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Abstract

Yb and Er codoped NaT(XOy4), (T =Y, La, Gd, Lu and X = Mo, W) disordered oxides show a
green (Er®* related) up-conversion (UC) efficiency comparable to that of Yb:Er:B-NaYF4
compound and unless 3 times larger UC ratiometric thermal sensitivity. The similar UC effi-
ciency of Yb:Er doped NaT(XO,4), and B-NaYF, compounds allowed testing equal subcuta-
neous depths of ex-vivo chicken tissue in both cases. This extraordinary behavior for NaT
(XO,)» oxides with large cutoff phonon energy (hw~ 920 cm™) is ascribed to *Fg, electron
population recycling to higher energy “G1,» level by a phonon assisted transition. Crystal-
line nanoparticles of Yb:Er:NaLu(MoQ,), have been synthesized by sol-gel with sizes most
commonly in the 50-80 nm range, showing a relatively small reduction of the UC efficiency
with regards to bulk materials. Fluorescence lifetime and multiphoton imaging microscopies
show that these nanoparticles can be efficiently distributed to all body organs of a perfused
mouse.

1. Introduction

The development of nanoscience and nanotechnology has opened new challenges for the mea-
surement of physical properties at the nanometer scale and for actuation on nano- or micro-
metric systems. An often used method for these purposes is the incorporation of inert nano-
particles (NPs) in thermodynamic equilibrium with the unknown system, acting as probes.
Within this approach, NPs with up-conversion (UC) properties are recognized fluorescence
nanoprobes because they are free of photobleaching shown by organic dyes [1] or photoblink-
ing of semiconductor quantum dots,[2] and their excitation in the near infrared (NIR) circum-
vent the problem of undesired tissue and cell autofluorescence typically observed under
ultraviolet/blue photoexcitation.[3] Therefore, UCNPs have been extensively proposed for
thermal nanosensing,[4,5] optical nanoencoding,[6] photocatalysis,[7] subcutaneous
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photodynamic therapy,[8,9] biosensing,[10] cancer cell recognition and treatment,[11] intra-
cellular drug delivery,[9,12] as well as for in vitro and in vivo biomedical imaging. [9,13,14]

A further outstanding characteristic of UCNPs is their intrinsic multifunctionality: An opti-
cal image can be obtained simultaneously to the measurement of a physical property (most
typically temperature when using Er’* green UC). When combined with magnetic properties
provided by the incorporation in the host of a paramagnetic ion, like Gd>*, optical and mag-
netic resonance multimodal imaging is possible.[15,16] Further, UCNP multifunctionality can
also be obtained by surface functionalization with specific molecules for a given target. UCNP
composites based on fluorides have been, in fact, extensively studied for cancer cell recognition
and treatment, and surface functionalizing methods have been described for them. [10,11,17]

Although UC is a phenomenon observed for different Ln (Ho, Tm, Er, etc) in virtually any
Ln doped solid, Yb:Er:B-NaYF, has become the material of reference for UCNP fabrication
because up to now it is the reported compound with largest UC efficiency.[18] In this system,
Yb>* absorbs the excitation light near to ~980 nm (*F,,,—°Fs, transition) and transfers the
absorbed energy to Er’* by energy diffusion through the crystalline host. The origin of the sin-
gular UC efficiency of Yb:Er:B-NaYF, has been attributed to the combination of good match-
ing of Yb and Er energy level gaps, low host cutoff phonon energy (hw=: 500 cm™), and
presence of multisites for the Ln,[19] although the relative importance of these contributions is
not yet fully clear. Thus, based in this merit, the large number of reviews on the state of art
about the design, and applications of UCNPs have B-NaYF, as the almost unique protagonist
host.[20-23]

Despite the prevalence of Yb:Er:B-NaYF, as UC media, the search of alternative UC materi-
als is continuously pursuit due to the following reasons: i) The synthesis of B-NaYF, hexagonal
gagarinite phase (P6 space group) competes with the nucleation of the substantially less effi-
cient o-NaYF, cubic phase (Fm3m space group); ii) preparative routes for fluorides are often
environmental harmful; iii) the UC ratiometric thermal sensitivity (S) of Yb:Er:B-NaYF, is
weak, in comparison to other studied materials; [24] and iv) the UC efficiency of Yb:Er:B-
NaYF, is reduced by three orders of magnitude on going from bulk to ultrasmall NPs with
~10 nm size.[25]

Oxides have been studied as an alternative for UC purposes because of their superior chem-
ical stability, easy synthesis and in most cases absence of phase transformations or polymor-
phism. However, after numerous studies it is generally believed that oxides with large cutoff
phonon energy (typically hw~ 800-1000 cm™") can not achieve green Er’* UC efficiencies
comparable to that of fluorides because the 2H,1/2+*S5/, Er’* electron population in oxides is
strongly depleted by non radiative multiphonon relaxation to the low lying *Fo/, Er’* mutiplet,
giving rise to strong red UC. This situation is also encountered for Yb:Er:Lu,O3 despite its
lower cutoff phonon energy (hw ~ 650 cm™).[26]

The present work is motivated by recent reports of large UC ratiometric thermal sensitivity
(8) in four members of the MT(XO,), (M = Li*, Na* or Ag", T = Y>*, Bi’" or any trivalent lan-
thanide Ln’*, and X = Mo®" or W®") tetragonal double molybdate (DMo) and double tung-
state (DW) compound family: 10at%Yb:1at%Er:NaY(WOy,),, S(317 K) = 112x10~* K™;[27]
40at%Yb:2at%Er:AgLa(MoO,),, S(317 K) = 120x10~* K'';[28] 5at%Yb:2at%Er:NaY(MoO,), S
(317 K) = 77x10~* K ;[29] and 10at%Yb:1at%Er:NaGd(MoO,),, S(317 K) = 160x10~* K ,[30]
in comparison with the value reported for 20at%Yb:2at%Er:B-NaYF,, S(317 K) = 35x1074 KL
(31]

Large UC ratiometric thermal sensitivity of used nanoprobes is an essential, but not suffi-
cient, condition for any envisaged UCNP application, being large UC efficiency and suitable
NP size simultaneous requisites. As previously indicated, the presence of Ln>* multisites and/
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or structural disorder leading to a spatially variable distribution of crystal field potentials
around Ln** are though to be key factors contributing to the large UC efficiency, and these
structural characteristics are certainly shared by hexagonal B-NaYF, and tetragonal (14 space
group) scheelite-like MT(XO,), hosts, i.e. in the latter two different crystal sites, 2b and 2d, are
randomly occupied by Na, T and Yb/Er cations. Neither earlier indicated works dealing with
thermal sensitivity in polycrystalline MT(XO,), compounds nor UC characterizations of sin-
gle crystals[32,33] have offered a quantitative assessment on UC efficiency.

On the other hand, two of the previously cited works, NaY(WO,), [27] and NaY(MoO,),
[29] deal with micrometric sized materials, while in a third, AgLa(Mo0Q,),,[28] the morphol-
ogy is unknown. Only in NaGd(Mo0O,),,[30] 50x50 nm? square sheets have been studied.
These works show a significant spread of the reported S values which could be associated to
the difference in material composition or to different experimental characterization techniques
used in the involved laboratories.

Our purpose in the present work is to present a significant evaluation of the green UC
efficiency for eight different DMo/DW hosts in direct comparison to the UC efficiency of Yb:
Er:B-NaYF, with the same Yb and Er ion densities, as well as to determine the Yb and Er com-
position that optimizes the green UC efficiency in these hosts. We address this point by mea-
suring the intensity of the output green photon flux at constant solid angle as well as by
simulation of subcutaneous testing using ex-vivo breast chicken tissue and both types of com-
pounds (DMo/DW and B-NaYF,). Moreover, although there are previous reports of sol-gel
synthesis of MT(XO,), compounds, [28,34,35] in this work we present the optimization of the
method to avoid particle sintering. Since the reduction of the UC efficiency with particle size is
a hot issue for applications, we evaluate the UC efficiency of sub-100 nm UCNPs and we
explore their suitability as probes for biomedical applications. For the latter purpose, quasi-
spherical sol-gel synthesized Yb:Er:NaLu(MoO,), NPs with diameter ranging 50-80 nm have
been perfused in a mouse and their body distribution monitored with lifetime and multipho-
ton optical microscopies.

We confirm that the thermometric properties of Yb:Er:DMo/DW compounds are superior
to those of Yb:Er:B-NaYF,. It is also shown that the green UC efficiency of Yb:Er doped Na-
based DMo/DW is comparable to that found for Yb:Er:B-NaYF,, and that the UC efficiency
reduction in the sol-gel synthesized UCNPs decreases only by a moderate factor of 10. This
high UC efficiency allowed monitoring the sub-100 nm UCNPs in different body organs,
including brain, of a perfused mouse. Finally, a thermal assisted energy transfer excitation
mechanism is proposed as responsible for the extraordinary UC properties of DMo/DW
compounds.

2. Experimental

Comparisons of properties of different materials, either Yb:Er:DMo/DW or Yb:Er:B-NaYF,,
have been made on the basis of micrometric sized powders prepared by solid state reaction
and by hydrothermal (HT) synthesis. The sol-gel synthesis is exclusively used for the prepara-
tion of the DMo/DW UCNPs which are eventually perfused in a mouse.

2.1 Solid state synthesis

Na,COs3 (99.5%, Alfa Aesar), WO3 (99.8%, Alfa Aesar), MoO5 (99.5%, Alfa Aesar) and corre-
sponding Y,03 or Ln,03 (99.99%, acquired through Shangai Zimei International Co LTD)
reagents were used for solid state reaction synthesis of DMo/DW compounds. The homoge-
nized stoichiometric mixtures were firstly heated in air at 650°C (DMo) or 750°C (DW) for
18-24 h, cooled down to room temperature (RT), ground, and then heated at increasing
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temperatures up to 790°C (DMo) or 885°C (DW). The last thermal annealing to promote crys-
tallization typically lasted 24-48 h.

2.2 Hydrothermal synthesis

The HT synthesis of Yb:Er:NaT(XO,), has been previously described in detail.[36]
Na,Mo00,-2H,0 (99.5%, Sigma Aldrich) or Na,WO,-2H,0 (99%, Strem Chemicals) and the
above indicated Y,0; or Ln,0Oj; have been used as reagents. Briefly, Y or Ln nitrates were firstly
prepared by dissolving together the required stoichiometric amounts of corresponding Y,O3
or Ln, O3 sesquioxides in a solution of nitric acid (10 ml of distilled water and 10 ml of 69%
HNO3), which was heated until complete dryness. Then the Ln*-nitrates were dissolved in 10
ml of distilled water, and a transparent solution of Na,(Mo/W)O,-2H,0 with the stoichiomet-
ric amount of Mo/W in 10 ml of water was added. After 10 min of stirring the white suspen-
sion was transferred to a Teflon-lined autoclave, which was sealed and heated to 170°C for 24
h. The product resulting from the HT reaction was collected by centrifugation, washed several
times with distilled water, and dried overnight at 125°C.

Yb:Er:B-NaYF, (7 mmol) samples (7.5, 10 and 20 at% Yb, and for each Yb concentration
with 0.25, 0.5, 1, 2.5 and 5 at% Er) were synthesized by adding a previously prepared solution
of Ln-nitrates to a clear ethanolic solution (10 ml of ethanol, Emplura Merck, and 20 ml of dis-
tilled water) of NaF (99%, Alfa-Ventron), NaF:Ln = 4:1. The formed turbid suspension was
stirred and its pH was adjusted to 3 by adding HF (48%, Merck), and then treated at 220°C for
36 h in a Teflon-lined sealed autoclave. The obtained product was in each case collected by
centrifugation and washed with ethanol several times, dried overnight at 125°C, and after-
wards subjected to 2 h annealing at 300°C to remove defects associated to wet low-temperature
synthesis methods, and to promote better crystallization.

2.3 Sol-gel synthesis

DMo/DW NPs were obtained by sol-gel following the modified Pechini method. Briefly,
Na,COs, Y,03, Ln,0; reagents before described and either (NH,)sMo0;0,4-4H,0 (Fluka) or
(NH4)¢H, W ,049-nH,0 (Alfa Aesar) were used as sources for the different required cations.
The required amounts of Y,0; or Ln,O3 raw materials were dissolved in 69% HNO; and a
suitable volume of deionized water under vigorous stirring and heating at 90°C. When the
solution was transparent, Na,CO3, ammonium molybdate/tungstate, citric acid as complexing
agent (CA) and ethyleneglycol (ET) were added to the solution. The molar ratio of chelated
metal cations to the CA was 1:4 and the molar ratio of CA to ET was 1:10. The above mixture
was stirred for 2 h at 80°C to get a stable precursor solution. Finally, some ammonia was
added to adjust the pH value around 4-5. This solution was dried by slow heating at 120°C to
obtain a black powder. NPs were obtained by calcination of this powder at 600-800°C temper-
ature range. Higher (> 800°C) calcination temperatures lead to the formation of the Ln,0O;
compounds, likely due to Na and Mo/W evaporation.[37] In order to disperse the obtained
NPs the calcined products were mixed with distilled water and treated with a Hielscher Ultra-
sound Technologies processor, model UP200S operated at 70% of amplitude and 60% of duty
cycle. More details of the preparation and characterization methods of NPs can be found in
the Supplementary information (SI), in particular a flow chart of the used sol-gel procedures is
given in S1 Fig.

2.4 Crystallographic characterization

The phase and crystalline quality of the synthesized products was assessed by room tempera-
ture (RT) powder X-ray diffraction (pXRD). 8-26 scans were performed on a Bruker AXS D8
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Advance equipment under Cu K, radiation, and the Bragg diffracted light was collected by a
Lynxeye detector. The crystalline domain size (d) was determined by the Scherrer formula,
d = 0.91/A26c0s6 (0.9 is the shape factor for spherical domains, A is the wavelength of the used
radiation, and A20 is the full width at half maximum intensity of the analyzed reflection at 20
angle). For Yb:Er:NaLu(MoOQ,), we used the 112 Bragg reflection at 26~ 28.5 deg.

Particle morphology and its crystallinity were studied by transmission electron microscopy
(TEM) and high resolution transmission electron microscopy (HRTEM) analyses carried out
by using a 200 kV JEOL JEM 2100 and a 300 kV JEOL JEM3000F microscopes, respectively.

2.5 Dynamic light scattering measurement

The hydrodynamic size of the species present in the dispersions of sol-gel products were deter-
mined by dynamic light scattering (DLS) measurements with a Cordouan Technologies parti-
cle size analyzer, model Vasco 2.

2.6 Optical and spectroscopic characterization

UC was excited at RT with the emission of a 25 A LIMO diode laser (DL). In order to mini-
mize heating of the tested sample due to light absorption, the DL was operated in pulsed mode
with a 10% duty cycle and the average current was limited to values lower than 7 A (optical
average power <130 mW). Under these conditions the DL output is centered at A = 973 nm
(FWHM-~= 3 nm). The laser beam, delivered through an optical fiber, was focused by a f = 100
mm lens to a spot with ~ 2 mm of diameter incident onto the sample at 45 deg. The average
irradiation density was < 4 W/cm®. For UC emission evaluation the fluorescence was collected
by a condenser lens (50 mm of diameter) parallel to the sample surface and focused to the
entrance of a fiber ended Spectral Products compact spectrometer, model SM440. The residual
excitation light was removed from the detection system by an Edmund Optics PO:7MOD-
11081 short-wavelength pass filter with a transmission band between 402 nm and 838 nm.

All spectra were corrected by the spectrometer background and its spectral response. The
powdered samples were pressed and leveled to a reference horizontal plane and all UC mea-
surements were collected under the same geometry to allow the evaluation of the relative
efficiency. The UC efficiency was evaluated from the area under the green UC emissions. Stan-
dard optical absorption spectra were acquired with Varian, Cary 500, spectrophotometer.

2.7 Techniques for nanoparticle distribution in a mouse model

Adult mice were deeply anesthetized with CO, and perfused transcardially first with a solution
containing NPs followed by 4% paraformaldehyde in phosphate buffer saline (PBS, pH 7.4)
solution as described before.[38] Several organs were collected and further fixed in the same
fixative for a 24 h period at 4°C. Mouse organs were kept in PBS at 4°C until further analysis.
All these procedures with animals complied the Spanish and European legislation on the pro-
tection of animals used in research, and the protocols were approved by the CSIC Ethics Com-
mittee on Animal Experimentation.

2.8 Fluorescence lifetime imaging (FLIM) and multiphoton microscopies

For FLIM we used an Alba laser-scanning module (ISS, Inc., Champaign, IL, USA) interfaced
with an inverted Nikon Eclipse Ti microscope. Fluorescence was excited through a Nikon S
Fluor 40x /0.9 NA DIC M/N2 dry objective. For excitation we used a Ti:Sapphire tunable Spec-
tra Physics laser (model Mai Tai DeepSee, delivering laser pulses with 100 fs of pulse duration
at a repetition rate of 80 MHz) coupled to an acousto-optic pulse picking modulator. NPs were
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excited at A = 973 nm with a laser power of 1 nW at the sample and the emission was selected
through a A = 530+43 nm bandpass filter. Tissue images were acquired exciting at A = 900 nm
with a laser power of 450 nW at the sample, and the emission was selected through a A, = 445
+20 nm bandpass filter. With a scan area of 256x256 pixels and a pixel dwell time of 32 ps, we
could image a 160x160 um? area in sample at 625 nm pixel size and 0.625x0.625x1.000 pum’
(x,y,z) voxel size.

FLIM was performed following the digital frequency domain method and using a FLIM
card previously described,[39] which was developed at the Laboratory of Fluorescence Dynam-
ics (University of California, Irvine, CA) and implemented in the Alba module. Data were
acquired and processed according to the phasor FLIM method implemented in the VistaVi-
sion software (ISS, Inc., Champaign, IL, USA).[40] Details about the phasor FLIM method can
be found in previous literature [41,42] and it is briefly described in the SI. A concentrated fluo-
rescein at pH 9.0 was used as fluorescence lifetime standard and measured before each sample
for fluorescence lifetime calibration. The fluorescein fluorescence lifetime (t = 4.04 ns) was
determined independently using a fluorometer (PC1 by ISS, Inc., Champaign, IL, USA).

Tiled 2-color multiphoton images were obtained on an upright LSM 780 Zeiss confocal
microscope coupled to a Ti:Sapphire tunable Spectra Physics laser (model Mai Tai DeepSee,
providing laser pulses with 80 fs of pulse duration at a repetition rate of 80 MHz) and equipped
with a deep in Plan Apochromat 20x /1 NA DIC 0,17 M27 75 mm water immersion objective.
NPs were excited at A = 973 nm with an average laser power of 8 nW at the sample, and the
emission was collected through a spectral GaAsP photodetector in the A = 517-562 nm range.
Tissues were excited at A = 850 nm with laser power of 600 nW at the sample, and the emission
was collected by a photomultiplier tube in the A = 600-650 nm range. Images of 2867x2867
pixels at a pixel dwell time of 1.52 ps were obtained by 3x3 tile scans to document sample areas
of 1190x1190 um?, with a pixel size of 415 nm and a 0.415x0.415x1.000 um? (x,y,z) voxel size.
Three dimensional (3D) rendering was obtained from z-stacks of 38-45 optical sections with
2 um step size under the same scanning conditions. IMARIS (Bitplane Scientific Software,
Zurich, CH) and Fiji software were used for 3D rendering and post-processed composite
images.

3. Results and discussion

3.1 Comparison of UC efficiency of Yb:Er doped DMo/DW versus §3-
NaYF,4

Fig 1 shows a comparison of the UC emission of Yb:Er:NaT(XO,), and Yb:Er:3-NaYF,
compounds. Fig la and 1b show the UC emission spectra. Two main green band sets corre-
sponding to Er’* electronic de-excitation from *H;,,,— 1,5/, (A= 520-540 nm) and from
S5,— 15/, (M~ 540-560 nm) are observed. Additionally, other weaker UC emissions may be
observed for the blue *Ho/,—*I;5/> (A~ 400-420 nm, this band is very weak in DMo/DW com-
pounds) and red *Fo;,— 1,5/, (A~ 630-700 nm) Er’" transitions. It is worth noting that the rel-
ative intensity of the latter red UC emission is much lower in NaT(XO,), compounds than in
B-NaYF, one. This feature extends to all host compositions of the DMo/DW compounds stud-
ied and for any Yb and Er concentrations. Other notorious difference between the green UC
spectrum in Yb:Er:DMo/DW and Yb:Er:B-NaYF, is that the *H,;,,/*S5,, UC intensity ratio is
much larger in the formers.

The efficiency of non radiative resonant transfer lies on donor-acceptor distance, thus in
order to compare the UC efficiency of DMo/DW compounds with that of -NaYF, reference
compound, similar Ln densities (in at/cm’) must be considered. For this purpose it must be
taken into account that the tetragonal unit cell of DMo/DW, with a volume V= 300 A,
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Fig 1. Comparison of up-conversion properties of DMo/DW and B-NaYF,. RT UC characteristics of Yb:Er:DMo/DW in comparison to Yb:Er:(-
NaYF, upon cw DL excitation with 4 W/cm? of light density. a) UC spectral distribution of 25at%Yb:5at%Er:NaLu(MoO,), synthesized by solid state
reaction. (b) UC spectral distribution of HT 10at%Yb:1at%Er:B-NaYF,. Indicated multiplets are those emitting to the ground *l45/2 one. Note that for a
given material the intensity of blue, green and red UC, although arbitrary, is in the same scale. (c) Evolution of the green UC efficiency of Yb:Er:NaY
(WQ,). as a function of Yb and Er concentrations. (d) Evolution of the green UC efficiency of HT Yb:Er:3-NaYF, as a function of Yb and Er
concentrations. (e) Maximum green UC efficiencies achieved for 15at%Yb:1at%Er:NaT(XO,), (shorten as NaTX) synthesized by solid state reaction
(@) or HT (A) methods, relative to HT 7.5at%Yb:0.5at%Er:3-NaYF, (line). (f) Comparison of NaY(WO,), and B-NaYF, thermometric properties.

https://doi.org/10.1371/journal.pone.0177596.g001

contains two formula units (Z = 2),[43] while the unit cell of the hexagonal B-NaYF, fluoride
(formulated as Na; 5Y; 5Fs, V = 108.99 A*), contains only one formula unit (Z = 1).[44] Thus
similar Ln densities (therefore equivalent average Ln-Ln distance) imply double atomic per-
cent substitution in the tetragonal scheelite host than in the hexagonal gagarinite one. More-
over, the optimum Yb:Er substitution ratios can be different between both hosts due to the
specific details of the energy migration. In order to resolve these points Fig 1c and 1d show a
comparison of the green UC efficiency for several Yb:Er ratios in NaY(WO,), and B-NaYF,
hosts, respectively. The optimum dopant concentration for maximum Yb:Er:3-NaYF, UC
efficiency occurs for about 10at%Yb:1at%Er, while maximum UC efficiency in NaY(WO,),
occurs at 25at%Yb:5at%Er substitution, i.e. shorter Ln-Ln distance is required in the scheelite
host, likely associated to a lower host energy migration length.

In order to determine the most favorable DMo/DW host for Yb:Er green UC Fig le shows
a comprehensive comparison of eight DMo/DW compounds doped with 15at%Yb:1at%Er
and synthesized either by hydrothermal or solid state reaction methods. The products were
repeatedly annealed in order to enlarge the crystalline domains leading to improvements in
the UC efficiency. It can be observed that for these micrometer sized compounds the UC effi-
ciency depends little on the DMo/DW host and on the synthesis method, and the obtained
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Fig 2. Simulation of subcutaneous up-conversion detection. (a) Images of the UC emission of the reference 7.5at%Yb:0.5%Er:3-NaYF, and of
15%Yb:1%Er:NaLu(MoQO,), compounds lying below several tissue thicknesses of ex-vivo chicken breast. The images were continuously excited with 3
W/cm? of light density. (b) Semi-logaritmic representation of the green UC intensity as a function of the thickness of the ex-vivo chicken breast tissue
tested with different UC sources: 7.5at%Yb:0.5at%Er:-NaYF, (HT, W), 25at%Yb:5at%Er:NaY (WO,). (solid state reaction, o), 15at%Yb:1at%Er:NalLu
(MoQ.,), (solid state reaction, x), and 15at%Yb:1at%Er:NaLa(WO,), (HT, A). (c) Optical attenuation of ex-vivo chicken breast tissue.

https://doi.org/10.1371/journal.pone.0177596.9002

green UC efficiencies are equal and even larger than that found for HT synthesized 7.5at%
Yb:0.5at%Er:B-NaYF,, taken as reference.

As a further macroscopic evidence of the equivalence of UC efficiency in Yb:Er:B-NaYF,
and Yb:Er:DMo/DW compounds and as a proof of concept of its application for subcutaneous
testing, we have monitored the UC attenuation in an ex-vivo chicken breast, Fig 2 summarizes
these results. For this purpose, tissue sections with individual thickness of 50 pm were sliced
with a microtome and piled-up to obtain different tissue thicknesses. Fig 2a shows the results
upon cw NIR irradiation with the DL. It is worth noting that with both materials a tissue thick-
ness in excess of 2 mm could be efficiently penetrated by the DL light and UC emission still
detected with conventional methods (a Canon EOS 600D camera was used for recording).

Fig 2b shows a quantitative evaluation of the UC intensity attenuation for increasing tissue
thickness (t). Considering an exponential attenuation law (I = Iye ), the attenuation coeffi-
cient results k = 27 cm’’, independently of the DMo/DW or B-NaYF, compound used as UC
source. It is obvious that the determined « value is much larger than the optical absorption
coefficient of the breast chicken tissue at green and IR wavelengths, typically o = 0.4-0.8 cm™
and o< 0.2 cm™, respectively.[45] In fact, Fig 2c shows that light attenuation of the ex-vivo
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chicken breast tissue is composed of an increasing (with decreasing wavelength) background
and some absorption peaks at specific wavelengths. The background is related to light scatter-
ing, therefore the UC attenuation observed in Fig 2b is basically related to the defocusing of
the excitation beam upon propagation through the tissue, thus reducing the light density at the
focus. This has a deep influence of the overall photonic process since the UC intensity (Iyc) is
non-linearly related to the excitation pumping intensity, Ip, i.e. [yc~ Ip", n being typically
equal to the number of photons involved in the UC mechanism (n = 1.5-3).

3.2 Ratiometric UC thermometry

Nanothermometry is a remarkable application of UCNPs, which is related to the Boltzmann
electron population redistribution between the close in energy *H,,/, and *S;), Er’* multiplets.
Briefly, the change with temperature of the R = I(H,,2)/1(*S5/,) UC intensity ratio determines
the material UC ratiometric thermal sensitivity, S = dR/dT. More explicitly, R = Cxexp(-AE/
kgT) and S = Rx(AE/kpT?), where kg is the Boltzmann constant and AE is the energy gap
between *Hy;/, and *S3/, multiplets. C and AE are characteristics of each considered material
and are usually calculated from LnR vs 1/T representations. Fig 1f shows a comparison of

such representation for 25at%Yb:5at%Er:NaY(WOQ,), and 15at%Yb:1at%Er:3-NaYF,. The

UC ratiometric thermal sensitivity obtained at T'=317 K (44°C) are S = 92x10~* K and

S =34x10"* K™, respectively. The high S value of the former is similar to those reported for
other DMo/DW compounds.[27-29] This confirms that the UC ratiometric thermal sensitiv-
ity of Yb:Er-doped DMo/DW hosts is unless 3 times larger than that of the reference fluoride.
Using the results shown in Fig 1f, the thermal resolution, r = 0z/S (0 is the standard deviation
of R) are 0.7 K and 1.8 K for the DW and B-NaYF,, respectively. Although thermal resolution
is not a material property and precautions must be taken when comparing data obtained with
different experimental setups, the present results show the advantage of using the DMo/DW
instead of the reference fluoride for thermal measurements.

Nevertheless, it must be noted that thermometric measurements are complex due to several
uncertainties. On the one hand, the considered DMo/DW materials have low thermal conduc-
tivity (1.47 and 1.62 Wm™'K ! at RT for a and ¢ directions, respectively)[46] and the excitation
laser beam may cause light induced heating of the powder, thus thermal gradients from the
heating element to the powder surface as well as radial ones associated to the Gaussian charac-
ter of the excitation laser beam are present. On the other hand, material-related uncertainty
may potentially arise from composition, crystallinity and morphologic variations associated to
synthesis processes.

In order to estimate a realistic uncertainty for the thermal parameters determined in this
work we have conducted several additional experiments whose results are included in the SI.
First, a 25at%Yb:5at%Er:NaY(WO,), sample prepared by solid state reaction undergone three
sequential heating/cooling round trip cycles, and S was evaluated independently for each one
of the six up or down trips and for the whole data set, see S7 Fig. In that case the average sensi-
tivity obtained was S(317K) = 99x10™* K™ with an standard deviation (calculated from the
individual cycles) of 05(317 K) = 4.6x10* K™ and the thermal resolution taking into account
the whole data set was r = 0.9 K. Alternatively, when the resolution is calculated from ten mea-
surements taken at the nominal constant temperature of 317 K its value is reduced to r = 0.65
K, what shows the importance of the calibration procedures for resolution calculation.

Moreover, measurements were made with the sensing thermocouple buried at different dis-
tances (h = 1.25 mm, 1.9 mm and 2.4 mm) from the heating element in the powder of a new
25at%Yb:5at%Er:NaY(WOQ,), sample prepared also by solid state reaction under extensive
sequential heating at 850°C for 60 h and at 880°C for 3 h, see S8 Fig. It is observed that S
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decreases by less than 5% with increasing distance between the resistive heating element and
the thermocouple union. However, it is worth noting that the sensitivity obtained for the latter
sample with extensive thermal annealing is about 10% lower than that obtained for the previ-
ous preparation despite the same nominal sample composition. This shows the importance of
material synthesis control for the DMo/DW considered which are prone to evaporate Na and
Mo at high temperature (>800°C)[37] leading to traces of Na,(Mo/W)O, and Ln,Oj; phases in
overheated polycrystalline materials.

3.3 Sol-gel synthesis of Yb:Er:NaLu(XO,4), nanoparticles

DMo/DW NPs with optimum composition for green UC emission, i.e. 25at%Yb:5at%Er:NaLu
(Mo00Oy,), and 25at%Yb:5at%Er:NaLu(WO,),, see Fig 1c, have been prepared by the sol-gel
method. Lu compositions were selected because they are the members with lowest melting
temperature for all Y and Ln series,[47] which is expected to easy the phase synthesis at low
temperature, thus minimizing particle sintering.

The precursor black powders obtained by sol-gel were calcined to different temperatures
(600, 650, 700, 750 and 800°C) and times (2, 3, 4, 6, 8, 10 and 12 h). The minimum calcination
temperature (550°C) was determined by the need of full elimination of carbonaceous com-
pounds (see S2 Fig). Sol-gel NaLu(WO,),-intended products synthesized at short calcination
times (< 6h) and low temperatures (< 750°C) show the presence of residual amounts of the
Na,W,0, phase (see S3b Fig). This undesired phase is completely removed by increasing calci-
nation time and temperature. This problem does not exist in the sol-gel preparation of NaLu
(MoOQy), compounds, for which the scheelite phase is exclusively observed even after only 2 h
of calcination at 600°C.

Fig 3 shows a morphological characterization of the obtained NPs. Fig 3a—3e show charac-
teristic TEM and HRTEM images of 25at%Yb:5at%Er:NaLu(MoQy,), sol-gel products after 4 h
calcination at 600°C. At the lowest studied temperature (600°C) and for short calcination time
(4 h) numerous quasi-spherical NPs with diameter in the 50-80 nm range appear detached or
superimposed. For longer calcination times, 12 h, at the same temperature the NPs show a ten-
dency to cluster but still their individual character is preserved. At higher calcination tempera-
ture, 700°C, some detached particles are observed even though their average size grows to
150-250 nm range, but often the particles are sintered forming rows. Grain boundaries
between different particles are easily seen at this stage. Calcination at 800°C leads to general
particle sintering forming superstructures with micrometric size. As indicated in Fig 3f-3h,
this sintering process is followed by a growth of the crystal domain size and by an improve-
ment of the UC efficiency, thus it should be concluded that the use of low calcination tempera-
ture (600°C) and short annealing time (4-12 h) is required for the production of isolated NPs,
which in turn makes NaT(MoO,), compounds preferred over NaT(WO,), counterparts due
to the better phase purity upon 600°C calcination. A more general view of the effect of calcina-
tion temperature and time on the particle morphology is presented in the SI. As this point, it is
worth to note that Yb:Er:NaLu(MoO,), NPs calcined at 600°C have a crystalline domain size
of ~240 nm, which is compatible with the HRTEM results described above.

To further confirm the water dispersibility of the NPs we have studied by DLS the size dis-
tribution of the species present in dispersions of the 600°C calcined 25at%Yb:5at%Er:NaLu
(Mo00Oy), sol-gel products additionally processed with ultrasounds. Fig 4 shows an example of
the hydrodynamic size distribution of the above products treated 12 min in the ultrasound
processor. In this case 75% of the total species found corresponds to free NPs with 65 nm size
with a polydispersity index PDI = 0.1745. The rest are presumable clusters of non sintered NPs
that could be fully removed by longer ultrasound processing. Full details of the DLS study are
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Fig 3. Characterization of sol-gel nanoparticles. Properties of sol-gel synthesized Yb:Er:NaLu(XO,4), UCNPs. (a,b) TEM images of
25at%Yb:1at%Er:NaLu(MoQ,), sol-gel products after 4h calcination at 600°C. (c) HRTEM image of highly crystalline 15at%Yb:1at%Er:
NaLu(WO,), rounded NPs with ~20 nm of diameter. (d) Selected area of the HRTEM image. Observed lattice fringe distances are 0.305
nm, which matches the (112) interplanar spacing of NaLu(WO,).. (e) Fast Fourier transform of the above image showing particle
crystallinity. (f) pXRD scans of 25at%Yb:5at%Er:NaLu(MoQO,). sol-gel NPs as a function of calcination at increasing temperature fora 12
h period. (g) Evolution of the green UC intensity of 25at%Yb:5at%Er:NaLu(MoQ,), sol-gel NPs as a function of calcination at increasing
temperature for a 12 h period. (h) Relationship between green UC efficiency of 25at%Yb:5at%Er:NaLu(MoO,). sol-gel NPs and their
crystalline domain size.

https://doi.org/10.1371/journal.pone.0177596.9003

given in the SI. The general picture drawn from the DLS study fully agree the above TEM
results: NPs present in the dry powder obtained by 600°C calcination are clustered, but these
clusters can be broken by ultrasound processing releasing free and water dispersible NPs with
size below 100 nm.

Based on the comparison of the UC output intensity, the green UC efficiency of sol-gel syn-
thesized 25at%Yb:5at%Er:NaLu(MoO,), NPs with average size 50-80 nm is reduced by a fac-
tor ~=10 with regards to micrometer sized products. This reduction is similar to that observed
for 20at%Yb:2at%Er:B-NaYF, NPs with size ~ 100 nm.[25] The UC ratiometric thermal
sensitivity at 317 K of these 25at%Yb:5at%Er:NaLu(MoQ,), NPs has been determined as
S=127x10"* K, see S9 Fig, i.e. &~ 3.5 times larger than that obtained for Yb:Er:3-NaYF,.

3.4 Nanoparticle distribution in mouse body

In order to explore the potential of the above NPs for body imaging and sensing we perfused
the 25at%Yb:5at%Er:NaLu(MoQ,), NPs obtained after calcination at 600°C (12 h) in an adult
mouse. Afterwards, different mouse organs and tissues were examined. Fig 5 shows the excised
whole mouse organs under irradiation with the 973 nm emission of the DL. From this macro-
scopic view it is obvious that NPs reach all monitored mouse organs and even signals from
brain and eye are detected, while the signal from skin is comparatively weaker.

To determine without doubt the presence of UCNPs in mouse organs we have combined
fluorescence microscopy with fluorescence lifetime analysis. In thick organ sections the NPs
were detected by their UC fluorescence intensity obtained at Agxc = 973 nm and Agyy = 530
+43 nm (Fig 6a), and also by their fluorescence lifetime as shown by the phasor distribution
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Fig 4. DSL characterization of NP size. Hydrodynamic particle size distribution in water of 25at%Yb:5at%Er:NaLu(MoO,), sol-gel
products obtained after 6h of 600°C calcination and 12 min of processing with ultrasounds.

https://doi.org/10.1371/journal.pone.0177596.9004

centered at (g = 0,s = 0) in the polar plot of Fig 6b. All pixels associated to the fluorescence life-
time distribution enclosed in the red circle of Fig 6b are represented in the FLIM image (Fig
6¢). The fluorescence lifetime distribution obtained at Agxc = 973 nm is concentrated near to
(g = 0,5 = 0), indicating the presence of long-lived emissions, > 10 ns. With our experimental
set-up (100 fs laser pulse at repetition rate of 80 MHz equal to 12.5 ns, with pulse picker) we
are unable to precisely determine lifetime longer than 10 ns, thus the distribution correspond-
ing to NPs is squeezed at the (g = 0,s = 0) polar coordinates. Nevertheless, the perfect superim-
position of FLIM and intensity images clearly identifies the NPs entrapped in the examined
lung section. The structure of the lung section analyzed in this example is shown in Fig 6d, and
it was captured under Agxc = 900 nm and Agyg = 445420 nm acquisition conditions. Under
these conditions, the lifetime distribution close to (g = 1,s = 0) in the polar plot (Fig 6¢) indi-
cates the predominance of second harmonic generated (SHG) signal, with lifetime close to
zero, rather than tissue autofluorescence.

A different example is provided by the study of a liver section shown in Fig 6g to 6n.
UCNPs are again detectable by both fluorescence emission intensity (Fig 6g) and fluorescence
lifetime (Fig 6h and 6i) images in the mouse liver, and again the corresponding coordinates in
the phasor plot are near (g = 0,s = 0). In contrast to the lung example above, in liver autofluor-
escence prevails (Fig 61), as indicated by the short, but no-zero, diffuse phasor distribution
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Fig 5. Macroscopic up-conversion characterization of perfused mouse organs. UC emission from
organs of a mouse after perfusion with sol-gel synthesized 25at%Yb:5at%Er:NaLu(MoO,). NPs.

https://doi.org/10.1371/journal.pone.0177596.g005

(Fig 6m and 6n) in a range of T = 0.5-2 ns.[42] Similar lifetime values have been typically
observed in previous studies of tissue autofluorescence.[48-50]

Taking into account that the emission kinetic of Yb:Er:NaLu(MoQ,), compounds is con-
trolled by the Yb>* de-excitation rate with a lifetime in the 50 ys to 1 ms range, depending on
Yb concentration and material microstructure,[36] these results rule out autofluorescence or
second harmonic contributions to the fluorescence intensity and lifetime images showing
UCNPs entrapped in different mouse organs.

To document the body distribution of NPs, we have excised five organs from a treated
mouse and examined them by mutiphoton microscopy. Fixed organs were divided in halves to
expose the interior of the tissue. The internal side of each section was positioned in a bottom
glass dish. Fig 7 shows a gallery of composite images tiled over large tissue areas that illustrate
the structural features of each examined organ and the distribution of NPs accumulated in the
interior.

In the heart, cardiomyocytes can be recognized by the elongated shape with striations simi-
lar to those on skeletal muscle cells. (Fig 7a). NP deposits can be observed in the space between
these fibers. A 3D reconstruction obtained from a z-scan is also shown in Fig 7b. Fig 7c shows
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Fig 6. FLIM assessment of up-conversion from mouse perfused sol-gel nanoparticles. Combined fluorescence
intensity and FLIM analyses of tissue sections after perfusion with sol-gel synthesized 25at%Yb:5at%Er:NaLu(MoQO,),
NPs. Intensity images of UCNPs at Agxc = 973 nm, Agy = 5304£43 nm (a, g), and corresponding fluorescence lifetime
distributions represented by the phasor transform in polar coordinates (b, h). The FLIM images (c, i) show the
localization of the pixels enclosed in the red-circled cursor. The lung (d) and liver (I) sections in which the particles are
found were imaged at Aexc = 900 nm and Agy; = 445120 nm. The fluorescence lifetime distributions associated to the
tissues are represented by the phasors enclosed by the red-circled cursor in (e) and (m). Independently on the source of
the tissue signals, SHG (lung) or autofluorescence (liver), UCNPs fluorescence lifetime distributions are clearly
distinguishable from that of the tissues in which the particles are trapped. Images are shown in pseudo-color scales.

https://doi.org/10.1371/journal.pone.0177596.9006
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Fig 7. Bi and three dimensional micrographs of sol-gel nanoparticles perfused in mouse organs. Composite images showing tissue
autofluorescence (red) and up-conversion of sol-gel synthesized 25at%Yb:5at%Er:NaLu(MoQO,), NPs perfused into mouse organs (green). Heart (a,
b), lung (c), kidney (d), liver (e) and brain (f). Composite images were obtained from 3x3 tile scans for a total area of 1190 x1190 pmz. A 3D rending of a
z-stack of 38 planes of one tile scan acquired at 2 um step size is also shown for the heart sample (b). Images are shown in pseudo-color
monochromatic scales.

https://doi.org/10.1371/journal.pone.0177596.9007

the autofluorescence image of a portion of lung parenchyma depicting pulmonary alveol,
numerous NPs were found throughout the tissue. Fig 7d shows deposits of NPs found in the
renal cortex in which numerous cortical glomeruli and associated tubular structures are visi-
ble. In Fig 7e, a portion of a liver lobe, partially depicting several hepatic lobules with the cen-
tral vein most apparent, is observed to contain NPs in each lobule. In Fig 71, a portion of the
brain cortex with undefined morphological structure shows the presence of some NPs in
between the nervous tissue, but in this case the size of the observed NPs is significantly smaller
than in previous cases. Further z-scan 3D reconstructions can be found as SI.

3.5 Up-conversion model

The green UC efficiency of Yb:Er:DMo/DW compounds is extraordinary large for what usu-
ally observed in oxides with large cutoff phonon energy. For NaT(WO,), (T =Y, La, Gd) hw =
917,923,919 cm™, respectively.[51,52] In fact, the green UC efficiency in Yb:Er:DMo/DW has
been shown above to be as large as that found for the Yb:Er:B-NaYF, reference compound.
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Fig 8. Physical model of up-conversion. Energy level diagram of the Yb-Er excitation and energy transfer mechanisms giving rise to green UC in DMo/
DW compounds. Note that the phonon assisted Yb®*(2F5/,—2F7,2)+hw(~923 cm™)-Er**(*Fg,,—2G1 /) transition bleaches the red UC emission. This
electron recycling is further illustrated in the right hand inset.

https://doi.org/10.1371/journal.pone.0177596.9008

Er’" UC may arise from two sequential intraionic absorptions (*I;5/,—*T;1/,— *F;/5), how-
ever this process has low efficiency because of the small ground state absorption cross section
of the *I,5, level (g~ 0.3x10%° cm? for DMo/DW). Much more efficient excitation is
obtained by Yb** (donor) photon absorption (in NaY(WOQOy,), 0aps = 1.84x107%° and
2.52x1072° cm? for o and  polarizations, respectively) and subsequent resonant energy trans-
fer to Er’* (acceptor), see Fig 8. For efficient energy transfer good resonance between the
donor and acceptor energy levels is needed. DMo/DW compounds fulfill this requirement
with very good accuracy. The energy levels of Yb>" and Er’* have been reported in detail for
several DMo/DW single crystals using low temperature (<10 K) spectroscopy.[46,53] Since
the changes from host to host of these isostructural compounds are minor, we shall take as ref-
erence the case of NaY(WO,),.[46]

The most intense Yb** ground state absorption in DMo/DW occurs for the 0—0” transition
with maximum at 973 nm (10277.5 cm™). It is interesting to note that the energy of the Er* 1,1
multiplet extends from 10200 to 10300 cm ", thus a perfect Yb**(*Fs/,—F5)-Er” " (*l;50—*1112)
resonance occurs. Moreover, the energy gap between Er’* *1,,), and *F,,, multiplets in DMo/DW
is 10276 cm™", providing again a perfect resonance for the Yb>*(*Fs;,—°F;,)-Er**(*I1,—*F;))
energy transfer. Standardly, in oxides the energy gaps between consecutive Er’* multiplets below
*F,,, are less than the total energy of two or three cutoff phonons, thus all these multiplets are
populated by non radiative multiphonon relaxations[54] giving rise to blue (Er**, *F;,,—*I;5/,),
green (Er’", ?H 5 +%S3,—"1152), red (Er’*, *Fo/—*115,), and infrared (Er’*, *Io/,—"I;5,,) UC
emissions, notably with competitive intensities between green and red UC channels.[55,56]

What is different in DMo/DW hosts is the extremely small intensity of red UC emission. This
indicates that after non-radiative relaxation from *S, to *Fo,, the almost complete depopulation
of this red emitting level is achieved either by non radiative electronic relaxation or through elec-
tron recycling to upper excited states. Taking into account that the energy gap between “Fo,, and
*Gy1/, multiplets is in the 10895-11251 cm™" range, it seems very likely that a phonon assisted
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resonant energy transfer Yb**(*Fs/,—>F,)+hw(x923 cm™)-Er’*(*Fo/,—*Gy1/2) and subsequent

relaxation to “H;,, and *Ss), takes place, being this the origin of the large green UC efficiency
found in Yb:Er:DMo/DW hosts. This electron recycling is illustrated in the inset of Fig 8.

This proposal is further supported by the study of the thermal evolution of the total
*Hy,/+*S3/, UC emission in Yb:Er:NaY(WO,), and Yb:Er:B-NaYF,, shown in Fig 9. While the
total green UC intensity monotonously decreases with increasing temperature for Yb:Er:p-
NaYF,, in the Yb:Er:NaY(WOQ,), case it increases from RT to 150°C and decays only for higher
temperature. This shows that in the fluoride non radiative losses dominates the UC rate while
in the considered oxide hosts the non radiative losses are diminished by host thermal energy
transferred to excited electrons. Moreover, the n exponent of the Iyc~Ip" relationship, which
is often identified with the number of photons involved in the UC excitation mechanism is
larger for NaY(WO,), than for B-NaYF,, see SI.
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4. Conclusions

Yb:Er:NaT(XO,), (T =Y or Ln, and X = Mo or W) compounds with crystalline disorder over
the Na and T lattice sites exhibit green UC efficiency comparable to that of Yb:Er:B-NaYF,,
generally accepted as reference compound for UC processes. This occurs in spite of the large
cutoff phonon energy of these oxides (= 920 cm™') which is about twice of that corresponding
to the fluoride. It is suggested that the principal origin of such remarkable efficiency for an
oxide host is the recycling of electrons in the *Fo/, Er’* multiplet by a phonon assisted transi-
tion to the “Gy;, one. Such high UC yield in Yb:Er:DMo/DW allowed the subcutaneous test-
ing of ex-vivo chicken breast with thickness similar (in excess of 2 mm) to that achieved with
Yb:Er:B-NaYF, material. Individual quasi-spherical nanoparticles with diameters in the 50-80
nm range and good crystalline quality have been obtained by the sol-gel method when the cal-
cination temperature and time is limited to 600°C and 12 h, respectively, to prevent particle
clustering and sintering observed at higher temperatures (700-800°C) and times (> 12 h).
These experimental conditions are more easily fulfilled by NaT(MoO,), compounds having a
high phase purity even with 600°C calcination, while NaT(WO,), counterparts require larger
calcination temperature and time to fully eliminate the nucleation of Na,W,0; phase. The UC
signal of 25at%Yb:5at%Er:NaLu(MoO,), sol-gel NPs perfused in a mouse has been unequivo-
cally identified by using fluorescence lifetime imaging microscopy (FLIM) and further com-
pared with the SHG or autofluorescence images of the surrounding tissue. These studies show
that the present sol-gel NPs with sub-100 nm size reach all mouse organs, including heart,
lung, kidney, liver, spleen, eye and brain while keeping ~10% of the UC efficiency observed in
bulk counterpart material and offering unless 3 times larger UC ratiometric thermal sensitivity
than Yb:Er: B-NaYF, currently used UC nanoprobes.

Supporting information

S1 Fig. Sol-gel method. Schematic chart of the preparation of NaLn ., YbEr,(XO,),
(X = Mo, W) nanoparticles by the sol-gel method.
(PDF)

S2 Fig. DSC of the precursor powder. DSC-TG analysis of the precursor powder prepared for
the synthesis of NaLuy 5Ybg 5(WO,), nanoparticles. Heat flow (continuous line) and mass
change (dashed line). The sample was heated and cooled in air at a rate of 10 K/min, with an
isotherm period of 1 h at 720°C.

(PDF)

S3 Fig. Crystalline phases in calcinated sol-gel products. Room temperature pXRD of 25at%
Yb:5at%Er:NaLu(XO,), sol-gel products obtained by calcination of the precursor black pow-
der. (a) X = Mo. (b) X = W. X-ray reflections corresponding to the Na,W,O, phase are labelled
().

(PDF)

$4 Fig. Morphology of sol-gel nanoparticles. TEM and HRTEM images of 25at%Yb:5at%Er:
NaLu(MoOQ,), sol-gel synthesized nanoparticles after calcination at increasing temperatures
and times. (a-c) Calcined at 600°C for 4h. Individual NPs are observed. (d-e) Calcined at
600°C for 12 h. A mixture of isolated and agglomerated NPs is observed. (f-h) Calcined at
700°C for 6h. Sintering of NPs is evident both in TEM and in HRTEM (right pictures). (i) Cal-
cined at 800°C for 12h. Large scale sintering is observed.

(PDF)
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S5 Fig. Ultrasound treatment of nanoparticles. Effect of the ultrasonic treatment on the
DLS-derived hydrodynamic size distributions of 25%Yb:5%Er:NaLu(MoO,), sol-gel products
synthesized after 6 h calcination at 600°C. The white solid powder was dispersed in distilled
water and submitted to ultrasonic vibration for different times. a) As received dispersion. b) 4
min ultrasonic treatment. ¢) 8 min ultrasonic treatment. d) 12 min ultrasonic treatment.
(PDF)

S6 Fig. Ultrasound treatment of nanoparticles calcined at 600°C during different annealing
times. DLS-derived hydrodynamic size distributions of 25%Yb:5%Er:NaLu(MoO,), sol-gel
products obtained after different calcination times at 600°C and subsequently treated 12 min
in the ultrasonic processor. Products obtained after a) 6 h, b) 8h and ¢) 12 h of calcination.
(PDF)

S7 Fig. Thermal stability of 25at%Yb:5at%Er:NaY(WO,), compounds. LnR vs 1/T represen-
tation of the thermometric properties of a 25at%Yb:5at%Er:NaY(WO,), powdered sample pre-
pared by solid state reaction. Three (stars, squares, triangles) consecutive heating (open
symbols) /cooling (full symbols) cycles have been measured to show the thermal stability of the
sample and to evaluate the reproducibility of the thermometric measurements. The line is the
fit, LnR = 3.73-1277.85(1/T) (C = 41.7), of the whole data set providing S(317 K) = 99x10™* K.
(PDF)

S8 Fig. Dependence of determined up-conversion ratiometric thermal sensitivity with
heating plate-sensing thermocouple union distance. LnR vs 1/T representations obtained at
three distances (h = 1.25 squares, 1.9 mm triangles, 2.4 mm stars) between the heating plate
and the tip of the thermocouple buried to determine the temperature of a 25at%Yb:5at%Er:
NaY(WO,), powdered sample prepared by solid state reaction. The lines are the fits for differ-
ent data sets: h = 1.25 mm, black line, LnR = 3.614-1283.56(1/T), S(317 K) = 82.7x10* K'};

h = 1.9 mm, red line, LnR = 3.47-1227.92(1/T), $(317 K) = 81.6x10™* K ';and h = 2.4 mm,
blue line, LnR = 3.39-1201.68(1/T), S(317 K) = 80.2x10* K",

(PDF)

S9 Fig. Thermometry of sol-gel nanoparticles. LnR vs 1/T representation of the thermomet-
ric properties of 25at% Yb:5at%Er:NaLu(MoOQ,), sub-100 nm nanoparticles prepared by sol-
gel (calcined 12 h at 650°C and dispersed by ultrasounds). The particles were dispersed in dis-
tilled water for fluorescence measurements. The data fit provides LnR = 3.44-1020.83(1/T),
C=31.3,5317K) = 127x10* K.

(PDF)

$10 Fig. Evolution of up-conversion with power excitation. Evolution of the UC emission
intensity (Iyc) as a function of the pump intensity (Ip) for 15at%Yb:1at%Er:NaY(WO,), (red,
A) and 7.5at%Yb:0.5at%Er:NaYF, (black, ¥) compounds at (a) T =20°C and (b) T = 150°C.
The lines are the fits used to calculate the n exponent of the Iyyc~Ip” relationship in the loga-
rithmic representation.

(PDF)

S11 Fig. Phasor FLIM analysis. Geometric bidimensional representation of the lifetime distri-
bution of a digital image.
(PDF)

S12 Fig. Bidimensional image composition. (a) Autofluorescence image of a lung section.
Aexc = 850 nm, Agpng = 600-650 nm. (b) UC image of NPs distributed in the same tissue area
acquired Agxc = 973 nm, Agyg = 535 nm. (¢) Composite image that allows the localization of
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the particles. Images are represented in pseudo-color normalized intensity scales: NPs in green
and tissues in red.
(PDF)

S13 Fig. Three dimensional image composition. 3D rendering of z-scans showing the pene-
tration of UC (pseudo-color green scale) inside a fragment of kidney, brain and liver tissues
(pseudo-color red autofluorescence scale) after perfusion of the mouse with a PBS dispersion
of sol-gel synthesized 25at%Yb:5at%Er:NaLu(MoO,), NPs (calcined at 600°C for 12 h).
(PDF)

Acknowledgments

This work has been supported by the Ministry of Economy and Competitiveness (MINECO)
and by the European Regional Development Fund through MAT2014-56607-R project. The
CNIC is supported by the Ministry of Economy, Industry and Competitiveness (MEIC) and
the Pro CNIC Foundation, and is a Severo Ochoa Center of Excellence (SEV-2015-0505).
Optical microscopy was carried out at the Molecular and Functional Imaging Unit, ICTS
ReDIB TRIMA@CNIC. The authors are in debt with the histology facility of CNB-CSIC for
tissue section preparation and with A. M. Santos Beneit (CNIC) for his help in image analysis.

Author Contributions

Conceptualization: CZ MDS CC LM VRC MZ.

Formal analysis: CZ EA VRC MZ.

Funding acquisition: CZ MDS CC VRC MZ.
Investigation: CZ MDS XH CC MC LM EA VRC MZ.
Resources: MDS XH MC LM EA VRC MZ.

Validation: CZ MDS XH CC MC LM EA VRC MZ.
Visualization: CZ MDS XH CC MC LM EA VRC MZ.
Writing - original draft: CZ MDS CC LM VRC MZ.
Writing - review & editing: CZ MDS CC LM VRC MZ.

References

1. IdrisNM, LiZ, Ye L, Sim EKW, Mahendran R, Ho PC, et al. (2009) Tracking transplanted cells in live ani-
mal using upconversion fluorescent nanoparticles. Biomaterials 30: 5104-5113. https://doi.org/10.
1016/j.biomaterials.2009.05.062 PMID: 19539368

2. Nirmal M, Dabbousi BO, Bawendi MG, Macklin JJ, Trautman JK, Harris TD, et al. (1996) Fluorescence
intermittency in single cadmium selenide nanocrystals. Nature 383: 802—804.

3. Monici M (2005) Cell and tissue autofluorescence research and diagnostic applications. Biotechnol.
Annu. Rev. 11:227-256. https://doi.org/10.1016/S1387-2656(05)11007-2 PMID: 16216779

4. LiuS,Zhangl, YangT, YangH, Zhang KY, Zhao X, et al. (2014) Development of upconversion lumi-
nescent probe for ratiometric sensing and bioimaging of hydrogen sulfide. ACS Appl. Mater. Interfaces
6: 11013—-11017. https://doi.org/10.1021/am5035158 PMID: 25007356

5. Vetrone F, Naccache R, Zamarrdn A, de la Fuente AJ, Sanz-Rodriguez F, Maestro LM, et al. (2010)
Temperature sensing using fluorescent nanothermometers. ACS Nano 4: 3254—3258. https://doi.org/
10.1021/nn100244a PMID: 20441184

6. HuangK, Idris NM, Zhang Y (2016) Engineering of lanthanide-doped upconversion nanoparticles for
optical encoding. Small 12: 836-852. https://doi.org/10.1002/smll.201502722 PMID: 26681103

PLOS ONE | https://doi.org/10.1371/journal.pone.0177596 May 18,2017 20/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177596.s013
https://doi.org/10.1016/j.biomaterials.2009.05.062
https://doi.org/10.1016/j.biomaterials.2009.05.062
http://www.ncbi.nlm.nih.gov/pubmed/19539368
https://doi.org/10.1016/S1387-2656(05)11007-2
http://www.ncbi.nlm.nih.gov/pubmed/16216779
https://doi.org/10.1021/am5035158
http://www.ncbi.nlm.nih.gov/pubmed/25007356
https://doi.org/10.1021/nn100244a
https://doi.org/10.1021/nn100244a
http://www.ncbi.nlm.nih.gov/pubmed/20441184
https://doi.org/10.1002/smll.201502722
http://www.ncbi.nlm.nih.gov/pubmed/26681103
https://doi.org/10.1371/journal.pone.0177596

@° PLOS | ONE

Efficient up-conversion in Yb:Er:NaT(XO,), thermal nanoprobes

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21,

22,

23.

24,

25.

26.

27.

28.

Wang W, Huang W, Ni 'Y, Lu C, Xu Z (2014) Different upconversion properties of B-NaYFﬁ,:Yb"’*,Tm3
*/Er®* in affecting the near-infrared-driven photocatalytic activity of high-reactive TiO,. ACS Appl.
Mater. Interfaces 6: 340-348. https://doi.org/10.1021/am404389g PMID: 24245742

Wang H, Liu Z, Wang S, Dong C, Gong X, Zhao P, et al. (2014) MC540 and upconverting nanocrystal
coloaded polymeric liposome for near-infrared light-triggered photodynamic therapy and cell fluorescent
imaging. ACS Appl. Mater. Interfaces 6: 3219-3225. https://doi.org/10.1021/am500097f PMID:
24511877

Wang H, Han R, Yang L, ShiJ, LiuZ, Hu Y, et al. (2016) Design and synthesis of core—shell-shell
upconversion nanoparticles for NIR-induced drug release, photodynamic therapy and cell imaging.
ACS Appl. Mater. Interfaces 8: 4416-4423. https://doi.org/10.1021/acsami.5b11197 PMID: 26816249

Jiang S, Win KY, Liu S, Teng CP, Zheng YG, Han MY (2013) Surface-functionalized nanoparticles for
biosensing and imaging-guided therapeutics. Nanoscale 5: 3127-3148. https://doi.org/10.1039/
c3nr34005h PMID: 23478880

Chen L, Wang C, Liu Z (2013) Upconversion nanoparticles and their composite nanostructures for bio-
medical imaging and cancer therapy. Nanoscale 5: 23-37. https://doi.org/10.1039/c2nr32311g PMID:
23135546

Cuil, Zhang F, Wang Q, Lin H, Yang C, Zhang T, et al. (2015) NIR light responsive core—shell nano-
containers for drug delivery. J. Mater. Chem. B 3: 7046-7054.

Jaque D, Richard C, Viana B, Soga K, Lu X, Solé JG (2016) Inorganic nanoparticles for optical bioima-
ging. Adv. Opt. & Photon 8: 1-1083.

Nadort A, Sreenivaasan VKA, Song Z, Grebenik EA, Nechaev AV, Semchishen VA, et al. (2013) Quan-
titative imaging of single upconversion nanoparticles in biological tissue. PLOS one 8: €63292. https://
doi.org/10.1371/journal.pone.0063292 PMID: 23691012

Ajithkumar G, Yoo B, Goral DE, Hornsby PJ, Lin A, Ladiwala U, et al. (2013) Multimodal bioimaging
using a rare earth doped Gd,0,S:Yb/Er phosphor with upconversion luminescence and magnetic reso-
nance properties. J. Mater. Chem. B 1: 1561-1572.

XuH, Cheng L, Wang C, Ma X, Li Y, Liu Z (2011) Polymer encapsulated upconversion nanoparticle/iron
oxide nanocomposites for multimodal imaging and magnetic targeted drug delivery. Biomaterials 32:
9364-9373. https://doi.org/10.1016/j.biomaterials.2011.08.053 PMID: 21880364

Kim CS, Tonga GY, Solfiell D, Rotello VM (2013) Inorganic nanosystems for therapeutic delivery: Status
and prospects. Adv. Drug. Delivery Rev. 65: 93-99.

Page RH, Schaffers KI, Waide PA, Tassano JB, Payne SA, Krupke WF, et al. (1998) Upconversion-
pumped luminescence efficiency of rare-earth-doped hosts sensitized with trivalent ytterbium. J. Opt.
Soc. Am. B 15:996-1008.

Renero-Lecuna C, Martin-Rodriguez R, Valiente R, Gonzalez J, Rodriguez F, Kramer KW, et al. (2011)
Origin of the high upconversion green luminescence efficiency in B-NaYF,: 2%Er®*, 20%Yb®*. Chem.
Mater. 23: 3442-3448.

Haase M, Schéfer H (2011) Upconverting nanoparticles. Angew. Chem. Int. Ed. 50: 5808—-5829.

Ang LY, Lim ME, Ong LC, Zhang Y (2011) Applications of upconversion nanopatrticles in imaging,
detection and therapy. Nanomedicine 6: 1273—1288. https://doi.org/10.2217/nnm.11.108 PMID:
21929461

Chen G, Qiu H, Prasad PN, Chen X (2014) Upconversion nanopatrticles: Design, nanochemistry, and
applications in theranostics. Chem. Rev. 114:5161-5214. https://doi.org/10.1021/cr400425h PMID:
24605868

Zhang F (2015) Photon upconversion nanomaterials. Nanostructure Science and Technology series.
Springer. https://doi.org/10.1007/978-3-662-45597-5

Kumar KU, Santos WQ, Silva WF, Jacinto C (2013) Two photon thermal sensing in Er®*/Yb®* co-doped
nanocrystalline NaNbOs;. J. Nanosc. Nanotech. 13: 6841-6845.

Boyer J, van Veggel FCJM (2010) Absolute quantum yield measurements of colloidal NaYF4:Er®*,Yb®*
upconverting nanoparticles. Nanoscale 2: 1417—1419. https://doi.org/10.1039/cOnr00253d PMID:
20820726

Jiang S, Liu J, Lin C, Bai L, Xiao W, Zhang Y, et al. (2010) Pressure-induced phase transition in cubic
LuoOg. J. Appl. Phys. 108: 083541.

Zheng H, Chen B, Yu H, Zhang J, Sun J, Li X et al. (2014) Microwave-assisted hydrothermal synthesis
and temperature sensing application of Er>*/Yb®* doped NaY(WO,), microstructures. J. Coll. & Inter-
face Sc. 420: 27-34.

Li T, Guo C, Zhou S, Duan C, Yin M (2015) Highly sensitive optical thermometry of Yb**-Er®* codoped
AglLa(MoOQ,)» green upconversion phosphor. J. Am. Ceram. Soc. 98: 2812-2816.

PLOS ONE | https://doi.org/10.1371/journal.pone.0177596 May 18,2017 21/23


https://doi.org/10.1021/am404389g
http://www.ncbi.nlm.nih.gov/pubmed/24245742
https://doi.org/10.1021/am500097f
http://www.ncbi.nlm.nih.gov/pubmed/24511877
https://doi.org/10.1021/acsami.5b11197
http://www.ncbi.nlm.nih.gov/pubmed/26816249
https://doi.org/10.1039/c3nr34005h
https://doi.org/10.1039/c3nr34005h
http://www.ncbi.nlm.nih.gov/pubmed/23478880
https://doi.org/10.1039/c2nr32311g
http://www.ncbi.nlm.nih.gov/pubmed/23135546
https://doi.org/10.1371/journal.pone.0063292
https://doi.org/10.1371/journal.pone.0063292
http://www.ncbi.nlm.nih.gov/pubmed/23691012
https://doi.org/10.1016/j.biomaterials.2011.08.053
http://www.ncbi.nlm.nih.gov/pubmed/21880364
https://doi.org/10.2217/nnm.11.108
http://www.ncbi.nlm.nih.gov/pubmed/21929461
https://doi.org/10.1021/cr400425h
http://www.ncbi.nlm.nih.gov/pubmed/24605868
https://doi.org/10.1007/978-3-662-45597-5
https://doi.org/10.1039/c0nr00253d
http://www.ncbi.nlm.nih.gov/pubmed/20820726
https://doi.org/10.1371/journal.pone.0177596

@° PLOS | ONE

Efficient up-conversion in Yb:Er:NaT(XO,), thermal nanoprobes

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Yang X, FuZ, Yang Y, Zang C, Wu Z, Sheng T (2015) Optical temperature sensing behavior of high-effi-
ciency upconversion: Er**-Yb®* co-doped NaY(MoO,), phosphor. J. Am. Cer. Soc. 98: 2595-2600.

Li A, XuD, LinH, Yang S, Shao Y, Zhang Y (2016) NaGd(MoQ,), nanocrystals with diverse morpholo-
gies: controlled synthesis, growth mechanism, photoluminescence and thermometric properties. Sc.
Rep. 6: 31366.

Sedimeier A, Achatz DE, Fischer LH, Gorris HH, Wolfbeis OS (2012) Photon upconverting nanoparti-
cles for luminescent sensing of temperature. Nanoscale 4: 7090-7096. https://doi.org/10.1039/
c2nr32314a PMID: 23070055

Rico M, Volkov V, Zaldo C (2001) Photoluminescence and up-conversion of Er** in tetragonal NaBi
(XOy4)2 X =Mo or W, scheelites. J. Alloys & Comp. 323-324: 806-810.

Song F, Han L, Tan H, SuJ, Yang J, Tian J, et al. (2006) Spectral performance and intensive green
upconversion luminescence in Er**/Yb®*-codoped NaY(WQy,), crystal. Opt Comm. 259: 179-186.

Han X, Zaldo C (2010) Sol-gel synthesis of Yb-doped NaLu(WQ,) films. Physics Procedia 8: 18-21.

Liao J, Huang H, You H, Qiu X, Li Y, Qiu B, et al. (2010) Photoluminescence properties of NaGd
(MoQ4)»:Eu®* nanophosphors prepared by sol—gel method. Mater. Res. Bull. 45: 1145-1149,

Esteban-Betegén F, Zaldo C, Cascales C (2010) Hydrothermal Yb®*-doped NaGd(WO,), nano- and
micrometer-sized crystals with preserved photoluminescence properties. Chem. Mater. 22: 2315-
2324.

Volkov V, Rico M, Méndez-Blas A, Zaldo C (2002) Preparation and properties of disordered NaBi
(XO4)2, X =W or Mo, crystals doped with rare-earths. J. Phys. Chem. Sol. 63: 95-105.

Giménez E, Giraldo P, Jeffery G, Montoliu L (2001) Variegated expression and delayed retinal pigmen-
tation during development in transgenic mice with a deletion in the locus control region of the tyrosinase
gene. Genesis 30: 21-25. PMID: 11353514

Colyer RA, Lee C, Gratton EA (2008) Novel fluorescence lifetime imaging system that optimizes photon
efficiency. Microsc. Res. Tech. 71: 201-213. https://doi.org/10.1002/jemt.20540 PMID: 18008362

Barreiro O, Zamai M, Yanez-Mo M, Tejera E, Lopez-Romero P, Monk PN, et al. (2008) Endothelial
adhesion receptors are recruited to adherent leukocytes by inclusion in preformed tetraspanin nanoplat-
forms. J. Cell Biol. 183: 527-542. https://doi.org/10.1083/jcb.200805076 PMID: 18955551

Digman MA, Caiolfa VR, Zamai M, Gratton E (2008) The phasor approach to fluorescence lifetime
imaging analysis. Biophys. J. 94: 2320-2332.

Stringari C, Cinquin A, Cinquin O, Digman MA, Donovan PJ, Gratton E (2011) Phasor Approach to fluo-
rescence lifetime microscopy distinguishes different metabolic states of germ cells in a live tissue.
PNAS Early Ed. 108: 13582—-13587.

Han X, Garcia-Cortés A, Serrano MD, Zaldo C, Cascales C (2007) Structural and thermal properties of
tetragonal double tungstate crystals intended for ytterbium laser composites. Chem. Mat. 19: 3002—
3010.

Grzechnik A, Bouvier P, Mezouar M, Mathews MD, Tyagi AK, Kéhler J (2002) Hexagonal Na4 5Y 1 sFe at
high pressures. J. Sol St. Chem. 165: 159—-164.

Marquez G, Wang LV, Lin S, Schwartz JA, Thomsen SL (1998) Anisotropy in the absorption and scat-
tering spectra of chicken breast tissue. Appl. Opt. 37: 798-804. PMID: 18268655

Serrano MD, Cascales C, Han X, Zaldo C, Jezowski A, Stachowiak P, et al. (2013) Thermal characteri-
zation, crystal field analysis and in-band pumped laser performance of Er Doped NaY(WOQ,), disor-
dered laser crystals. PLOS one 8: €59381. https://doi.org/10.1371/journal.pone.0059381 PMID:
23555664

Rode EYa, Karpov VN, Ivanova MM (1971) Infuence of the rare-earth ion on the phases formed in the
Na,WO,—Rx(WO,)3 systems (where R is a rare-earth element). Russ. J. Inorg. Chem. 16: 905-908.

Siegel J, Elson DS, Webb SED, Lee KCB, Vlandas A, Gambaruto GL, et al. (2003) Studying biological
tissue with fluorescence lifetime imaging: Microscopy, endoscopy, and complex decay profiles. Appl.
Opt. 42: 2995-3004. PMID: 12790450

Elson D, Requejo-Isidro J, Munro |, Reavell F, Siegel J, Suhling K| et al. (2004) Time-domain fluores-
cence lifetime imaging applied to biological tissue. Photochem. Photobiol. Sc. 3: 795-801.

Provenzano PP, Eliceiri KW, Keely PJ (2009) Multiphoton microscopy and fluorescence lifetime imag-
ing microscopy (FLIM) to monitor metastasis and the tumor microenvironment. Clin. Exp. Metastasis
26: 357-370. https://doi.org/10.1007/s10585-008-9204-0 PMID: 18766302

Garcia-Cortés A, Cascales C, de Andrés A, Zaldo C, Zharikov EV, Subbotin KA, et al. (2007) Raman
scattering and Nd** laser operation in NaLa(WQ,),. IEEE J. Quant. Electron. 43: 157-167.

Voron’ko YuK, Sobol AA, Ushakov SN, Tsymbal LI (2000) Raman spectra and phase transformations
of the MLn(WQy,), (M =Na, K, Ln=La, Gd, Y, Yb) tungstates. Inorg. Mater. 36: 947—953.

PLOS ONE | https://doi.org/10.1371/journal.pone.0177596 May 18,2017 22/23


https://doi.org/10.1039/c2nr32314a
https://doi.org/10.1039/c2nr32314a
http://www.ncbi.nlm.nih.gov/pubmed/23070055
http://www.ncbi.nlm.nih.gov/pubmed/11353514
https://doi.org/10.1002/jemt.20540
http://www.ncbi.nlm.nih.gov/pubmed/18008362
https://doi.org/10.1083/jcb.200805076
http://www.ncbi.nlm.nih.gov/pubmed/18955551
http://www.ncbi.nlm.nih.gov/pubmed/18268655
https://doi.org/10.1371/journal.pone.0059381
http://www.ncbi.nlm.nih.gov/pubmed/23555664
http://www.ncbi.nlm.nih.gov/pubmed/12790450
https://doi.org/10.1007/s10585-008-9204-0
http://www.ncbi.nlm.nih.gov/pubmed/18766302
https://doi.org/10.1371/journal.pone.0177596

@° PLOS | ONE

Efficient up-conversion in Yb:Er:NaT(XO,), thermal nanoprobes

53.

54.

55.

56.

Rico M, Volkov V, Cascales C, Zaldo C (2002) Measurement and crystal-field analysis of Er** energy
levels in crystals of NaBi(MoO,), and NaBi(WO,), with local disorder. Chem. Phys. 279: 73-86.

Auzel F (1980) Multiphonon processes, cross-relaxation and up-conversion in ion-activated solids,
exemplified by minilaser materials, in Radiationless Processes, (Eds: diBartolo B. and Goldberg V.),
Plenum Press, New York pages 213-286.

Yang J, Zhang C, Pemg C, Li C, Wang L, Chai R, et al. (2009) Controllable red, green, blue (RGB) and
bright white upconversion luminescence of Lu,O5:Yb**/Er**/Tm3* nanocrystals through single laser
excitation at 980 nm. Chem. Eur. J. 15: 4649-4655. https://doi.org/10.1002/chem.200802106 PMID:
19296483

Barrera EW, Pujol MC, Diaz F, Choi SB, Rotermund F, Park KH, et al. (2011) Emission properties of
hydrothermal Yb%*, Er** and Yb®*, Tm**-codoped Lu,O3 nanorods: Upconversion, cathodolumines-
cence and assessment of waveguide behavior. Nanotech. 22: 075205.

PLOS ONE | https://doi.org/10.1371/journal.pone.0177596 May 18,2017 23/23


https://doi.org/10.1002/chem.200802106
http://www.ncbi.nlm.nih.gov/pubmed/19296483
https://doi.org/10.1371/journal.pone.0177596

