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Abstract

Fluorapatite doped with rare-earth elements hagla-vange of biomedical applications. Here, a
new type of fluorapatite nanocrystals doped witlaspodymium (FAP-Pr) with excitation-
emission profiles in visible part of the spectrisrfdbricated. Energy levels ofPactivator ion
contain metastable multiplet states that offergbssibility of efficient multicolor emission lines
in FAP nanocrystals. Three types of FAP-Pr nandatyswith 0.1%, 0.5% and 1% atomic
percent of Pf (along with the undoped FAP control sample) auelistl. Their novel chemical
production method is described, the FAP-Pr nantalysstructure, biocompatibility and the
suitability for cell imaging are analyzed. Physicemical characterization confirms crystals
down to nanometer size. In addition, quantum-chahtalculation predicts that Prions are
incorporated into the FAP crystal lattice at CaRB)(6ites. In vitro viability results shows that
FAP-Pr nanocrystals are nontoxic to live cells. Wddally, the cell uptake of the FAP-Pr
nanocrystals is studied using fluorescence-basetefigld and confocal microscopy. The
nanocrystals show characteristic green emissi&amm {P,—°Hs transition of Pt ion) and
orange emission at 600 nriDg—>H,), which we use to discriminate from cell autoflescence
background. Orthogonal projections across 3D caifstacks show that the nanocrystals are
able to enter the cells positioning themselves iwithe cytoplasm. Overall, the new FAP-Pr
nanocrystals are biocompatible and of the testpdstythe 0.5% Pt doped nanocrystals show
the highest promise as a tracking nanoparticlegfobbioimaging applications.

Keywords: fluorapatite nanocrystals; praseodymium; bioimagoancer cells.



1. Introduction

Fluorapatite [(Ca(POQy)sF,), (FAP)] nanocrystals doped with rare-earth eleisieare
ideal contrast agents for a variety of biomedicppligations, e.g. detection, imaging, cell
tracking, and therapy [1-4]n FAP matrix F ions may lead to the formation of stable and
biocompatible luminescent material with low viboatal energies, as well as phonon energies [1,
2]. These suitable energy profiles in FAP host md&vour the rare-earth fluorescent transitions
including those in up conversion and down-converdiaminescence. Compared to organic
luminophores and semiconductors these nanocryiséale advantages such as photostability, a
sharp visible emission bandwidth and nontoxicit4]1The highest electronegativity of ons
in the FAP crystal lattice also contributes to thbiocompatibility and complex tissue-
nanomaterial interactions, which is important fand-term bioimaging studies [5, 6].
Additionally, the surface of FAP nanopatrticles tenfunctionalized with a variety of groups and
can become useful for the treatment of many disgasach as clinical treatment for
musculoskeletal system diseases, or cancer anddegenerative diseases [7-9].

So far, FAP has been used already quite oftenkasimaging contrast agent, but in the
most of the published studies, only a limited numifedopants are described, such ad"o
3 for up-conversion luminescence under IR excitafib-4], and E&" as an important down-
conversion red emitter in the visible light [8, Sjtrong near infrared emitting YBEr* doped
fluorapatite nanoparticles was developed receaihy] can be potentially more effective than
Yb*'/Ho®* for detection of deep tissue structures, takingaathge of the near-infrared (NIR)
biological window [1-3, 10]. Praseodymium ion {Prdoped FAP for down-conversion

luminescence, which can be excited with the UV asible light, has not been used as a dopant



for bioimaging studies. Ption is chosen for the current study considerirg thique optical
properties, along with the tunable emission wawgtles ranging from the UV to infrared region
[11]. In addition, Pt" possesses good antibacterial and antifungal desistcs and is
considered as a light rare-earth element and nxin-&b the proper concentrations [12, 13]. Also,
Pr* along other light rare-earth elements raised éstein recent years as an antitumor agent,
because they exhibit a suppression effect on tbkfgmation of cancer cell lines [13, 15]. FAP
nanoparticles also show anticancer properties ensthidies of treatment of leukemia [16]. The
promise of the combination of versatile excitatemission profiles with excellent
biocompatibility and potential anticancer propestiet us to choose and design a multifunctional
FAP doped P contrast agent material aimed at biomedical apfiios.

Phosphor materials based on FAP are usually syiadiek by high-temperature solid-
state reaction technique for laser and luminestdre applications [17-19]. High performances
of nanomaterials for biomedical applications regsilsome unique structural characteristics,
such as nanometer crystallite size, uniform morpdnl good dispersion, and specific surface
area [20]. In recent years, different classes efsfable, nontoxic and self-activated luminescent
materials, with emission induced by impurities @fettts in the crystal lattice have been
fabricated via different synthesis routes [21]. dfescent fluorapatite nanoparticles for
bioimaging applications, in general, are synthasimeagueous solution, and usually have poor
crystallinity, non-uniform size distributions andemdency to easily form agglomerates [22-25].
One of the ways to overcome these problems is lbemal activation of the particles after
synthesis from the aqueous solution [26-29]. Irs thiork, we report the synthesis of novel
luminescent Pf-doped FAP nanoparticles, produced in solutiorofeéld by thermal activation,

establishing a low temperature chemical producti@thod. Usually, high temperature methods



(above 980C) are used for fabrication of Pr-doped FAP [18, b2} in this work we have shown
that it is possible to use room temperature preatipn followed by short activation at 760 in
order to obtain such material with prolonged tinfiereaction. Using this procedure, we have
synthesized biocompatible and luminescent nanadsy$br bioimaging. Furthermore, we have
studied the structural and optical properties & thanocrystals, characterized the vitro

biocompatibility and evaluated their suitability fmoimaging applications.

2. Material and Methods

2.1 Synthesis of fluorapatite nanocrystals

The FAP and Pf doped FAP nanocrystals were synthesized accoriding co-precipitation
method at room temperature (Z5), followed by thermal activation at 700 °C. Usiagglytical
grade chemicals, several agueous solutions weneam@. Ca(NG).-4H,0O, Pr(NQ)s-6H,0,
(NH4),HPO, and (NH)F were dissolved in double distilled water sepayatAtomic ratio of
[Pr/(Pr + Ca)]-100% were 0, 0.1, 0.5 and 1% witl ¢bnstant ratio (Pr + Ca)/P fixed at 1.67 in
order to obtained stoichiometric FAP compounds. 3tlation of anions was added dropwise to
a solution of cations with stirring (500 rpm), aaffer pH was adjusted to 10+0.5 by adding
NH,OH. After 16h of maturation, the resultant precfes in solutions were filtered using
vacuum filtration set and then washed three timéh @ouble distilled water. The slurry of
precipitates was dried at 120 for 12h. Resultant amorphous nanomaterials wetreaged with
calcination at 700C in the air for 1h. Finally, after the calcinatjdghe obtained nanomaterials

were pulverized into powder and characterized.



2.2 Characterization of fluorapatite nanoscrystals

To analyze the crystal structure of obtained pow/d€-ray powder diffraction (XRPD)
patterns were acquired with a Rigaku Ultima IV Jap@paratus over & 2Zange of 10°-80°
using Cu K radiation { = 1.540 A). Average crystallite size (d) was chlted by using
Scherrer’s formula:

d =0.9/p - cosH (1)
where) is the wavelengths of the X-ray®,is diffraction anglef is corrected half-width for
instrumental broadening. For the processing of ¥Xp@wder diagram the program Powder Cell
2.4 was used.

Structure and the morphology of the samples weasdyaed by transmission electron
microscopy (TEM), using FEI Talos F200X microscomperated at 200 keV. An energy
dispersive X-ray spectroscopy (EDX) system attadbetie TEM operating in the STEM mode
was used to analyze the chemical composition o$dmeples.

Fourier-transform infrared spectroscopy (FTIR)cte were recorded in the range of
4000-400 cni using spectrophotometer (Nicolet 6700 FTIR, TherBuientific) and the ATR
technique to obtain an infrared spectrum of absampif the samples.

The patrticle size distribution was measured byadyic light scattering (DLS) and the
zeta potential of particles was determined by plaasaysis light scattering and mixed mode
measurement using a Zetasizer Nano ZS with MPTidthArator Malvern Instruments, Malvern,
United Kingdom.

The fluorescence properties of the nanocrystalsreweanalyzed using a

Photoluminescence spectrophotometer Horiba JovinYalooromax 4 TCSPC, and Xenon lamp



of 450 W for all excitations. The fluorescence mapshe samples were obtained in the range
350-650 nm, and spectra were measured with anratteg time of 0.1 s and 1 nm slits for
excitation and emission. All measurements wereoperéd at room temperature. For each
compound, a series of emission spectra were cetlday excitation at different wavelengths in
the range of 400-500 for doped samples, and 320a35f@r pure FAP sample with a 3 nm step.
In this way, excitation—emission matrix with dimemws11x251 is formed for each sample, which
was analyzed by using the Multivariate Curve Resmig Alternating Least Squares (MCR-
ALS) method. All analyses were performed by using tinscramble software package (Camo
ASA). Fluorophores of interest were extracted dndréscence of nanocrystals was measured
using excitations at wavelengths same as we usdtliémescence microscopy (405nm/488nm).
Quantum—chemical calculations were done in orderinvestigate the effect of
replacement of Gaion by PF* ion on the supramolecular structure of doped #patite. The
initial structure of FAP was optimized using hybfishctional B3LYP (Becke, 3-parameter, Lee—
Yang—Parr) method [30], and changed structures rof doped FAP were optimized using
unrestricted B3LYP (UB3LYP) method. All calculat®rwere done in Gaussian09 program
(version D.01) [31], and the basis set superpasiéimor (BSSE) was removed by counterpoise

(CP) correction [32].

2.3 Cell studies

For bioimaging experiments and the study of cibwity, two different cancer cell lines

were cultured. Human lung carcinoma A549 and s&icinoma A431 cell lines were maintained

in tissue culture flasks T75 at 37 °C in 5% £f@mosphere. The cells were culture with DMEM



cell medium (Lonza BioWhittaker) with 4.5 g/L glu® supplemented with 10 %v/v HyClone
Fetal Clone Ill Serum (GE Healthcare) and 1 %v/mi€ldin/Streptomycin solution.

In order to test the cell viability, cells werdtowed in a 96-well plate at 5xi@ells/well
with 100 uL complete DMEM cell medium for 24 h. Then to eaeéll was added the control
FAP and FAP-PY nanocrystals at concentrations of 0.5, 1, 2, 416,31, 63, 125 and 250
ug/mL and incubated for 72 h. To quantify the vidil10 uL Resazurin [33] (commercially
called Alamar Blue) diluted to 0.05 mg/mL in PBSsnadded to each well with 1QQ. cell
medium, followed by 4 h incubation at 37°C. Theofiescence was read on a Microplate Reader
(SynergyH1, BioTek) with excitation at 560 nm amdigsion 590 nm. The results were analyzed
relative to the control cells without any nanopdes added. All experiments were carried out in
triplicate and three independent experiments werfopned. Morphological analysis of cells
lines was carried out on an optical microscope (SMB, Nikon) before and after 72 hours of
incubation with nanocrystals.

For the bioimaging experiments, A431 and A549scelere plated on 8 wells-slides
(Ibidi GmbH) with 100uL of DMEM for 24h. After, cells were incubated f48 h with control
FAP and FAP-P¥ nanocrystals at concentrations of 12BmL. After incubation the wells with
cells were washed three times with Phosphate-tadfesaline (PBS) to remove surplus
nanocrystals, and then cells fixed with 4% Para@dehyde (PFA). In the end, PBS was added
to each well and the cells imaged.

For widefield bioimaging studies the cells wereubated with the FAP-Pr nanocrystals.
Excitation was performed with a 488 nm for the dgttawn in the main text and with 405 nm
lasers excitation (MLC400 Monolithic Laser CombinAgilent) in a widefield microscope

(NikonTi-E, Nikon) equipped with suited dichroicsida emission filter sets (Semrock) and



detection with a sensitive EM-CCD detector (iXory38ndor). Widefield images were analyzed
with Fiji-ImageJ.

Cell internalization of FAP-Pr nanocrystals antbgyasm localization was characterized
by fluorescence imaging using a confocal microsody®M780, Zeiss) and laser excitations at
488 nm. The luminescence emission was collectéldei®99 to 692 nm range. Confocal z-stacks

images and orthogonal view were created using ZHhAZeiss) software.

3. Results and Discussion

Fluorapatite nanomaterials doped with 0.1, 0.5 ##tdof Pf* are precipitated at room
temperature processing conditions, and the reguiimorphous material is calcined at a0
increase the luminescence intensity of*Rons transitions. Temperatures of 78D are high
enough to obtain the particles with good crystailirgood dispersion and expected emission [2,
28, 29]. Thermal treatments at 78D and higher, fuse the particles instead, credtingceramic

state and introducing the phase impurities.

3.1 Physico-chemical characterization

The X-ray powder diffraction (XRPD) patterns ar@mpared with the standard FAP
reference [ICSD No. 56314] and presented in FigAllaiffraction peaks can be assigned to the
synthetic fluorapatite, indicating the single-phaB&P and FAP-Pr crystals with high
crystallinity. Sharp characteristic peaks of thgagonal FAP structure belong to thé;/m space

group of the apatite mineral family. This hexagorrgistal structure of apatite has good stability



and promotes stable fluorescence properties oéthizedded rare-earth ions [1, 2]. Position of
diffraction peaks in the region 31° to 35° shifishigher angle values for the®Pdoped samples.
Moreover, changes in lattice parameters are coefirand expressed as a shrinkage of unit cell
volume for FAP-Pr 0.1% (523.6 (2)*Rand FAP-Pr 0.5% (523.446 (3)*Asamples and little
expansion for FAP-Pr 1% (525.185 (3j)Aompared to pure FAP (524.779 (3) Apresented in
Table S1.). Values of the average crystallite Bizesynthesized samples calculated by Scherrer’s
formula were rounded to: d (FAP)=32 nm, d (FAP-PI%0)=27 nm, d (FAP-Pr 0.5%)=20 nm
and d (FAP-Pr 1%)=12 nm. Decreases of crystalite ts in line with the smaller radius of*Pr
ions (1,13 A) compared to €aions (1,14 A), which are substituted in the criytagtice [34].
Regarding the decreasing intensity of reflectiond @alues of the average crystallite size, it can
be assumed that crystallinity of the nanopartisleslightly disturbed because®Psubstitution

creates defects in the structure.
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Fig. 1. Structural and morphological analysis of the FABdmananocrystals based on X-Ray
diffraction and TEM characterization. (a) The X-rpgwder diffraction patterns of FAP and

FAP-Pr samples. (b) TEM image of the FAP-Pr 0.5%a.



Morphology and the particle size of FAP-Pr 0.5%nho@ystals were analyzed by
transmission electron microscopy (TEM) and are goved in Fig. 1b. Spherical particles of
around 20 nm could be observed, which is in goageagent with the XRD analysis. Fig. S1.
shows the energy dispersive X-ray spectroscopy (ERXpping with spatial distribution of all
elements in a sample of FAP-Pr0.5% nanocrystalsartbe seen that ¥rions are distributed
uniformly per crystals.

The Fourier-transform infrared spectroscopy (FT#Rgctra of nano-FAP powders are
shown in Fig. 2, together with the characterisilorations of the apatite structure presented in
Table S2. In the FTIR spectra the bands that apaeE932—1095 cil belong to the asymmetric
stretch vibration of P&~ groups {s), bands at 966 crhbelong to the vibration of P& groups
(v1), while the bands at 565-603 ¢noriginate from stretching symmetric vibrationsR®,>~
groups {4). Vibrations at 752.1 and 749.0 chare characteristic for the incorporation ofiéns
in the apatite lattice, and are evidence that aesicamounts of fluoride enter into the apatite

structure [35, 36, 37].
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Fig. 2. FTIR spectra of FAP and FAP-Pr samples.



For the FAP-Pr 1% sample a formation of additidnahds at 667.4 and 1265 Cnis
characteristic for the Hons replacements with O-H and formation of flubsalroxyapatite [36,
37]. Also, the vibration mode at 1265 ¢nin some reports was assigned to the kfP@roup
which could easily substitute for phosphate ondbénapatite structure during the synthesis [37].
Considering that during the synthesis the Ca+FRatiB rs fixed at 1,67, to obtain stoichiometric
fluorapatite compounds, the anion bands are conapemdy replacing Gawith PP in FAP
lattice. Increasing the Prcontent and formation of the O-H bands shift tiwation of PQ*"
groups to smaller values in the case of FAP-Pr a&ipde (Table S2.).

We analyze the particle size by dynamic light ssatg (DLS) and zeta-potential of the
FAP and FAP-Pr samples (Fig. 3a and b) in watepension. The experimentally determined
values of the surface charge is in the range ghsii negative -5 to -10 mV and of their mean
sizes range between 58 and 106 nm (see Table &)DILB results of FAP and FAP-Pr patrticles
confirm the nanoscale hydrodynamic size of crystalg also the presence of aggregates. The
nanocrystal sizes determines by DLS indicate thdrddynamic radius of the nanocrystals and
therefore have slightly larger values comparechéo®EM determined nanocrystal diameters. In
addition, some level of aggregation may be obseméidating low stability of the suspensions.
The surface charge of the particles is used tarméate the stability of the suspensions, and also
to predict interactions with cells. FAP surfacemgrginally negatively charged, making the
suspension more prone to be unstable. With thetiaddof dopants, negativity is increased,
which is in accordance with the substitution ofCaith PP and binding of an anion to the

surface for charge compensation.



Following previous works on interactions with adiast cells and reparation of bone
tissue [38, 39], the experimental values of surfelsarge and size of the fabricated FAP-Pr

nanocrystal are expected to be suitable for im\studies and to be internalized by cells.
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Table1

Values of mean size and zeta potential.

Sampl Mean Size (nn Zeta potential (m\
FAP 105.7 -5.5¢€
FAP-Pr 0.1% 58.77 -7.27
FAP-Pr 0.5% 78.82 -7.96
FAP-Pri1% 105.7 -9.57

Fig. 4 shows excitation-emission profiles of sysihed samples, together with their
multivariate analysis. Obtained luminescent nanstaty of pure FAP have a fluorescence
maximum in the violet region (at about 425 nm) und¥ excitation (see Fig. 4a (left)). Early
studies have shown that self-luminescence of FAfRasresults of defects in the structure, or
charge transfer (C-T) from high electronegative iéns [21]. Since excitation in the UV
spectrum area is not suitable for biomedical amihiaging applications, by doping®ions we
have tried to move both excitation and emissioa the visible spectral region.

For Pr*-doped FAP crystals excitation-emission maps ateated ranging from 420
nm to 500 nm in excitation and an observation wawgth region from 520 to 680 nm (see Fig.
4b, c, d (left)). P¥-doping results in a clear shift of the overall oarystal luminescence
emission from the UV to the visible range, with twajor bands centered at 545 nm and 600
nm.

Obtained excitation-emission map matrix is analybg using the Multivariate Curve
Resolution-Alternating Least Squares (MCR-ALS) noettid0]. This method is used to extract
the number of fluorescence components which arétednby the sample. In the case of pure
FAP sample, the emission is composed of two fluzmese contributions (shown by blue and red

spectra in Fig. 4a (right)). The origin of thesatribbutions can be consequence of two types of



defects in the crystal lattice, such as hydroxyugr substitution and vacancies creation [21].
Emission of FAP samples with 0,1% and 1%"Rilso show two components (Fig. 4b and d
(right)). Here, the spectrum shown in blue can $speiated with the luminescence of the FAP
crystal lattice, while the red spectrum originafiesn Pr* transitions. Only the spectrum of the
FAP sample with 0.5% of Prdopants, shows a single dominant fluorescenceribation
shown in blue, which can be associated to tiétRmsition'D.—>H, (Fig. 4c (right)).

Monitoring the luminescence intensity at the ensissmaximum around 600 nm
(transition'D,—>H,) we obtained the excitation spectra of'fim FAP host lattice, while for the
undoped FAP sample the self-luminescence (chaagsfer (C-T)) is at around 425 nm (Fig.
5a). Excitation spectra for Pr-FAP samples repriestre typical 4f—4f° forbidden
intraconfiguration transition of Pt Praseodymium is very interesting as an activabor
because its energy levels contain metastable rtetlspates that offer the possibility of efficient
emission lines in the red, green, blue, and ultdatiregions at different transition probabilities
[41]. The energy level diagram of ®rwhich consists of a large number of energy levels
shown in Fig. 5b. We can conclude that the pealsemid in the excitation spectra of 'Pin
FAP between 440 and 500 nm correspondte—>P, *H,—°P; Yls, *Hs—>Py transitions (Fig.

5a). The highest intensity is detected for the FAR.5% sample.
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Considering that the luminescence of*Pidepends on the crystal lattice of the host, the io

concentration and the wavelength of excitation,use resonant excitations at 488 nm and off-



resonant at 500 nm. The obtained emission spet#AR-Pr samples under resonant excitation

are shown in Fig. 5¢ (emissions for off-resonamitation can be seen at Fig. S2).
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transitions (modified from [41]), (c) Emission spac of FAP-Pr samples under resonant
excitations at 488 nm. The transition of*Pion 'D,—>H, (overlap *P,—°Hg) and orange

emission band at around 600 nm is predominant.

When excited with the wavelength of 488 nm, theedbpAP-Pr crystals display one
dominant fluorescence emission band at about 60@ser Fig. 5c), associated withDg—>H,
transition of Pt ion) accompanied with other Pitransitions {Po—>Hs, *Po—°>Hg and*Po—>F)
[42, 43, 44]. Resonant excitation of 488 nm excitety electrons froniH, to *P, accompanied
with rapid non-radiative relaxations ttD, metastable states. Considering, the transition
(*P—>H.) lies below on 488 nm (seen Fig. 5.b) the exditatian only relax fron'D, to *Hs As
a consequence emission at 600 nbw-{>>H,) is the strongest. In a previous study of theagpti
properties of P¥ in natural mineral fluorapatite from Spain dep®sind synthetic phosphate
glasses, the most intense emission band was fourmb@ut 599 and 605 nmDo—°H,
transition) for the excitation at 446 nm [42]. Mover, in the studies of the spectroscopic
properties of Pi doped in Lak nanocrystals/glass it was obtained the same tvakspéhat
represent two possible transitions that overlap'Bs—°Hs + °Po—°Hs [44]. Transition
1D2—3H4 dominated in glass environment as a result todng non-radiative relaxation
processes of the 3P0 state. It is a possibilitytthe D,—>H, emission (Fig. 5¢c) is dominated by
the strongly distorted Ca2 site formed by the cleanfgPf* in the crystal lattice. This dominant
600 nm orange light emission is the most intensd=AP-Pr 0.5% sample and the smallest for
FAP-Pr 1%. Earlier research has shown that emidsion the'D, states to théH, state is very

sensitive to the dopant ion concentration, theiaragement in structure, as well as the phonon



energy of the crystal lattice [43, 45]. Emissioreirsity drops sharply as ¥rconcentration
increases, and this phenomenon has been attriturdss-relaxation between neighboringPr
ions [43, 45]. This is in correlation with the stealemission intensity for FAP-Pr 1% sample
with the highest dopant concentration. The distabeéween PY ions decreases as the
concentration increases, so cross-relaxation bezanwe frequent. In order to increase the
luminescence intensity of materials, the additibthe second dopant to create charge transfer is
needed [1-4, 26]. Earlier studies have shown thetppearances of Oldns in the FAP crystal
lattice leads to a decrease in the intensity ofih@scence, which is one of the reasons why the
FAP sample with 0.5% Pr has the highest luminesegtis, 46].

Overall, the results show the emission of nandalysiepends on dopant concentration
and luminescence efficiency is maximal for FAP-B5%, which is selected for luminescence-

based in vitro cell studies.

3.2 Quantum-chemical calculations of the structural changesin FAP crystal

In FAP crystals C& ions are placed in two different crystallograpsjemetry position,
Cal @f) and Ca26h), both are available for substitution with rareted@r* ions [46]. The nine—
fold coordinated Cal site, with@s local symmetry, is connected to six phosphate gsolihe
seven—fold coordinated Caz2 site witiCalocal symmetry, is connected to five phosphateigso
and one fluoride anion [46]. The site—occupancipsabf individual rare earth elements (REE) to
Cal and Caz2 sites (REE—Ca2/REE—Cal) for the naREBl-bearing fluorapatite samples were
previously calculated by using the measured andrpotated ratios for the single-REE

substituted fluorapatite sample [47]. The evaluatelue of site occupancy ratio for



praseodymium is 3.22, and indicates a dominanepeate for Ca2 site. The earlier study of site
preference of rare earth elements in fluorapatdmfthe same authors [48], have also shown that
Pr* substituted C4 in Ca2 site.

In the present work, quantum-chemical calculatiares performed to investigate the
effect of replacement of Gaby PF* ion in site Ca2 on the supramolecular structurelayed
fluorapatite. Initial structure for calculationspreesponding to close environment of fluoride
ions, is taken from the crystal structures of fapatite [49]. The structure contains fluoride ion,
three C4&" ions (located at Ca2 site) and three phosphate iBar simplicity, this system is
marked as FAP fragment. The initial structure isroed using B3LYP method, SDD basis set
form C&" ions and 6-31g basis set for other elements. €begtry of optimized FAP fragment
(Fig. 6a) shows a good agreement with the geomaftrthe fragment found in the crystal
structure (fluoride ions are also located in pleorened by C4' ions, at distances of 2.31 A from
each of them; G4 ions are separated by a distance of 4.00 A). @hiement indicates a
reliable level of theory. The optimized FAP fragmenused as the starting structure, in which
Cd" ions are replaced by Prions. The changed structures are further optimimsihg
unrestricted B3LYP (UB3LYP) method, SDD basis s®t rhetal ions and 6-31g basis set for
other atoms. Unrestricted B3LYP method was chosecalse the Pt contains unpaired
electrons.

Replacement of Gawith PF* ions leads to a distortion of the structure of doped
fluorapatite nPr—FAP systems, where n is the nundfe€Ca ions replaced by Pr ions and
compared to the structure of the optimized FAPrfragt (Fig. 6a). The distortion is described by
parameters describing the distances between theatdge atoms and planes as shown in Fig. 6b,

while the determined values of these parametergiaes in Table S3.



The introduction of Pt ions in the FAP—system leads to increasing reyeilbrces
between metal ions, and to increasedWistances (from 3.89 A in FAP to 4.02 A in 3Pr+FA
system). These changes are accompanied by inogeafsii-O distances (from 2.25 A in FAP to
2.48 A in 3Pr—FAP system) and deviation ofién from the plane formed by metal ions (R
parameter). Based on the results of calculatiarshould be expected the increase in unit cell
parameters of doped samples (especially the volMyewhich can be confirmed by the data
obtained from XRD. Namely, there is the increaseruf cell parameters for doped sample (for
example for 1% doped sample a=9.38533 (3)cA6.88465 (3) Aand V=525.185 (3) A as
compared to parameters for FAP (a=9.3775 (35#6.8910 (2) Aand V=524.779 (3) A. A
growing number of Bf ions in the nPr-FAP system leads to a slight réolnof the R deviation
(0.97 A in Pr—=FAP, 0.95 A in 2Pr-FAP, and 0.88 A3Rr—FAP system) and to increased
attractive forces between the positively chargethimens and negatively charged phosphate and
fluoride ions. A reduction of the system volumetis result of these changes (485.88dx Pr—
FAP, 479.29 A for 2Pr—FAP, and 472.79%Kor 3Pr—FAP system), which is consistent with the
results for volume reduction obtained from X-raymper diffraction analysis for the samples
FAP, FAP-Pr0.1% and FAP-Pr0.5%. For the sample PAP% it should be expected the

decrease of luminescence intensity.
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Fig. 6. Theoretical structural analysis. (a) The optimiggdcture of the FAP fragment, extracted
from crystal structure using B3LYP method. The flde ion is located in the plane formed by
cd" ions, equidistant from each of them (a distanc@.86 A). C&" ions are separated by a
distance of 3.89 A. The phosphate ions simultarganteract with two C& ions, with the first
interacts via two oxygen atoms (bifurcated intecagt while with the second one via a single
oxygen atom (monofurcated interaction). (b) lllattbn of parameters that are used to describe
the structure of the nPr—FAP system (optimized BBLYP method), where M1 to 3 represent

the Ca ion sites to be replaced partially by Psion

On the basis of the analysis, prediction of stmait changes by quantum-chemical
calculations, replacement of €aon with PF* ion leads to distortion in the structure of the
doped fluorapatite. These changes are accompanjethdoeasing of MO distances and
deviation of F ion from the plane formed by metal ions. The F§pgectrum (Fig. 2) shows that
with the increase in Pt concentration O-H vibrations occur, but only flapatite phases are
observed in the XRD patterns (Fig. 1a). Increadimg PF* ion concentration increases the
amount of OH ions, which is accompanied by the transfer ofgfaton from OH groups to the

PQO,* group (HPQ ions are generated (Fig. 2)). In this way, theatieg charge is increased



(the OH group is charged -1, and O ion -2) andeitnethe electrostatic force between Pr and O
atoms, which additionally stabilizes the structure.

Overall, based on the performed structural analygsassumed substitution mechanism
is one Pt" for one C&', with partial substitution of Fwith O*~and OH and creation of ionic
vacancy due to charge balances. Increasing Bfdencentrations in FAP, with appearances of

OH and vacancy'’s, leads to the luminescence quenching.

3.3 Biocompatibility of FAP-Pr nanoparticles

It is important for any nanoparticle candidate bowimaging applications to show no
toxicity and high biocompatibility. We compared tbgotoxicity of the three types of FAP-Pr
nanomaterials with 0.1%, 0.5%, 1% of*Pin addition to the FAP control sample. The
proliferation of two cancer cell lines A549 and A4d®icubated with different concentrations of
FAP and FAP-Pr nanocrystals for 72 h is evaluagdguthe Resazurin cell viability assay [33].
Fig. 7a and b show that cell proliferation for baill lines with the different dosage groups
display a normal growth trend, even at a high desafg240ug/mL. All experimental groups
show viability comparable to the control with celdly. This result indicates no evident
cytotoxicity of the FAP-Pr doped nanocrystals ie tested conditions, allowing for live-cell
imaging studies.

Additionally, morphological observation of cells svecarried out on the optical
microscope before and after 72 h of incubation wahocrystals. Fig. 7c shows the morphology

of A549 without nanocrystals and after they araibated with 125ug/mL of FAP-Pr 0.5% for



72 h. Also, the same for A431, with cells only amils with 250ug/mL of FAP-Pr 1% (Fig. 7d).

In both cases, it can be seen that all cells rethirormal morphology.
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Fig. 7. In vitro cytotoxicity study of the FAP and FAP-8amples with 0.1, 0.5 and 1%°PiThe
cells were incubated with the nanoparticles for #2h37 °C, resazurin viability assay was
performed and results normalized to control celihwio treatment. (a) Cell viability of A549

cells and (b) A431 cells incubated with differenhcentration of FAP and FAP-Pr nanocrystals.



Transmission images showing morphologies of (c) AB4lls without nanocrystals (top) and
cells incubated with 12fg/mL FAP-Pr 0.5% (bottom); (d) A431 cells withowtnocrystals (top)
and cells incubated with 25@/mL of FAP-Pr 1% (bottom).

The viability assay and cell morphological resutidicate that the FAP-Pr nanocrystals
with different doped amounts of Prions are biocompatible and nontoxic to live celisnce
promising candidates for biological applicationse$e results are in agreement with studies of
cytotoxicity of FAP doped with different rare-eartins, with reported cell viabilities up to 90%
[26]. As we already mentioned, ¥ris a light rare-earth element and earlier research
demonstrated good biocompatibility, this was coter¢o the poor solubility of praseodymium

[13].

3.4 Cdll uptake of FAP-Pr nanoparticles

Based on the excellent biocompatibility and optigaoperties of the FAP-Pr
nanocrystals, cell imaging studies were performedevaluate the potential for biomedical
applications. The nanocrystals were incubated ®mh4with the A431 cells. To confirm cell
uptake and luminescence of the nanocrystals insttls, widefield and confocal fluorescence
microscopy is used. In Fig. 8a widefield imagessirewn for A431 cells incubated with FAP-Pr
0.5% nanocrystals, compared to control cells with added nanoparticles. The observable
fluorescence intensity spots upon 488 nm excitasioggest the FAP-Pr 0.5% nanocrystals are
located inside the cells. The obtained luminesceatcd88 nm was stable for several hours.

Fluorescent images under 405 nm excitation areepted in Fig. S2.



To confirm if the fluorescent FAP-Pr 0.5% mateimlindeed internalized by the cells,
confocal z-stacks of cells were acquired and aealyin Fig. 8b individual slices across the cell
with 2 um separation in the axial direction are shown togetvith the orthogonal projection

(Fig. 8c).

Q
N

Exc. 488nm Transmission

Cells incubated with
FAP-Pr 0.5%

Fig. 8. Analysis of the cell internalization of FAP-Pr 0.5&@nocrystals. (a) Fluorescence
widefield images of A431 cells taken under 488 rawel excitation (left) and corresponding

transmission image (right) after 72h incubationrvAP-Pr 0.5% (top) and control cells without



nanocrystals (bottom). Confocal fluorescence imagést31 cells incubated with FAP-Pr 0.5%,

(b) optical slices at selected z-heights and (t)agonal projection at then height.

The optical sectioning of the confocal microscatiews to address ellipsoidal voxels
of about < 500 nm x 500 nm xdm, a volume that is much smaller compared to thielae
extension and allows to address the cell interidinaut signal contributions from the cell wall or
cell exterior. The 2um slice is taken at the coverslip surface and oae see that the
nanocrystals are found dispersed on the surfage 86). Moving the focus up to the 4/6/8/10/12
and 14um slices above the coverslip, the observed signfilbm nanocrystals that entered the
cell and are positioned inside the cytoplasm. Thigerified by the respective orthogonal cross
section views, shown in Fig. 8c, where it can bensihat the nanocrystal signal is distributed
along the z axial direction in the cell cytoplasm.

The imaging data follows previous findings of adr uptake for the internalization of
different nanoparticles showing predominant delivef the particles into the cell cytoplasm
[50]. Dominant mechanisms for nanoparticles uptadaude clathrin-dependent mechanisms
(receptor-mediated endocytosis), macropinocytasid,phagocytosis [51].

Overall, our results indicate that the nanocryBfP-Pr 0.5% are able to be internalized
by cells and detected by imaging, though the lusteat signal intensity is low. Nevertheless,
the material is promising for nanoparticle basdxtlimg and tracking of cells in both vitro and
ex vivo tissue slices bioimaging applications. The FAP@P5% excitation and emission

wavelengths are widely available is most microsceystems. Additionally the 600 nm emission



is an advantage, because is out of the green aateficence window of the tissue, enabling for
lower levels of background.

Future studies should focus on increasing thengity of luminescence of nanocrystals,
which can be achieved by increasing dopant coramtr with addition of the second dopant
taking into account the need of a monovalent chamé&eep the charge balance in the crystal
material [52]. Furthermore, the use of alternatd@pants with emission peaks at longer
wavelengths shall be considered to ideally reatd time biological window in the near infrared
spectral region (800-950nm).

Additionally, multimodal imaging in combining fluescent and magnetic imaging
modalities can provide synergistic advantages or-invasive medical diagnosis. Considering
Pr has paramagnetic properties [53], FAP-Pr narstals/ can be a potential contrast agent for
MRI imaging. Compared to typical Gd-based agents;dmpatibility of FAP matrix doped with

Pr is a high advantage [52].

4. Conclusion

New single phase FAP-Pr nanocrystals were syr#beésising a room temperature co-
precipitation method followed by calcination. Th&[R, FTIR and theoretical analysis show that
in hexagonal FAP crystal lattice®Pis positioned at CaBk) sites, with partial substitution of F
with O and OH and creation of vacancy due to charge balances.n@hoscale properties of
the crystals were evaluated by TEM and DLS analysisd EDX mapping elemental
composition analysis. The luminescence propertidsA®-Pr nanocrystals show that at 0.5% of

Pr* concentration in the FAP lattice the luminesceimtensity is highest with well separated



green and orange luminescence transitions. At @&simg P?" concentrations crystallite size
decreases while the cross-relaxation between neighbns increases, which leads to
luminescence quenching.

The new FAP-Pr nanocrystals have excellent bioadiitity and are successfully taken
up by cells as demonstrated using two differentcearcell models. Widefield and confocal
fluorescence imaging results show luminescenceakigom inside the cells, confirming that the
nanocrystals entered the cell and are positionedhén cytoplasm. As a contrast agent in
bioimaging applications, the intensity of the nanystals needs to be increased to achieve facile
detection suited to enter into translational bioioadresearch and/or clinical applications.
Though the material is promising, several potentisks could emerge from this material,
including detection, tracking, delivery and theragpplications associated with cancer as well

musculoskeletal diseases.
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Research highlights

[1Pr®* doped fluorapatite nanocrystals obtained by co-precipitation and calcination
[Luminescent Pr** doped fluorapatite nanocrystals have high biocompatibility

[ The luminescence of Pr** doped fluorapatite nanocrystal's has multicolor properties
CIMulticolor properties and uptake allow intracellular tracking

[INanocrystals entered the cancer cell models and are positioned in the cytoplasm.



