—assisted method, as follows: an aqueous solution with the
stoichiometric amount of sodium phosphate monobasic (NaH2PO4, Sigma, >99%) was added
over an aqueous solution containing calcium nitrate tetrahydrate (Ca(NOs)2 - 4 H20, J.T. Baker
99.0 %), europium (I11) nitrate pentahydrate (Eu(NOs)s- 5 H20, Sigma, 99.9%), and poly (acrylic
acid) (PAA, Sigma, Mw1800). The Eu/Eu+Ca molar ratio was 2 %. The final calcium, phosphate
and PAA concentrations were 0.06 mol dm3, 0.036 mol dm3 and 2 mg cm-3, respectively, and
the pH was adjusted to 11 by using aqueous ammonia. The milky solution produced after mixing
was heated in a Sineo MDS-8 microwave oven at 180 °C for one hour with a heating rate of 14
°C-mint. In order to get information on the mechanism of particles formation, some experiments
were carried out under the same conditions but using shorter aging time (10 and 20 minutes) or
higher PAA concentrations (20 mg-cm-3). Europium-doped calcium fluoroapatite nanoparticles
(sample EuFAp) were synthesized following the same methodology but adding ten times the

stoichiometric amount of sodium fluoride (NaF, Sigma, >99%) to the sodium phosphate



monobasic solution. For comparative proposes, both europium-doped calcium hydroxyapatite
and calcium fluoroapatite nanoparticles were also synthesized in the same way but without using
PAA as additive. In all cases, the resulting dispersions were cooled down to room temperature,
centrifuged to remove the supernatants and washed twice with ethanol and once with double
distilled water. Most of the nanoparticles were dispersed in water but some portions were dried at

room temperature in order to carry out further characterization.

Characterization

The particle shape was examined by transmission electron microscopy (TEM, Philips
200CM). Particle size distributions were obtained by counting about one hundred particles from
the TEM micrographs and by dynamic light scattering (DLS, Malvern Zetasizer Nano-ZS90)
using nanoparticle suspensions in water (0.5 g cm) at pH 7. The specific surface area of the
luminescent nanoparticles was measured by N2 adsorption using the BET isotherm in a
Micromeritics’ TriStar II Surface Area and Porosity System device. The chemical composition
of the nanoparticles was studied by energy dispersive X-ray analysis in a Philips DX4 attached to
the microscope. Calcium and europium contents were assessed by induced coupled plasma
atomic emission spectroscopy (ICP-AES) in an ICP Horiba Jobin Yvon Ultima 2 spectrometer.
Unless otherwise indicated, infrared spectra (FTIR) of the nanophosphors diluted in KBr pellets
were recorded in a Jasco FT/IR-6200 Fourier transform spectrometer. In some cases the FTIR
spectra were also obtained for the nanophosphors deposited on silicon wafers in order to avoid
the interference of H20 molecules existing in the KBr pellets. Thermogravimetric analyses

(TGA) were performed in air at a heating rate of 10°C-min-t, using a Q600 TA Instrument.



X-ray diffraction (XRD) studies were carried out using a Panalytical, X Pert Pro
diffractometer equipped with an X-Celerator detector. The crystallite size for several
crystallographic directions was determined by using the Scherrer formula. A value of 0.9 for the
K shape factor was employed. Zeta potential measurements of nanoparticle suspensions in water
(0.5 mg-cm3) at pH 7 were carried out in a Malvern Zetasizer Nano-ZS90 apparatus. The
colloidal stability of the nanoparticle suspensions in 50 mM MES solutions (2-(N-Morpholino)
ethanesulfonic acid, Sigma, 99%) at pH 6.5 was monitored by analyzing the evolution with aging
time of both their UV-visible absorbance spectrum and the hydrodynamic particle diameter

measured by DLS. For these analyses the nanoparticle concentration was set to 0.5 mg-cm-3.

Excitation and emission spectra of aqueous dispersions of the europium-doped nanoparticles
in water suspensions (0.5 mg-cm-3) were recorded in a Horiba Jobin-Yvon Fluorolog FL3-11
spectrofluorometer operating in the front face mode. The photoluminescence quantum yield
(QY), defined as the ratio between photons emitted and absorbed by the suspensions, was
determined by an absolute method using an excitation wavelength of 393 nm. The used set up
consisted of an integrating sphere (Labsphere) with its inner face coated with Spectralon,
attached to the spectrofluorometer.>® A non-fluorescent sample consisting of undoped calcium
hydroxyapatite and calcium fluoroapatite nanoparticles having morphological characteristics
similar to those of the analyzed europium-doped samples were used to mimic the scattering
properties of the latter. Spectral correction curves for sphere and emission detector were
provided by Horiba Jobin-Yvon. The photographs showing the luminescence of the
nanophosphors in water dispersions with the same nanoparticle concentration were taken under

illumination with ultraviolet radiation (A= 254 nm), filtered from an Hg discharge lamp.



Biocompatibility studies of both europium-doped calcium hydroxyapatite and calcium
fluoroapatite nanophosphors functionalized with PAA were undertaken by evaluating the cell
viability of Vero (monkey kidney epithelial cells) by the MTT colorimetric assay.>* Vero cells
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with 10 % fetal
bovine serum (FBS), 5 % glutamine and 5 % penicillin/streptomycin. Cell cultures were
incubated at 37 °C and equilibrated in 4 % CO:2 and air. For the cytotoxicity assay 5000 cells
were seeded in each well of 96-well plates and grown for 24 hours. After 24 hours, the medium
was replaced with fresh medium containing the different types of nanoparticles in varying
concentrations. After cultivation again for 24 hours, 20 uL of MTT dye solution (5 mg-cm3 in
PBS) was added to each well. After 4 hours of incubation at 37 °C and 5 % COz, the medium
was removed, the cells were washed with fresh medium, and formazan crystals were dissolved in
100 pL of DMSO. The absorbance of each well was read on a microplate reader (Biotek
ELX800) at 570 nm. The spectrophotometer was calibrated to zero absorbance using culture
medium without cells. The relative cell viability (%) related to control wells containing cell
culture medium without nanoparticles was calculated by [A]test/[A]control x100. Each
measurement was repeated at least five times to obtain the mean values and the standard

deviation.

Results and discussion

a) Synthesis and physicochemical characterization europium-doped calcium hydroxyapatite

and fluoroapatite nanophosphors



The protocol herein reported for the synthesis of the EuHAp sample resulted in the
nanoparticles shown in Figure 1A. As observed, they present a spindle-like morphology, which
has not been ever reported for this system. The particles show mean dimensions of 191 (32) x 40
(5) nm (axial ratio of about 4.8). The novel morphology of the particles can be attributed to the
strong effect of PAA during the synthesis process, since a very different morphology consisting
of nanorods with a broad size distribution between 50 and 90 nm was obtained when no PAA
was used in the synthesis process (Figure S1A). The mean hydrodynamic diameter of the EUHAp
particles obtained by DLS was 120 nm, which is value between the mean dimensions of the
nanospindles obtained from the TEM images. This is expected for non-spherical particles free of
aggregation. The observation of Figure 1A also reveals a rough particle surface which suggests a
high specific surface area. This was confirmed by BET analysis, which gave a value of 86.1
m?-g* for this magnitude. Similar surface areas have been reported for rare earth doped
hydroxyapatite nanorods which have been suggested as good candidates for drug delivery
systems.?® The successful incorporation of europium into the nanospindles was evidenced from
the EDX spectrum obtained for single particles, which displayed europium peaks, in addition to
those of calcium, phosphorous and oxygen (Figure S2A). ICP-AEP measurements resulted in an
Eu/Eu+Ca molar ratio of 1.95 %, which is in agreement with the nominal value (2.0 %), thus

indicating the complete incorporation of europium into the apatite matrix.

The nanoparticles obtained in presence of fluoride anions (sample EuFAp) also showed a
spindle-like morphology, as it is shown in Figure 2A. These particles were however slightly

smaller, showing mean dimensions of 152 (24) x 38 (6) (axial ratio 4) (tablel). PAA plays also a



key role in the final morphological characteristic of the precipitates, since the particles
synthesized in absence of PAA consisted of hexagonal prisms with mean dimensions 68 (16) x
15 (5) nm (Figure S1B). In agreement, the mean hydrodynamic diameter of the EuFAp
nanoparticles obtained by DLS (102 nm) was also smaller than that of the EuHAp sample, and
indicated that they were free of aggregation. The EuFAp particles showed a BET surface area of
86.3m?-g! which is similar to the measured for the EuUHAp particles. The EDX spectrum carried
out on a single particle confirmed the incorporation of europium into the nanospindles (Figure
S2B). ICP-AEP measurements also gave in this case a Eu/Eu+Ca molar ratio (2.11 %) similar to

the nominal value (2.0 %).

The FTIR spectra of both EuUHAp and EuFAp samples are shown in Figure 3. The spectra
contained the typical signals of calcium apatite,>? including the bending vibrations of the
phosphate groups around 600 cm™* and their asymmetric stretching vibrations around 1050 cm-2.
The spectrum corresponding to the EuHAp sample showed a peak at 3560 cm-* which did not
appear on the spectrum of the EuFAp particles. This peak can be attributed to the OH" ions,
suggesting the formation of the hydroxyapatite phase.> In addition, a broad band centered at
3250 cm* and a weaker signal at around 1650 cm-* were observed in both cases. They
correspond to the O—H vibration and the H-O—H bending mode of absorbed water, respectively.
The presence of PAA on the surface of the nanoparticles was also detected in the FTIR spectra of
both PAA-functionalized samples. Signals corresponding to the vibrations of the CH2 groups of
the PAA were observed at 1454 cm* (scissor vibration) and around 2950 cm™* (symmetric and
asymmetric stretching vibrations, see the figure inset for magnification). In addition, the bands

around 1415 and 1575 cm™ can be ascribed to the symmetric and antisymmetric stretching

10



frequencies of the carboxylate ion (COO"), respectively. Considering that the carbonyl stretching
(C=0) vibration appears at 1717 cm* for the pure PAA, the shift towards lower frequencies
observed in our case indicates that most of the carboxylate functional groups of the polymer are
fully ionized,> and therefore, that the PAA molecules are bond to the nanoparticle surface
though the carboxylate groups. It should be noted that calcium apatite particles usually absorb
carbonate ions giving rise to low intensity bands appearing around 1400 cm™t in the IR
spectrum.?® Indeed, signals at 1415 and 1459 cm* from COs? groups can be detected in the FTIR
spectra of the samples synthesized in absence of PAA (Figure S3). The signals are however less
intense than those observed for the PAA-functionalized samples (Figure 3). This finding along
with the signal at 1575 cm as well as the bands around 2950 cm™*, which are absent in the
spectra of the unfunctionalized samples, confirm unambiguously the presence of PAA on the
surface of the PAA-functionalized particles. It must be mentioned that the relative intensity of
the signals corresponding to PAA is lower in the EUFAp sample. This suggests that EUHAp

particles are able to absorb more PAA onto their surface than the EuFAp particles.

An estimation of the amount of PAA on the surface of both EuUHAp and EuFAp nanoparticles
was obtained from TG analyses (Figure 4). Data corresponding to the samples synthesized in
absence of PAA are also included in the figure for comparative reasons. As observed, both PAA-
functionalized samples showed a weight loss in the 25 - 300 °C range which can be ascribed to
the release of absorbed water. This loss of water (6.6 % for the EuHAp particles and 5.6 % for
the EuFAp sample) is higher than that found for the PAA-free samples (around 2 %). This can be
attributed to the high surface area of the PAA-functionalized particles. An additional abrupt loss,

which was not observed for the PAA-free particles, took place between 300 and 400 °C in both
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PAA-functionalized EuHAp and EuFAp samples. This should be caused by the decomposition of
the PAA, which is known to occur in this range of temperatures.> Such a weight loss was lower
for the EuFAp particles (5.4 %) than for the EuUHAp sample (10.3 %), in good agreement with
the FTIR observations. Finally, the slight weight losses observed at higher temperatures (2.3 %
for the EUHAp sample in the 760 — 1000 °C range and 2.5 % for the EuFAp sample at
temperatures between 580 and 1000 °C) should be connected with the dehydroxylation and

defluorination of the apatite structures, respectively.

Further evidence of the PAA functionalization of the particles was obtained by comparing
the Zeta potential of aqueous suspensions of both non-functionalized and PAA-functionalized
particles. PAA-free hydroxyapatite particles showed Zeta potential of 1 mV at pH 7, whereas the
value of this magnitude for the EUHAp nanoparticles was -24 mV at the same pH. A similar
behavior was observed for the EuFAp sample. The Zeta potential of the PAA-functionalized
nanoparticles was -32 mV, whereas that corresponding to the PAA-free particles was 1.5 mV.
This charge reversal is consistent with the presence of PAA on the surface of both types of

particles.

The XRD diagrams obtained for both the EuHAp and EuFAp particles (Figure 5) consist of
peaks which match the standard pattern of Cas(PO4)3(OH), calcium hydroxyapatite (PDF 01-
084-1998), and Cas(PO4)sF, calcium fluoroapatite (PDF 00-015-0876), respectively. It must be
noted that the signals corresponding to the fluoroapatite sample shifts slightly toward higher 2

theta angles (see for example the vertical guides in the figure) when compared with the
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luminescent hydroxyapatite particles. This is consistent with the slightly higher unit cell volume

of the fluoroapatite structure. No extra phases are observed in both diagrams.

The average crystal size (table 1) estimated by using the Scherrer formula from several XRD
peaks (100, 002, 102 and 222) for both EUHAp and EuFAp particles was around 50 and 35 nm,
respectively. These values are smaller than the dimensions of the nanoparticles, suggesting that
the both kind of particles are polycrystalline. This was confirmed by HRTEM images, in which
different crystalline domains could be observed within both a hydroxyapatite (Figure 1B) and
fluoroapatite (Figure 2B) single particle. Such a polycrystalline character suggests that the

nanospindles are formed through and aggregation process of small units.

In order to get stronger support for this mechanism of particle formation, the resulting
hydroxyapatite precipitates obtained after different ageing times ranging from 10 minutes (which
is the required time to reach a temperature of 180 °C) to one hour were studied. TEM
observations indicated that the initial milky solution produced after mixing the calcium and
phosphate solutions consisted of a gel-like precipitate that accords to EDX data (not shown)
contained calcium, phosphorous and oxygen, as well as low intensity signals corresponding to
europium. Europium-doped calcium hydroxyapatite nanospindles were already formed just after
reaching 180 °C (10 minutes of heating), as it can be observed in Figure S4A. This indicates that
the synthesis process is very fast, which is one of the main advantages of the microwave-assisted
protocols.®® The main dimensions of these nanospindles determined from the TEM image were
145 (23) x 31 (4) nm (axial ratio 4.7). These particles grew with increasing the aging time at 180

°C and reached their final size of 191 (32) x 40 (5) nm after one hour (table 1). The average
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crystallite size determined by using the Scherrer formula from the XRD data does not change
appreciably with increasing the synthesis time (table 1). This strongly suggests that the
nanospindles grow through an aggregation process of smaller subunits, which must be the reason
of the rather high BET surface area measured for this sample. The role played by PAA in this
aggregation process and therefore in determining the morphological features of the particles can
be interpreted following the previous work of Jean and Ring on the synthesis of TiO2 particles.>’
In principle, PAA molecules could be absorbed on the surface of the particles during the
synthesis process and sterically stabilize them against further aggregation. However, when the
nuclei are very small in size and thus they have a very large surface area per unit volume, the
amount of added polymer may be insufficient to cover the complete surface of the particles.
These processes involve aggregation until the surface area per unit volume is low enough that the
added polymer provides stability. The amount of added polymer serves thus to control the
particle size produced from aggregating species.®® In order to confirm this suggestion, the
synthesis was carried out under the same conditions but with a much higher amount of PAA (20
mg-cm3). Figure S5A shows the so obtained europium-doped calcium hydroxyapatite particles,
which resemble those synthesized with lower amount of PAA, but exhibit a much smaller size.

In fact, their XRD pattern (Fig S5B) only shows some weak reflections corresponding to calcium
hydroxyapatite with a large broadening, which indicates the smaller crystallite size of the

particles.

Following the same methodology than in the europium-doped calcium hydroxyapatite

nanoparticles, the europium-doped calcium fluoroapatite precipitates obtained after different

aging times at 180 °C were also analyzed. Europium-doped calcium fluoroapatite nanospindles
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were found to be formed faster than the hydroxyapatite particles. Nanospindles with main
dimensions of 142 (29) x 34 (7) nm (axial ratio 4.2) (table 1) resulted just after 10 minutes of
microwave heating (Figure S4B), which were very similar to those formed after 20 minutes at
180 °C (150 (18) x 36 (4) nm (axial ratio 4.2)) (tablel). The faster kinetics of the process in this
case should be connected with the lower solubility shown by calcium fluoroapatite.>® Despite the
scarce information obtained from these experiments on particle formation and considering that
the crystallite size of the primary europium-doped fluoroapatite particles and their BET surface
area were similar to those of the europium-doped calcium hydroxyapatite system, it can be stated
that the fluoroapatite particles were also very likely formed thought an aggregation process of

smaller units, in which PAA plays a key role in controlling the particle size.>®

The colloidal stability in aqueous MES media at pH 6.5 of both PAA-functionalized EUHAp
and EuFAp nanophosphors was analyzed by studying the evolution of theirs UV-visible spectra
and the mean hydrodynamic diameter obtained by DLS with increasing the ageing time. The
absorbance curve in both cases (Figure 6) did not change with increasing time, even after one
week. This indicates the absence of sedimentation, which can be also visualized in the insets of
Figure 6. In addition, no changes were observed in the mean hydrodynamic diameter of the
nanoparticles for both EUHAp and EuFAp nanophosphors in this period of time (Figure 7),
manifesting that no particle aggregation took place on aging. Therefore, it can be concluded that
both apatite-based nanophosphors functionalized with PAA show a very high colloidal stability

at physiological pH.
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b) Optical properties of the europium-doped calcium hydroxyapatite and calcium

fluoroapatite nanophosphors

Excitation spectra of both EuHAp and EuFAp nanophosphors (Figure 8A) were recorded by
monitoring at wavelength of 618 nm, which corresponds to the main emission line expected for
Eu (I11) cations in the apatite matrix.>® In both cases the spectra contained several bands in the
region between 300 and 450 nm, the most intense one appearing at 393 nm, a wavelength close
to the visible light domain. This band corresponds to the direct excitation of Eu3* ions from the
ground state "Fo to the 5Le excited level.*® A secondary excitation peak assignable to the 'Fo —

°D2 absorption appeared at 464 nm, within the visible range.3®

Figure 8B shows the emission spectra of the suspensions of the EuHAp and EuFAp
nanophosphors, recorded under a UV excitation of 393 nm. Both spectra were very similar and
displayed the typical emissions corresponding to the °Do-"F; (J = 1, 2, 3, and 4) electronic
transitions expected for the Eu®* cation.® 53 It can be also observed that the relative intensity of
the °Do-"F2 emission band in both europium-doped nanoparticles is higher than that associated
with the 5Do-’F1 transition, which is expected for Eu®* cations located in crystallographic sites
without an inversion center. This is compatible with Eu®* cations replacing Ca%* on the normal
calcium sites of the apatite structure, in which the calcium sites show a local symmetry of Cs and
Cs.%0 The higher intensity of the emission in the 575-652 nm range give rise to a red light, as it is

observed in the inset of the figure.
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It also important to mention that the emission corresponding to the fluoroapatite sample
exhibited higher intensity than the hydroxyapatite sample. This can be explained by the presence
of OH" groups in the latter sample, which are well-known to be effective quenchers of the
europium luminescence.*® Such a difference was confirmed by the higher luminescence quantum
yield obtained for the europium-doped calcium fluoroapatite-based nanophosphors (6.1 %),
when compared with that measured for the europium-doped calcium hydroxyapatite-based
particles (2.1 %). To the best of our knowledge, the luminescent quantum yield has never been
reported for europium-doped calcium hydroxyapatite and fluoroapatite nanophosphors and
therefore a comparison of our efficiencies with other calcium apatite nanophosphors is not
possible. Nevertheless, these rather low efficiencies when compared with other europium-based
nanophosphors®® can be ascribed to different factors. On one hand, crystalline defects arising
from the polycrystalline character of the here reported nanospindles are known to play important
roles in the decay mechanisms of the excited species and thus affect the quantum yield
efficiency.® 62 On the other hand, the substitution of Ca?* by Eu®* is not isomorphic in the
apatite structure, and other mechanisms such as Ca?* vacancies, phosphate deprotonation and
incorporation of either OH- or of oxygen O% ions are required to keep the charge balance.®® This
may constitute potential quenching centers which can thus affect the quantum yield efficiency.
Finally, the nanophosphors here reported are already functionalized with an organic polymer,
which can also produce quenching effects and thus decrease the luminescent quantum yield

efficiency.
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c) Biocompatibility and cell viability of PAA-functionalized europium-doped calcium

hydroxyapatite and calcium fluoroapatite nanophosphors

Biocompatibility studies of both kind of nanophosphors were undertaken by evaluating the
cell viability of Vero cells by the MTT assay.> This assay relies on the mitochondrial activity of
fibroblasts activity of fibroblasts and represents a parameter for their metabolic activity. The
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium bromide) assay is a simple non-
radiactive colorimetric assay to measure cell cytotoxicity, proliferation, or viability. MTT is a
yellow, water-soluble tetrazolium salt. Metabolically active cells are able to convert this dye into
a water-insoluble dark-blue formazan by reductive cleavage of the tetrazolium ring. These
formazan crystals can be dissolved in an organic solvent such as dimethylsulphoxide (DMSO)
and quantified by measuring the absorbance of the solution at 550 nm, and the resultant value is
related to the number of living cells. The metabolic activity and proliferation of fibroblasts was
thus measured after 24 hours’ culture, and showed negligible toxicity effects for both europium
doped calcium hydroxyapatite and fluoroapatite nanophosphors (Figure 9), with viability
percentages around 75-80 % for concentrations up 1.5 mg-cm3. Such values are consistent with
other previously reported in the literature,* thus confirming the low toxicity of this kind of

apatite-based nanophosphors.

Conclusions

Calcium hydroxyapatite and calcium fluoroapatite-based nanophosphors doped with

europium have been synthesized and functionalized with PAA following an one-pot microwave-
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assisted hydrothermal protocol at 180 °C which results in a novel morphology for these systems.
In both cases, the obtained nanoparticles are polycrystalline and show a spindle-like shape with
main dimensions of 191 (32) x 40 (5) nm for the calcium hydroxyapatite and of 152 (24) x 38
(6) nm for the calcium fluoroapatite-based nanophosphors. Both nanophosphors show the typical
red luminescence corresponding to the Eu®* cations, although the quantum efficiency of the
fluoroapatite-based nanoparticles is higher than that of the analogous hydroxyapatite-based. This
is explained by the quenching effect of OH- on the europium luminescence. The presence of
PAA on the surface of both kind of nanospindles results in very stable colloidal dispersions in
MES at pH 6.5, as it is demonstrated by the of lack of sedimentation and particle aggregation on
ageing up to at least one week. Both systems also show low cell toxicity. Because their
luminescent properties, their low toxicity and the functionalization with PAA, which provides
anchors for a further functionalization with molecules of biomedical interest, these

nanophosphors are good candidates as potential tools for biomedical applications.
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FIGURES

Figure 1. (A) TEM micrograph of the EuHAp nanophosphors functionalized with PAA. (B)
HRTEM image of a single particle in which several planes compatible with the calcium

hydroxyapatite structure, as well as the d spacings are shown.

20



Figure 2. (A) TEM micrograph of the EUFAp nanophosphors functionalized with PAA. (B)
HRTEM image of a single particle in which several planes compatible with the calcium

fluoroapatite structure, as well as the d spacings are shown.
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Figure 3. FTIR spectra of the EUHAp and EuFAp nanophosphors functionalized with PAA. The
region from 4000 to 2600 cm™* included in the upper part of the figure corresponds to the spectra
of the same hydroxyapatite (EuHAp) and fluoroapatite (EuFAp) nanophosphors deposited on

silicon wafers.
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Figure 4. TGA analysis of the EuUHAp and EuFAp nanophosphors functionalized with PAA.

The curves corresponding to the samples synthesized in absence of PAA (EuUHAp — PAA free

and EuFAp — PAA free) are also included.
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Figure 5. XRD diagrams of the EuHAp and EuFAp nanophosphors functionalized with PAA.
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Figure 6. UV-visible spectra of the PAA-functionalized EuHAp (A) and EuFAp (B) suspensions

in MES (50 mM) at pH 6.5 after different ageing times. Photos corresponding to the suspensions

taken after one week are also included.
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Figure 7. Size distributions determined by DLS for the PAA-functionalized EuHAp (A) and

EuFAp (B) suspensions in MES 50 mM at pH 6.5 after different ageing times.
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Figure 8. Excitation (monitored at 618 nm) (A) and emission (Aex 393 nm) (B) spectra of
aqueous suspension of the PAA-functionalized EuHAp (blue) and EuFAp (red) nanophosphors.

The image shows the luminescence of suspensions of EUHAp (left) and EuFAp (right) when

irradiated with UV light.
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Figure 9. Viability assays performed with Vero cell line for different PAA-functionalized
EuHAp (A) and EuFAp (B) nanophosphors at different nanoparticle concentrations. Results are

represented as mean + standard deviation
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SCHEMES (Word Style “VC_Scheme Title”). Chemical reactions and flow diagrams may be
called schemes. Schemes may have brief titles describing their contents. The artwork for each
scheme should immediately follow the scheme title. The title should follow the format “Scheme
1. Scheme Title”. All schemes must be mentioned in the text consecutively and numbered with
Arabic numerals. Schemes may also have footnotes (use Word Style “FD Scheme Footnote”),

inserted after the artwork.

CHARTS (Word Style “VB_Chart_Title”). Lists of structures may be called charts. Charts may
have brief titles describing their contents. The title should follow the format “Chart 1. Chart

Title”. Charts may also have footnotes (use Word Style “FC_Chart Footnote”). To insert the

chart into the template, be sure it is already sized appropriately and paste it immediately after the

chart title.

TABLES.

Table 1. Mean particle dimensions and average size of the crystalline domains measured for the

europium-doped calcium apatites synthesized at 180 °C at increasing times. HAp = Calcium

hydroxyapatite, FAp = Calcium fluoroapatite. All the samples are functionalized with PAA.

Numbers in brackets indicate standard deviations.

Synthesis | Main Short AXxis ratio Mean
time dimension dimension crystallite
(minutes) | (hm) (nm) size (nm)
Eu-doped
HAp-PAA 10 145 (23) 31 (4) 4.7 50.5
20 173 (21) 37 (6) 4.7 473
EuHAp 60 191 (32) 40 (5) 4.8 45.7
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Eu-doped
FAp-PAA 10 142 (29) 34(7) 4.2 35.7
20 150 (18) 36 (4) 4.2 35.5
EuFAp 60 152 (24) 38 (6) 4.0 355
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BRIEFS

Europium-doped calcium hydroxyapatite and fluoroapatite nanophosphors functionalized with
poly acryl acid (PAA) have been synthesized through an one-pot microwave-assisted
hydrothermal method. A novel spindle-like morphology has been obtained. The particles show a

very high colloidal stability and low cytotoxicity.

SYNOPSIS

PAA - functionalized
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