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Neodymium-doped BiVO, nanoparticles are explored for luminescent
nanothermometry in the first and second biological windows. The
nanothermometer sensitivity can be increased by an order of magnitude
through careful selection of excitation wavelength and emission peaks,
leading to sub-degree resolution and penetration depth up to 6 mm in
biological tissues.

Temperature measurements are important in countless industrial
and research applications. It is thus not surprising that temperature
sensors presently account for 80% of the world-wide sensor market
which is valued over 5 billion USD." As the focus, however, shifts to
smaller scales, especially for microelectronics or nanomedicine,
traditional temperature measurements (thermistors, thermocouples)
are no longer applicable,” i.e. when the target is small compared to
the sensor. Therefore, nanoscale thermometers with high spatial
resolution and accuracy are required.

Especially medicine has attracted increasing interest for precise
temperature sensing at the nanoscale: many functions within a
human body, such as cell division, gene expression or enzyme reac-
tions depend on temperature.> For example, cellular pathogenesis of
cancer and other diseases lead to heat generation.” Temperature
changes can also be induced intentionally to locally kill diseased
cells.” There, having precise information over the local thermal profile
is crucial to avoid destruction of the surrounding healthy tissue.

The temperature measurement within biological tissue, however,
is challenging. Surface-based methods such as IR thermography are
obviously not applicable. Other competing methods such as MRI
thermometry® require careful calibration specific to the surrounding
tissue.” In contrast, luminescence thermometty is a simple and
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inexpensive approach to measure intra-tissue temperatures in
real time with high accuracy® and spatial resolution.” It takes
advantage of the thermally-induced changes of the luminescence
characteristics, such as band shape, spectral position or lifetime."
Several nanostructured materials have been proposed as lumines-
cent thermometers, including rare-earth doped nanoparticles,"
quantum dots,"” polymeric particles,”® fluorescent proteins'® or
metallic nanoparticles."® Rare-earth doped nanoparticles are espe-
cially promising due to their chemical, thermal'® and photo-stability
as well as their immunity to blinking.'® Typical examples are
fluorides doped with Yb** and Er*" for upconverting luminescence.
High relative sensitivities have been reported for NaYF,:Yb,Er."”
However, such upconverting materials typically suffer from low
quantum yields'® and a strong dependence of sensitivity on excita-
tion density."” This hinders their use for deep tissue applications.
Therefore, efficient downconverting nanomaterials for temperature
sensing, mainly based on Nd*" doping, have been investigated
recently. These include LaF;:Nd,° LiNdP,0;,,>' and CaFyNd.*?
The Nd*' is an ideal dopant due to its ladder-like intra-4f energy
level structure, where excitation and emission peaks lie within the
first and second biological window.>* There, absorption and scatter-
ing by the human tissue is drastically reduced, allowing deep tissue
penetration of light. Recently, BiVO, was reported as an excellent
host for Nd** enabling such deep penetration (3-20 mm)* in
chicken tissue and bovine liver.

Commonly, material optimization is used to increase the sensi-
tivity of nanothermometers. Here, however, the actual thermometry
method is optimized. For Nd**-doped nanopatrticles, typically
the relative intensity of two emission peaks is used to deter-
mine the temperature, commonly termed fluorescence inten-
sity ratio (FIR) method.”” It is self-referencing and independent
of emitter particle concentration, excitation power or emission
intensity,>® making it a robust approach that eliminates the
need for cumbersome calibration in specific environments.
However, typically employed emission peaks are close to each
other resulting in relatively low thermal sensitivities. In con-
trast, through careful selection of the Nd** energy levels, the
sensitivity can be increased by an order of magnitude.
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Fig. 1 Flame-made Nd-doped BiVO4 nanoparticles: (a) XRD pattern with
electron microscopy image (inset, scale bar = 50 nm) along with the
average primary particle size determined by microscopy (TEM), XRD and
N, adsorption (BET) as well as average agglomerate size determined by
dynamic light scattering (DLS), (b) excitation (broken red line) and emission
spectra (solid blue line) and (c) corresponding energy diagram.

Here, novel luminescent nanothermometers consisting of flame-
made BiVO, nanoparticles doped with 1 at% Nd** for deep-tissue
thermal sensing are presented. Fig. 1a shows their XRD pattern
indicating monoclinic BiVO, (circles) with average crystal size of
38 nm. This is consistent with 40 nm by analyzing transmission
electron microscopy (TEM) images (inset Fig. 1a and Fig. Sic, ESIT).
The primary particle size by nitrogen adsorption (BET) is slightly
larger (51 nm) indicating sinter necks and aggregation that were
created during annealing (Fig. S1a, ESIt). The formation of such
aggregates and agglomerates of average size 249 nm is also sup-
ported by DLS measurements (Fig. S1b and d, ESIY).

Fig. 1b shows the excitation (dotted red line) and emission (solid
blue line) spectra of these particles. The characteristic absorption
bands of Nd*" are around 750 (*Fzy2, “Ss/2) and 800 nm (*Fs,, *Hp),
corresponding to the f—f transitions from the ground “Iy, state to the
excited states.” Readily available 808 nm lasers are typically
employed for excitation of Nd**-doped materials that only allow
detection of the “F3, — “Io, (A = 860-925 nm) in the first biological
window as well as the *“Fs;, — “Ij1, (A = 1050-1100 nm) and *F3, —
"Lsn (4 = 1300-1350 nm) transitions in the second biological
window. In contrast, here the absorption band around 750 nm is
chosen as excitation wavelength to enable the detection of the
additional *Fs, — ‘I, transition (1 = 800-840 nm), while still
exciting the particles within that biological window.> Fig. 1c shows
the corresponding energy diagram for Nd** in monoclinic BiVO, that
was obtained by deconvolution (Fig. S2, ESIt). The observed peaks in
the emission spectrum fit nicely to the calculated radiative decays
and indicate that indeed Nd*" is excited.

These nanophosphors are explored for luminescent temperature
sensing. Fig. 2a shows their normalized emission spectra measured
at 37, 100 and 250 °C. The relative intensity of several peaks changes
with temperature. The most relevant emission intensity changes
are observed for the complete ‘Fs, — ‘I, transition (Fig. 2a,
blue area, A1), as well as for some stark sublevel peaks (P1-P4).

Here, the intensity ratios™ of two different peaks are investigated
as a temperature readout. For Nd*'-based nanothermometers,
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Fig. 2 (a) Normalized emission spectra at three temperatures. Three areas

(Al to A3) and four peaks (Pl to P4) are evaluated for thermometry.
(b) Fluorescence intensity ratios as a function of temperature.

typically the intensity ratio of two narrow, closely separated
intra-stark transitions (peaks) such as the ones from P1 to P2 or
P3 to P4 are chosen.'' Additionally, the ratio of complete
transition (areas under peaks) from Al to A2 and A1l to A3 are
investigated. This includes the *F5, — Iy, emission centered
around 808 nm that is only available due to the choice of
750 nm excitation wavelength instead of the employed 808 nm.>®
In summary, the following four luminescent peak ratios were
defined to analyze the temperature dependence:

-l g
O
L g
R

where I is the integrated peak intensity of the emission band at
the given wavelength.

Theoretically, the ratio of two thermally coupled levels can
be described by the Boltzmann thermal equilibrium between
two emitting states according to:**

FIR = C exp (g) — In(FIR) = C; — <i—BE)lT (5)

where T is the temperature, kg the Boltzmann constant, AE the
energy difference between the two emissions, and C; and C, are
fitting constants that depend on phonon energies, degeneracy
and spontaneous emission rates that can be obtained by
calibration of the thermometer.'" To evaluate this dependency,

This journal is © The Royal Society of Chemistry 2019
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Fig. 2b shows the four FIRs as a function of inverse tempera-
ture. The expected linear trend is clearly visible for all of them
with the slopes (with the abscissa as 1/7) given in Fig. 2b. The
FIR 3 and 4 exhibit a much steeper slope and thus stronger
temperature dependence than FIR 1 and 2.

These slopes correspond to AE/kg, according to eqn (5). The
obtained slopes of FIRs 1-3 increase for larger energy differences
(AE) between analyzed peaks, as expected (Table S1, ESIt). The FIR 1
and 2 use the thermal equilibrium between the sublevels of *F5/, and
“F5, (Fig. 1c), respectively, while FIR 3 uses the equilibrium between
the complete “F/, and “Fs, levels. The slope of FIR 4 is similar to FIR
3 despite the, on first sight, much larger energy difference. However,
the emission peak around 1064 nm corresponds to the *F;, — Iy
transition (ie. the same excited state as 870 nm emission) and is
followed by a non-radiative decay down to the *Iy, ground state.””
Therefore, in both FIR 3 and 4 the same thermal equilibrium
between the *Fs, and “Fs, states is exploited for temperature
sensing, resulting in similar slopes.

The response of nanothermometers to temperature was
determined by calculating the relative thermal sensitivitiy (Sg):*>

1 OFIR

SR=FR o7 (©)

The relative sensitivity decreases with increasing temperature
(Fig. S3a, ESIt). For a fair comparison to literature, the relative
sensitivities at 37 °C obtained here are compared to several Nd**-
based luminescent nanothermometers as well as their spectral
operating ranges (Table S2, ESIt). Most commonly in the litera-
ture, an excitation wavelength of 808 nm and an intensity ratio
between two intra-stark levels is employed. These small energy
differences (AE < 300 cm™ ') between employed peaks result in
sensitivities of 0.1-0.3%/K, as is the case for FIR 1 and 2 here.
In contrast, by taking advantage of the additional *F5;, — “Io,
emission using the 750 nm excitation (FIR 3 and 4 here), up to an
order of magnitude higher temperature dependence (Sg) could
be achieved, while still being within the biological window. Due
to the large energy difference employed for FIR 3 and 4, their
sensitivities are 1.47 and 1.53%/K. These Sy are the highest for
all Nd*'-based nanothermometers (Table S2, ESIf). Only
Gd,03:Nd*® shows similar sensitivity as the ratio of complete
Fy), — "o, and 'F,, — 1), transitions was used. However, the
use of Gd-containing materials might lead to release of toxic Gd
ions.? It is worth mentioning that the exceptionally large AE of
2082 cm ™" of reported CaF,:Nd,Gd** does not lead to a high
sensitivity (i.e. 0.12%/K), since essentially also in this case the
thermal equilibrium between the sublevels of the “F;, transition
was utilized (as described for FIR 2 here).

Besides lower sensitivities, another disadvantage of using the
intra-stark level peaks (FIR 1 and 2) is the limited operating
temperature range. At higher temperatures, the emission lines
become broader and start overlapping (Fig. 2a). This blurs the
identification and separation of individual peaks, making cumber-
some deconvolutions necessary (Fig. S2, ESIT). Moreover, a slight red
shifting of the emission lines with increasing temperature has been
reported.®® However, using large energy separations can limit the
usefulness of these nanothermometers for some applications: for
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example, the absorption and scattering properties of surrounding
biological tissue show a strong dependence on wavelength. Thus, a
strong spectral separation can increase the error or require cumber-
some calibration in each environment. Moreover, also technical
limitations have to be taken into consideration: standard silicon-
based detectors operate up to 1000 nm, whereas InGaAs-based
detectors for NIR operate between 900-1700 nm.*" Therefore, we
have chosen FIR 3 as the most promising option for further analysis,
as it can still be detected with a single detector and does not require
any data correction.

To fully characterize the nanothermometers, their uncertainty
and reproducibility, as well as the influence of experimental
conditions were investigated. Besides sensitivity, temperature
uncertainty (or resolution) is the most important characteristic
of a nanothermometer, as it determines the smallest tempera-
ture change that can be detected under real working conditions:*

AFIR 1

where AFIR/FIR is the relative uncertainty, which is determined
here as 0.4% through the maximum fluctuation of FIR during 10
cycles of heating/cooling (Fig. S4d, ESIT). While FIR 1 and 2 lead
to temperature uncertainties of more than 3 K, FIR 3 and 4 reach
values down to 0.27 K (Fig. S3b, ESIT). This is the lowest reported
uncertainty so far for aqueous suspensions, to the best of our
knowledge, and can be explained by the high sensitivity. Other
non-contact thermometric methods such as infrared cameras
have uncertainties of 1-2 K at room temperature.**”

The reproducibility of the temperature measurements
was more than 99.6% over ten cycles between 30 and 50 °C
(Fig. S4d, ESIY). Furthermore, the sensitivity of the nano-
thermometers under different experimental conditions was
tested (Fig. S5, ESIT). Only small differences within the experi-
mental error were observed when changing excitation power,
particle concentration or solvent. This independency between
experimental conditions and environment represents one of
the biggest advantages of the FIR method. It allows the use of
nanothermometers in different environments,> which is espe-
cially attractive for in vivo applications.

Since FIR 3 was the most promising thermal readout, it is used
here to demonstrate the potential of BiVO,:Nd nanothermometers
for temperature measurements within biological tissues. Fig. 3a
shows a sketch of the experimental setup. A plexiglass plate with
two cavities (orange boxes) was heated from below. One cavity
was covered by chicken skeletal muscle tissue of varying thickness
(1.5-6 mm) while the other remained uncovered and acted as
control. The temperature of the nanothermometers was determined
through the tissue by the present FIR method (green triangles) under
750 nm laser excitation (0.2 W cm™?) while the surface temperature
of the tissue (red circles) and the control square (black squares) were
determined by IR thermal imaging.

Fig. 3b shows the temperature evolution through the 3 mm
thick chicken tissue and at its surface along with that of the
control cavity. Both nanothermometer and control particles
quickly heat up reaching 78 °C within 900 s. This indicates
the good accuracy of the nanothermometers even through a
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Fig. 3 (a) BiVO4:Nd nanothermometers mixed with agar were filled into
two square cavities (5 x 5 x 3 mm): one cavity was covered by chicken
skeletal muscle tissue of varying thickness while the other was used as a
reference (control), and both were heated from below. The temperature of
the first filled cavity was measured through chicken tissue by lumines-
cence thermometry (triangle). The control (square) and the chicken tissue
surface temperature (circle) were measured by IR thermal imaging. (b) The
evolution of these temperatures as measured through 3 mm thick tissue
and that of the control cavity (squares) during heating.

scattering and absorbing medium such as chicken tissue. In
contrast, the surface temperature increases much slower and
reaches 51 °C after 15 minutes, leading to a temperature difference
(AT) of 27 °C. This final temperature difference was measured to be
23 and 33 °C for 1.5 and 6 mm thick tissues, respectively. As
expected, this difference increases for increasing tissue thickness.
Remarkably, even at 1.5 mm the temperature difference between
the surface and the nanothermometers is around 23 °C. This
experiment, which is similar to that of plasmonic particles under
laser irradiation inside tumor tissue,® shows the shortcomings of
surface-based IR thermal imaging.**

In summary, a novel ratiometric approach for luminescent
nanothermometry was presented with BiVO, nanoparticles
doped with Nd**. The luminescent thermometric performance
in suspension and powder form was tested in a broad tempera-
ture range between 25 and 300 °C. It was demonstrated how the
careful choice of emission bands for the FIR can lead to relative
thermal sensitivities of up to 1.53%/K at 37 °C within the first
and second biological window. These values are almost an
order of magnitude larger than most nanothermometers based
on Nd*". Additionally, the present nanothermometers exhibited
excellent reproducibility while showing negligible dependence
on experimental parameters and surroundings. Finally, the
potential of these nanothermometers for deep-tissue thermal
sensing in real-time was demonstrated ex vivo with chicken
skeletal muscle tissue.
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