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The present work focuses on Nd>*-Yb%* co-doping of bare and Sr-substituted hydroxyapatite nanoparticles and
their chemical, structural and optical characterization. An energy transfer between Nd>* and Yb®* centers was
found, generating an efficient down-shifting process, where Nd** absorbs at a low near-infrared wavelength and
emits at its characteristic 2F7,5 — 2Fs transition. The energy transfer was found to be more efficient in Sr-
substituted than in bare hydroxyapatite nanoparticles. The synthesized Nd**-Yb®* doped hydroxyapatite

nanoparticles can potentially find applications not only as diagnostic near-infrared down-shifting agent but also
as nanosystem for near-infrared photoactivated treatment.

1. Introduction

Light-responsive nanoparticles (NPs) play a key role in biomedical
applications for diagnostics, imaging, targeted therapy and in medical
devices to sustain and improve human health [1], and may even be used
as local light sources for disinfection of reusable, wearable protective
equipment [2]. Some major obstacles for their biomedical use is their
often limited biocompatibility [3] as well as the response of human
tissue on light by itself, which can lead to serious overheating effects and
tissue damage [4-6]. In this context, developing a class of nanomaterials
with the desired biocompatibility and allowing an internal energy
transfer to adjust the excitation window to lower excitation windows in
the near-infrared (NIR) region, where human tissue absorption, damage
and autofluorescence is reduced, is of large interest for the biophysics
and biomedical community.

Within the wide range of materials that demonstrate to be highly
biocompatible, hydroxyapatite (HA) has been already used in numerous
applications ranging from bone tissue repair and regeneration, in forms
of scaffolds or coupled with polymer or ceramic materials for dental
implants and bio-coatings [7]. In addition to the well-known biocom-
patibility, the HA structure makes it a suitable candidate to transfer or
add specific functionalities via chemical-structural modifications [8]
and thus to engineer its optical properties.
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In the last years, attention has been drawn to doping of HA nano-
particles (NPs) with lanthanides for various biomedical applications
[9-11], while other inorganic NPs such as NaYF4 and NaGdF,4 have been
co-doped with Nd3*-Yb3" extending the excitation of the NPs to shorter
NIR wavelengths [12,13].

More specifically, the Yb* ion absorbs NIR light at ~980 nm and can
be easily excited with common lasers, according to its 2F7/2 - 2F5/2
transition [4]. Nevertheless, dealing with biological applications, the
Yb3* absorption peak at 980 nm overlaps with the maximum absorption
band of water molecules. This results in the attenuation of the effective
incident laser power, leading to the decrease of penetration depth in
human tissue, but also to possible damage to cells and tissues due to
significant rise in temperature [4,5]. Since absorption by water de-
creases significantly at lower wavelengths, an excitation at around 800
nm is a valid solution for deep tissue applications with less tissue
overheating. In order to obtain a strong and stable luminescent emission
under the excitation at 800 nm, Nd*>* was found to be a good option as
energy donor along with Yb®' as energy acceptor [12,13], allowing an
effective energy transfer (ET) between the two centers [14].

In the present study, Nd>* and Yb>" were chosen as dopants for HA
and Sr-substituted (75 mol.% Sr) HA NPs. The latter HA matrix has been
previously found to be the optimal composition for the cells viability and
proliferation [15]. The NPs were synthesized via an aqueous
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precipitation method [16] using two different Nd*>* and Yb®* amounts
(1.5 and 2 mol.%). The influence of Sr substitution and lanthanide
doping on the HA NPs with respect to their structural and morphological
properties was studied. Moreover, the emission properties of the
Nd3*-Yb3* doped NPs (both bare HA and Sr-HA) were investigated,
highlighting effective energy transfer from the Nd>* ions used as
absorber to the one used as emitter (i.e., Yb3H).

2. Materials and methods
2.1. Synthesis of HA nanoparticles

Hydroxyapatite (HA) and Sr-substituted HA nanopowders were
synthetized by chemical precipitation in aqueous media [15,16]. Two
main compositions were studied, namely pure calcium HA (in the
following denoted as Ca100) and HA powders with 75 mol% of Sr**
replacing Ca" into the apatite structure (Sr75).

An aqueous (NH4)HPOy solution (50 ml, 0.65 M) was prepared as P-
source (ammonium phosphate dibasic > 98 wt%, Sigma-Aldrich),
whereas the Ca-source was an aqueous solution (50 ml, 1.08 M) of
calcium nitrate tetrahydrate [Ca(NO3)y - H20, > 99 wt%, Sigma-
Aldrich]. Anhydrous strontium nitrate [Sr(NOs)s, > 99 wt%, Sigma-
Aldrich] was added to the calcium nitrate solution for the synthesis of
Sr-substituted HA powders.

Besides undoped HA (Cal00 and Sr75), Nd®*-Yb®* doped HA NPs
with different concentrations of lanthanide ions (xYb:xNd:Cal00 and
xYb:xNd:Sr75; x = 1.5, 2) were synthesized by adding neodymium (III)
nitrate hexahydrate [Nd(NO3)s - 6H20, > 99.9 wt%, Aldrich chemistry]
and ytterbium (III) nitrate pentahydrate [Yb(NOs) - 5H50, > 99.9 wt%,
Aldrich chemistry]. Furthermore, a reference sample without Nd3*+
doping was synthesized, namely 1.5 Yb:Ca100.

With respect to pure Ca-HA (Ca100), the contents of Sr, Nd and Yb in
the final powders were adjusted by varying the relative amounts of ni-
trates [Ca(NOs3)o - HyO, Sr(NO3)s, Nd(NO3)3 - 6H5;0 and Yb(NOs3) -
5H,0] in the solution. The pH of the solutions was adjusted to 10 by
adding concentrated ammonia solution (NH4OH, 28-30 vol%, J.T.
Baker) in order to improve the crystallinity and purity of the synthesized
HA NPs [17].

The nitrate solutions (adjusted at pH = 10) were placed in a two-
necked reaction flask equipped with a reflux condenser and kept
under nitrogen flow in order to prevent any HA carbonatation. The
ammonium phosphate solution was poured in a dropping funnel pro-
vided with a by-pass. The two-necked-flask was immersed into a silicon
oil bath, previously heated up to 90 °C by a heating plate. After 10 min,
the ammonium phosphate solution (adjusted at pH 10) was added to the
nitrate solution with a dropping rate of around 1.5 ml/min. The reaction
was allowed to continue for 5 h at 90 °C under vigorous stirring and
static nitrogen conditions. Once it was completed, the product appeared
in the form of a white slurry. The powders were separated by centrifu-
gation for 10 min at 8000 rpm and repeatedly washed and centrifugated
several times until the washing solution showed pH ~7.

2.2. Characterization

Inductively coupled plasma optical emission spectroscopy (ICP-OES)
was used with an Ametek spectrometer (Spectro Ciros Vision CCD,
125-770 [nm]) for the determination of purity and chemical composi-
tion of the synthetized powders. The reagents used for standards and
samples were hydroxyapatite ultrapure standard (>99.995% trace metal
basis, reagent-grade, Sigma-Aldrich), 1 g/l Sr standard (BHD Spec-
trosol), Yb standard and Nd standard. Moreover, ultrapure nitric acid
(70 vol%, Aldrich) was used for dissolving the samples. In addition,
since Sr easily ionizes, Cs was utilized as ionizing suppressor, as it has a
stronger ionization tendency compared to Sr. In this way, the ionizing
conditions were uniformed.

Fourier transform infrared spectroscopy (FTIR) analyses were
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performed with an Avatar 330 Thermo FTIR spectrometer on KBr pellets
in transmission mode within the range 4000-400 cm ™, collecting 64
scans with a resolution of 4 cm 1.

X-ray diffraction (XRD) was carried out to analyze the phase
composition of the powders, along with a structural characterization. A
Rigaku DMAX III 4057A2 Bragg Brentano powder diffractometer with
Cu source (Ka radiation = 1.54056 ;\) was used, operating at 40 kV and
30 mA with a curved graphite monochromator in the diffracted beam.
The data were collected in the 20 angle range 10-60°, with step size of
0.03° and dwell time of 10 s/step. The spectra were analyzed by Jade8
(Materials Data Inc., MDI, Livermore, CA, USA) for the qualitative phase
identification and by the Rietveld-based software MAUD [18] for the
quantitative phase analysis and the calculation of crystallites size.

Powder size and morphology were investigated by means of a
transmission electron microscope (TEM) ThermoFischer Talos™ F200S,
operating at 200 kV. For TEM sample preparation, around 5 mg of
powder were dissolved in acetone and sonicated for 5 min 50 pl of the
resulting suspensions were then deposited on copper grids, covered by
an amorphous carbon film, in order to allow solvent evaporation.

Absorbance measurements were carried out on aqueous solutions of
the lanthanide precursors using a UV-VIS Jasco V-570 Spectrometer. Nd
(NO3)3 - 6H20 and Yb(NOg) - 5H20 were dissolved in pure water with a
concentration of 0.045 M. The solutions were analyzed by scanning at
400 nm/min in the range between 350 and 1100 nm with a resolution of
1 nm.

The samples’ photoluminescence (PL) emission was collected by
exciting the materials with A = 340 nm excitation source provided by a
M340L4 UV LED diode (Thorlabs). A convex lens of 20 cm focal length
was adopted to focus the excitation beam on the samples, with a nominal
power output of 60 mW. The emission was detected by means of a
Hamamatsu photomultiplier tube and standard lock-in technique. For
the sake of comparison, all spectra were collected with the same ge-
ometry, focus, spot dimensions and detector parameters.

3. Results and discussion
3.1. Chemical composition

Table 1 shows the measured chemical composition (molar ratio) of
the synthetized samples with respect to the nominal content. It is found
that all samples are deficient in Sr** and Yb®" ions compared to the
nominal values.

The chemical composition of the synthesized samples is close to the
expected nominal values. The slightly lower amount of Sr>* with respect
to the nominal one is in agreement with previous findings for Sr-
substituted HA NPs [15].

3.2. Structural properties

Fig. 1 displays FT-IR spectra of the undoped HA NPs (Cal00 and
Sr75) and corresponding Nd>*-Yb3" doped HA samples, i.e., xYb:xNd:
Cal00 and xYb:xNd:Sr75; x = 1.5, 2. All spectra in Fig. 2 are normalized
to the intensity of the most intense peak of the Cal00 sample located at

Table 1
Chemical composition of undoped and Nd®>*-Yb*" doped HA samples as deter-
mined by ICP-OES.

sr* Nd3*+ Yb3+

sample [mol.%]

Calo0 0 0 0

Sr75 73.20 £ 0.57 0 0

1.5 Yb:1.5Nd:Cal00 0 1.61 + 0.01 1.23 + 0.01
2 Yb:2Nd:Cal00 0 2.22 £ 0.03 1.65 + 0.01
1.5 Yb:1.5Nd:Sr75 70.82 £ 0.22 1.73 £ 0.01 1.19 + 0.01
2 Yb:2Nd:Sr75 69.17 + 0.42 2.27 £0.04 1.74 + 0.02




M.V. Nardi et al.

2Yb:2Nd:Ca100

1.5Yb:1.5Nd:Ca100

-
)

OH

___\//

1.5Yb:1.5Nd:Sr75

15N

Transmittance [a.u.]

\

T \r \I\ T 1 | 1 I 1 |E E I
3000 1000 500
Wavenumber (cm™)

1 I 1 1 I 1 1 1

4000 3500

Fig. 1. FT-IR spectra of undoped (Cal00/5r75) and Nd*'-Yb®>* doped HA
samples as indicated in the figure. The main vibrations are highlighted with
labels and dashed lines.

1037 ecm™.

The FT-IR spectrum of the undoped HA NPs (Cal00, black curve in
Fig. 1) is in good agreement with the characteristic OH™ and PO~
vibrations in the HA lattice as reported in literature [19,20]. The peak
positions, peak labels and corresponding assignments are listed in
Table 2. It is worth noting that the absence of a doublet at 1411 and
1466 cm ™! referred to C032’ (spectral range not shown) as well as the
absence of bands at 868, 875, 1215 and 2400 cm™! due to mono-
hydrogen phosphate HPO42~ groups [19] underlines the reliability of
the present synthesis route.

After Nd3*-Yb3* doping (red and blue curve in Fig. 1), the typical
vibrational bands related to HA are still present, exhibiting no signifi-
cant band shifts. By increasing the lanthanide concentration from x =
1.5 to 2, a slight decrease in intensity for the OH™ vibrational bands is
observed. According to Barralet et al. [21], this is directly connected to a
decrease of particle crystallinity.

By comparing the Sr-substituted HA NPs (Sr75, gray curve in Fig. 1)
with Cal00, it is evident that the characteristic OH™ vibrations are not
detectable, in good agreement with previous observations of their
gradual decrease with increasing Sr** concentrations [15]. An addi-
tional effect related to Sr®* substitution is that all phosphate bands v; -
vy are slightly shifted (20-24 cm™?) to lower wavenumbers. Progressive
red-shifts with increasing Sr?* concentration have been previously re-
ported [15], and can be related to the energy loss of some P-O bonds,
due to the increase of reciprocal distance between different phosphate
groups. In fact, since Sr?* has a larger ionic radius than Ca®", the ionic
substitution involves a lattice expansion [22] that leads to an anion
separation and a decrease of the anion-anion repulsion forces [19].
Besides the band shifts, a slight broadening of the v3 signal is observed,
and the v4 mode reveals two small asymmetric shoulders. These two
components can be ascribed to internal PO4>~ and protonated surface
-HPO,, respectively [23]. The FT-IR signals of Nd**-Yb®* doped Sr-HA
samples (green and orange curve in Fig. 1) are slightly broadened and
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an increase in intensity is registered for most phosphate bands with
respect to v3 at ~1037 em L.

In Fig. 2a and b, XRD patterns of undoped HA NPs (Cal00 and Sr75)
are displayed in comparison with corresponding Nd**-yb%* doped HA
samples. The qualitative analysis for Cal00 (Fig. 2a) results in a perfect
matching with the reference of the HA crystal structure (PDF#00-009-
0432), i.e., the undoped HA NPs exhibit a hexagonal crystal structure
belonging to the P63=m space group, with a=b=9.418 A, c=6.884 A,
a=p=90°, y=120°. The presence of Nd >* and Yb%" ions in the Nd3*-
Yb3* doped HA samples does not affect the crystalline features of the HA
NPs (see Fig. 2a). No peak shifts can be observed, while a general
broadening and a slight decrease in peak intensities are detectable,
indicating a reduction of the overall NPs’ crystallinity. No further peaks
are found, demonstrating that neither Yb(PO)4 nor Nd(PO)4 are formed
at concentrations up to 2 mol.% for each lanthanide.

The XRD pattern of Sr-substituted HA NPs (Sr75) in Fig. 2b shows
that the hexagonal crystal structure is maintained with a=b=9.68 A,
¢=7.19 A, in good agreement with previous studies of Sr-substituted HA
NPs [15]. However, the signal of Sr75 is shifted towards lower 26 angles
with respect to Cal00. A general broadening is observed, resulting in a
partial overlap of some peaks. It is remarkable that the relative intensity
of the (002) diffraction decreases, which may reflect an influence on the
shape of the crystallites and eventually on particle size, since the HA
crystal grows preferentially along the c-axis. The corresponding XRD
patterns of the Nd>*-Yb®* doped Sr-HA samples exhibit further peak
broadening and reduced intensities, in agreement with the findings for
the Nd3*-Yb®* doped HA samples. It is worth noting that XRD results
can be related to the trend observed by FT-IR analysis, namely the
weakening of the OH™ stretching vibrations by increasing lanthanide
concentrations, which can be explained in terms of reduced dimensions
of the crystallites and decrease in intensity of the (002) diffraction peak,
since OH™ groups are oriented along the c-axis of the crystalline cell.

Since the (002) plane refers to particles’ c-axis, along which the
crystals should preferentially grow, the decrease of XRD intensity in-
dicates that the growth along this direction is inhibited. This result is
consistent with the dimension of crystalline domains, that turns out to be
maximum for Ca100 and decreases due to Sr>" substitution and Nd>*/
Yb3* doping.

Fig. 2c-f) shows the morphology of the NPs of undoped Cal00 and
Sr75 samples (Fig. 2c,e) and the corresponding Nd>*-Yb®* doped sam-
ples (Fig. 2d,f) with 2 mol.% Yb3* and N@>* (i.e., 2 Yb:2Nd:Cal00 and 2
Yb:2Nd:Sr75). All HA NPs are characterized by a hexagonal rod-like
shape, with a broad distribution of their length. The average particle
length and width is reported in Table 3. The largest structures (major
axis around 150 nm) were observed in the Cal00 sample. The rod-like
NPs tend to get shorter and thinner due to Ca-to-Sr substitution, while
lanthanide doping results in a further decrease in length, along with an
additional broadening of the size distribution.

3.3. Optical properties

Fig. 3a shows the absorbance spectra of Yb(NO3)s and Nd(NOs3)s
aqueous solutions (0.045 M). The spectrum measured for Yb(NOgs)s3
exhibits a broad band at 970 nm with a small shoulder at 935 nm,
corresponding to the 2F5/2 excited state of Yb®' [24]. The Nd(NO3)3
spectrum is characterized by a wide range of possible excitation bands,
that can be obtained exciting from the “Iy,, ground state. In order to
proof efficient energy transfer between Nd and Yb, the Nd3* centers
were excited at 340 nm, in order to be close to the absorption band of the
Nd3* at around 350 nm and far away from any absorption bands of the
Yb3* jon.

The PL emission spectra of undoped and Nd>*-Yb®" doped HA and
Sr-HA NPs are reported in Fig. 3b. No emission is detected for the
undoped Cal00 sample (black curve). For the reference sample without
Nd®* ions, i.e., 1.5 Yb:Ca100 (blue curve), a slight emission is measured
at 980 nm even if there is no direct absorbance by Yb®*. This can be
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Fig. 2. (a, b) XRD pattern of (a) Cal00 and xYb:xNd:Cal00 samples, and (b) Sr75 and xYb:xNd:Sr75 samples; (c-f) TEM bright field images of undoped and Nd3+-

Yb®" doped HA samples.

Table 2
Assignment of vibrational modes as measured by FI-IR for the Cal00 sample
according to Ref. [19].

position [em™!] label  assignment

3576 OH™  stretching vibration due to crystalline OH ™

1098 V3 triply degenerated anti-symmetric P-O stretching mode

1037

967 V1 non-degenerated symmetric P-O stretching mode

637 OH™ bending vibration due to crystalline OH ™~

608 Vg triply degenerated O-P-O bending mode

570

477 Vo double degenerated bending mode of the O-P-O bond
Table 3

Average particle length and width of undoped and Nd**-Yb3* doped HA NPs as
calculated from TEM images.

particle length particle width
sample [nm]
Cal00 150 &+ 29 25+6
2 Yb:2Nd:Cal00 109 + 37 15+ 4
Sr75 105 + 26 17 + 4
2 Yb:2Nd:Sr75 100 &+ 20 17 £ 4

ascribed to the formation of diffuse excitons after laser irradiation and
their dissociation in proximity of the Yb®' centers, that results in a
subsequent radiative decay at the characteristic wavelength of the Yb%.
When HA is doped by both Yb>* and Nd>* ions (see green curve), it can
be found that Nd** strongly emits at 1060 and 1071 nm according to the
4F3/2 -1 /2 transition. Furthermore, a pronounced Yb3* emission is
detected at 980 nm, corresponding to the 2Fs /2 — °r, /o transition. It is
evident that the intensity of the Yb>" emission at 980 nm is about 30
times higher than without Nd3* co-doping, which is not only due to
diffuse laser excitation, but Yb>* ions are effectively pumped by the
resonant energy transfer from Nd>* centers. The transfer is even more
efficient with Sr75 as matrix (red curve), with an Yb3* emission in-
tensity that is ~30% more intense than the one of 1.5 Yb:1.5Nd:Ca100.
Considering the higher ionic radius of the Sr?* jons with respect to the
Ca?", the higher efficiency can be due to two effects: 1) the presence of
Sr?t ions can induce a distortion of the electric field around the
lanthanide centers, creating a higher emission efficiency, or 2) the Sr2*
substitution promotes the generation of defects such as oxygen va-
cancies making favorable the de-excitation of excitons close to the
lanthanide sites.

4. Conclusions
In the present work, Nd**-Yb®* doped calcium hydroxyapatite (HA)

and strontium-substituted hydroxyapatite nanoparticles were success-
fully synthetized by means of chemical precipitation procedure in
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Fig. 3. (a) Absorbance spectra of Yb(NO3); and Nd(NO3)3; aqueous precursor solutions (0.045 M). (b) PL emission spectra of undoped and Nd3+-yp®+ doped HA

samples under the excitation wavelength A = 340 nm.

aqueous media. [2]
Structural analyses (FT-IR and XRD) indicate that Nd>* and Yb3*
ions successfully substitute Ca®*/Sr?* ions, without affecting the HA
crystal structure in a significant way. The PL emission spectra reveal that [3]
the intensity of the Yb®" ions’ 2Fs 5 — 2F,, optical transition at 980 nm
is effectively enhanced by the energy transfer from Nd>* ions, whose
presence allow to obtain much greater emissions as compared to bare
Yb3* doping. Moreover, the energy transfer turns out to be even more (4]
efficient by adopting Sr-substituted HA NPs as matrix.
This study demonstrates that it is possible to effectively co-dope the

HA structure with lanthanide ions and use the peculiar properties of [5]
specific donor-acceptor lanthanide couples (e.g. Nd** and Yb®* in the
specific case) to activate an efficient energy transfer process with a 3]

subsequent emission of light in a spectral region that in terms of energy
(i.e. energy ~1.20 eV) makes these systems interesting for a wide range

of applications, ranging from diagnostic imaging to photoactivated 171
processes.
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