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High-sensitivity lanthanide ratiometric
nanothermometers in the second biological
window through bidirectional thermal response
engineeringf

Shuohan Sun, *b

2 Dekang Huang,? Dan Li,°> Mochen Jia® and Guanying Chen
In recent years, lanthanide-doped nanothermometers have made significant progress as non-contact
temperature sensing tools in a variety of biological fields. However, limited successes have been met in
high-sensitivity nanothermometers operating in the second near-infrared (NIR-1I) biological window,
which can enable sub-centimeter tissue penetration at micrometer-level imaging resolutions. Here, we
adopted a core—shell structure to develop a high-sensitivity lanthanide ratiometric nanothermometer
through a bidirectional thermal response of two emissions peaks in the NIR-II window. We showed that,
under 808 nm excitation, the emission intensity at 1330 nm from neodymium ions exhibited a quenching
effect, while the one at 1565 nm from erbium ions showed an enhancement at elevated temperatures.
This contrasted temperature dependency endows the nanothermometer with a high relative sensitivity
above 2.3% °C™%, with a maximum of 2.5% °C™%, throughout the entire physiological temperature range
(30-45 °C). This high-sensitivity nanothermometer enables reliable differentiation of temperature differ-

rsc.li/frontiers-inorganic

Introduction

In living organisms, even slight temperature fluctuations can
impact various biological processes.™” Yet, traditional contact
thermometers are not suitable for in vivo temperature monitor-
ing because their invasiveness and limited spatial resolution
make it difficult to detect subtle thermal changes. This limit-
ation has led to growing interest in advanced non-invasive
nanothermometers that can provide high-resolution measure-
ments without disturbing the biological system.** Within this
array of technologies, employing a luminescent nanotherm-
ometer has emerged as a highly precise remote temperature
measurement method, with the potential to provide detailed
temperature imaging distribution within deep tissue.>®
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ences in both normal and inflamed mice, highlighting its promising uses for in vivo applications.

Among the various luminescent nanoprobes studied,
lanthanide-doped nanoparticles are particularly attractive due
to their narrow, rich emission peaks and inherent resistance to
external environmental interference.””® Among them, the com-
monly used types are ratiometric and lifetime nanotherm-
ometers. Although lifetime nanothermometers possess the
unique advantage of being unaffected by tissue coverage, they
exhibit slower detection speed, necessitate more expensive
experimental equipment, and require the involvement of sub-
sequent calculations. In contrast, ratiometric nanotherm-
ometers provide a self-referencing mechanism that minimizes
external perturbations and offer a rapid response time, thereby
attracting extensive interest.”'! Traditionally, ratiometric
nanothermometers have relied on thermally coupled energy
levels,'* such as the extensively studied *H,,,, and *S;, level
pairs of the Er** jon.">* However, the limited energy gap of
these levels (200-2000 cm™) restricts further improvement of
their relative sensitivity."”® In contrast, nanothermometers
based on nonthermally coupled energy levels offer the poten-
tial for higher sensitivity."®™*® Specifically, when doping with
different activator ions, selecting two emission peaks that vary
oppositely with temperature, where one peak is thermally
enhanced and the other undergoes thermal quenching, facili-
tates the achievement of higher relative sensitivity.

What’s more, it is well known that the near-infrared (NIR)
biological windows can be divided into NIR-I (650-950 nm)
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and NIR-II (1000-1700 nm). The weaker light scattering and
molecular absorption effects within these windows help
achieve deeper penetration depth, improve the accuracy of
temperature ~ measurements, and enhance imaging
resolution.’®?° In particular, detection windows with wave-
lengths exceeding 1400 nm have been shown to achieve
superior  signal-to-noise ratios and deeper tissue
penetration.”’ > Notably, Skripka et al. selected emission
wavelengths of 1340 nm and 1550 nm, achieving a maximum
relative sensitivity of 1.1% °C~'.>® Moreover, Maciejewska et al.
synthesized LaPO,:1%Nd**,20%Er*" nanocrystals as ratio-
metric nanothermometers, employing the ratio of lumine-
scence intensities at 1055 nm and 1540 nm and achieving a
maximum relative sensitivity of 1.15% K '.>” Despite these
advances, strategies for the improvement of the relative sensi-
tivity of nanothermometers operating in the NIR-II window
remain elusive.?73°

In this work, we synthesized ~ NaYF,:Er**/
Ce** @NaYbF,@NaYF,:Nd**/Yb*" nanoparticles (abbreviated as
NPs), whose emission peaks in the NIR-II region exhibit oppo-
site responses to temperature under 808 nm laser excitation.
As the temperature increases, the emission peak of Er*
(1565 nm) exhibits thermal enhancement, whereas the emis-
sion peak of Nd** (1330 nm) undergoes thermal quenching.
Based on these two emission peaks, a ratiometric nanotherm-
ometer was constructed, and its relative sensitivity was further
optimized by adjusting the doping ratios of Nd** and Er**. The
NPs were further surface-modified with polyacrylic acid (PAA)
to improve biocompatibility and were successfully employed to
monitor temperature changes in a mouse model of sub-
cutaneous inflammation. The ratiometric nanothermometer,
exhibiting bidirectional temperature-dependent emission in
the NIR-II region, shows great potential for monitoring temp-
erature changes in vivo.

Results and discussion

NaYF,:Er*"/Ce** @NaYbF,@NaYF,:Nd*"/Yb*" was synthesized
via a seed-mediated layer-by-layer method using high-tempera-
ture thermal decomposition of metal trifluoroacetates.>'*> The
transmission electron microscopy (TEM) image of NaYF:Er**/
Ce*" (core) was obtained, confirming the successful synthesis
of homogeneous spherical cores (6.9 nm) (Fig. 1a and d).
Subsequently, the cores were coated with an NaYbF, shell layer
of about 4.5 nm thickness as an energy transport layer, fol-
lowed by an outermost NaYF,:Nd**/Yb®" shell layer (about
6.5 nm in thickness) functioning as both a sensitizer layer and
an activator layer (Fig. 1b, c, e and f). Both shell layers were
applied using the epitaxial growth method. The measured
X-ray powder diffraction (XRD) pattern compared with the
standard card also proved the successful synthesis of NaYF,,
which exhibited a hexagonal crystal phase (Fig. S1f). Next, to
enhance the biocompatibility of the NPs, we modified the
nanocrystal surfaces with PAA. This modification was con-
firmed using Fourier transform infrared (FTIR) spectroscopy
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Fig. 1 TEM image and particle size distribution of the (a and d) NaYF,:
Er¥*/Ce* core, (b and e) NaYF4:Er®*/Ce**@NaYbF, core—shell and (c
and f) NaYF4:Er**/Ce3>*@NaYbF,@NaYF,:Nd**/Yb** core—shell-shell. (g)
The simplified energy diagrams of Nd**, Yb®*, Er** and Ce®" ions in the
core—shell-shell structure, along with the energy transfer processes.

(Fig. S27). Initially, the surface coated with oleic acid exhibited
the asymmetric and symmetric bending modes of the car-
boxylic group at 1465 and 1560 cm™ ", along with the asymme-
trical and symmetrical stretching modes of the methylene
group at 2855 and 2926 cm'. After coating with PAA, these
peaks were replaced by the C=O stretching mode at
1656 cm™'.** Additionally, to evaluate the stability of the NPs
in a biological environment, we dispersed the PAA-modified
NPs in phosphate-buffered saline (PBS) and measured their
hydrodynamic diameter using dynamic light scattering (DLS).
After being stored for half a month, the DLS measurement was
repeated, and no significant change in the hydrodynamic dia-
meter was observed (Fig. S3f). Moreover, the solution
remained clear without any visible aggregation, demonstrating
that the NPs can remain stable in PBS. Therefore, all sub-
sequent tests were conducted in an aqueous system.

For the study of luminescence performance, we first tested
the absorption spectrum of NPs, NPs have a strong absorption
peak at 800 nm (Fig. 2a). Next, when Nd*' is excited by an
808 nm laser, the electrons first transition from the ground
state (“Io)y) to the excited state (*Fs,). They then undergo a
non-radiative relaxation process to the *F3, energy level
(Fig. 1g). From there, it can emit fluorescence around 1330 nm
through radiative relaxation to the “I 3, level, or transfer
energy to °Fs, (Yb®) through phonon-assisted processes.
Then, Yb®* acts as a bridging ion facilitating energy transfer
between the two shell regions. Then, energy migrates through
the transfer layer to “I;;,, (Er*"), followed by a non-radiative
resonance energy transfer to the *I;5, level. Finally, *I,5,, (Er’")
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Fig. 2 (a) Absorption spectra of the NPs. (b) Normalized emission spectra of NaYF4:5Er®*/2Ce**@NaYF,:40Nd**/20Yb®** and NaYF4:5Er®*/
2Ce3*@NaYbF,@NaYF,:40Nd®>*/20Yb>". (c) Temperature dependence of the emission spectra of NaYF,:5Er**/2Ce**@NaYbF,@NaYF;:40Nd>*/

20Yb**. (d) Temperature dependence of the intensity ratio between the emission at 1330 and 1565 nm. The acquired S, values of (e) NaYF4,xEr

3+/

2Ce3*@NaYbF,@NaYF,,40Nd**/20Yb>" nanoparticles with varied Er** concentrations and (f) NaYF,,5Er*/2Ce®**@NaYbF,@NaYF,yNd3*/20Yb>*
nanoparticles with varied Nd** concentrations. All temperature-dependent spectra were measured in an aqueous environment.

emits fluorescence at 1565 nm. In this structure, we chose the
fluoride matrix due to its low phonon energy, which reduces
the non-radiative relaxation process to maximize the lumine-
scence intensity. In addition, we explored the impact of the
presence of an energy migration layer on the emission peak. It
can be observed that the energy migration layer facilitates
energy transfer from Nd** to Er*" via Yb*' ions, significantly
enhancing the relative intensity of Er** (Fig. 2b). What’s more,
we measured the down-conversion quantum yield of the NPs
under 808 nm laser excitation, which was determined to be
7.71% (scattering range: 770-840 nm; emission range:
850-1600 nm).

In order to evaluate the thermometric performance of the
NPs as a ratiometric nanothermometer, we investigated the
relationship between 1330 nm (Nd**) and 1565 nm (Er**) with
respect to temperature (R = Ii330 nm/lises nm). The corres-
ponding temperature-dependent spectra of the nanotherm-
ometer are shown in Fig. 2c. With the increase of temperature,
the emission at 1330 nm (Nd*") gradually decreases, while the
emission at 1565 nm (Er*") gradually increases. Therefore, the
R value exhibits a gradual decline as the temperature rises
(Fig. 2d). This is because the phonon-assisted energy transfer
process from Nd** (*F/,) to Yb*" (°Fs),) increases with increas-
ing temperature, resulting in the decrease of 1330 nm (Nd*")
fluorescence.?®**3> Moreover, the thermal enhancement of
Er*" emission arises from the increased vibrational frequency
of -OH groups at elevated temperatures, which improves
energy matching with the *Iy;,, — *I,3/, (Er*") transition, while
reducing coupling with the *I;5,, = *Iy5/, (Er*") transition.>®3¢
This mechanism is corroborated by the observed prolongation

7344 | Inorg. Chem. Front., 2025, 12, 7342-7349

of Er’* emission lifetime with increasing temperature
(Fig. S41). What’s more, many studies have shown that the
doping of Ce®" is conducive to the enhancement of Er’*
1565 nm down-conversion emission.>”*® This is attributed to
the occurrence of this process: “Ij;;, (Er**) + *Fs, (Ce*) —
1352 (Er?) + °F5), (Ce*"). The increasing temperature will also
further promote this process, thus promoting the thermal
enhancement effect of 1565 nm (Er’*). Here, we compared the
temperature-dependent 1565 nm lifetimes of Er’* in nanocrys-
tals with and without Ce®*" doping (Fig. S41). We observed a
more pronounced increase in lifetime with Ce*" doping,
suggesting that the thermal enhancement at 1565 nm arises
from the combined effects of changes in the -OH vibrational
frequency and Ce*"-induced cross-relaxation processes. In this
way, the two emission peaks reverse with the change of tempera-
ture, and the ratio of the intensity of the two emission peaks
can be used to construct a high-sensitivity nanothermometer.

To make a more reliable comparison, we calculated the rela-
tive sensitivity (S;) to quantitatively evaluate the extent of R
variation with temperature. The S, is calculated using the fol-
lowing formula:

— l% (1)
" ROT
In order to determine the optimal Nd** and Er’* doping
ratio for the core-shell-shell structure to obtain the maximum
Sy, we synthesized a series of samples with different Nd** and
Er*" ion-doping ratios and measured their temperature-depen-
dent spectra under 808 nm laser excitation (Fig. S5 and S6t).

The relationship between R and temperature for each sample

This journal is © the Partner Organisations 2025
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can be described by using the following polynomial equation
(Fig. S77):

R=a+bT +cT? (2)

where a, b and ¢ are constants. The fitting results are listed in
Tables S1 and S2.7 All the samples showed a good fitting
relationship. When the Nd** dopant concentration is fixed at
40%, the temperature measurement performance is affected
by changes in the Er*" concentration (ranging from 2%, 5%,
10%, and 40% to 98%). It can be seen that variations in the
Er** concentration primarily affect the magnitude of the
change in the emission peak at 1565 nm, while the change in
the emission intensity at 1330 nm is relatively small (Fig. S8a
and bt). This is because the decrease in the Nd** 1330 nm
emission peak is mainly due to the phonon-assisted energy
transfer process from ‘F3, (Nd**) to *Fs;, (Yb*"), which
strengthens as the temperature increases, and is almost
unaffected by the Er’* doping concentration. As the Er’*
doping concentration increases, the extent of the increase at
1565 nm first grows and then decreases. Specifically, the
maximum change is 45% at the doping ratio of 5%, while the
minimum change is 16% at the doping ratio of 98%.
Therefore, the nanothermometer achieves the highest S, at the
Er*" doping concentration of 5% (Fig. 2e).

Then, we fixed the Er** doping concentration at 5% and
varied the Nd** doping ratios (10%, 20%, 40% and 80%). The
effect on the change in the 1330 nm emission of Nd** and the
1565 nm emission of Er*" is relatively small. The relative sensi-
tivity shows a slight increase with the increase in the Nd**
doping concentration. This is because, when the Yb*" ion con-
centration is sufficiently high, the increase in the Nd** ion
concentration may enhance the phonon-assisted energy trans-
fer from *F3, (Nd*") to ’Fs, (Yb**), which facilitates the
decrease in the Nd*" emission peak intensity with increasing
temperature (with a maximum decrease of 15% at the 80%
Nd*" doping ratio) (Fig. S8ct). However, this has a minimal
impact on the thermal response characteristics at 1565 nm
(Fig. S8dt). That is, the maximum S, of 2.9% °C™" at 25 °C is
achieved when the Nd** doping concentration is optimized at
80%. However, considering the higher S, achieved throughout
the biological application range, its performance is not as
good as that of the sample with an Nd** doping ratio of 40%
(Fig. 2f). It reaches a maximum S, of 2.5% °C™" at 46 °C, and
its S, remains above 2.3% °C™" throughout the physiological
range (30-45 °C). Therefore, for subsequent applications, we
continued to use Er** and Nd*" doping ratios of 5% and 40%,
respectively. Here, the S, of the NPs is also compared with that
of other nanothermometers operating in the NIR-II regions
(Fig. 3).2¢?%*9"*> The NPs have long emission wavelengths and
high relative sensitivity values, providing unique advantages
for in vivo temperature sensing.

For the upcoming in vivo applications, we systematically
evaluated the potential effects of probe concentration, environ-
mental pH fluctuations, irradiation duration, and excitation
power density variations on the temperature measurement
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Fig. 3 Comparison of reported S, values of nanothermometers operat-
ing in the NIR-II region.

parameter R. As shown in Fig. 4a and b, changing the probe
concentration (0.1-1.6 mg mL™") and adjusting the solution
pH from 5 to 10 had no effect on the R value. Similarly, con-
tinuously irradiating the solution with an 808 nm laser for
30 minutes with measurements taken every 5 minutes, as well
as varying the excitation power density, did not affect the R
value (Fig. 4c and d). More importantly, the stability of the NPs
was demonstrated through eight heating and cooling cycles
(Fig. 4e). The temperature uncertainty of the NPs was assessed
through 20 consecutive tests (Fig. 4f). Using the following
temperature uncertainty formula, the obtained temperature
uncertainty was 0.15 °C:*?

_16R

oT =
Sr R

3)

Before applying the NPs to the mouse model, we conducted
a methyl thiazolyl tetrazolium (MTT) assay on 4T1 cells. The
results show that even at a relatively high concentration
(640 ug mL™), the cell viability remains greater than 80%, con-
firming that the NPs exhibit no significant cytotoxicity and are
suitable for biological applications (Fig. S91). For the upcom-
ing in vivo tests, we utilized an InGaAs camera with bandpass
filters (1300/1550 nm) to capture the signals. Initially, we
established a calibration curve by plotting the R values against
temperature for the NPs dispersed in PBS solution (500 pg
mL™") (Fig. 5b). Then, we used 100 pL of yeast solution to
induce subcutaneous inflammation in a mouse, which
resulted in an increase in subcutaneous temperature. Mice
from another group were injected with an equal volume of
normal saline as the control group. Equal amounts of PBS
solution containing the NPs (500 ug mL~") were injected into
the subcutaneous sites approximately 2 mm deep on the backs
of the two mice, and the mice were then left for 12 hours to
allow inflammation to develop. Under 808 nm laser excitation
(0.1 W cm™?), the fluorescence intensity at the 1330 nm and

Inorg. Chem. Front., 2025, 12, 7342-7349 | 7345
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Fig. 5 (a) Schematic diagram of the mouse imaging system. (b) A cali-
bration curve of R acquired using an NIR-sensitive InGaAs camera in
combination with appropriate band-pass optical filters. (c) Thermal
imaging of the NPs in both normal and inflamed mice, showing precise
local temperature distribution around the NPs.
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1550 nm signal channels was collected using the aforemen-
tioned InGaAs camera coupled with the corresponding optical
filters (Fig. 5a). Then, the corresponding R distribution image
was obtained through image processing by dividing the former
by the latter. Then, based on the previously obtained cali-
bration curve, the subcutaneous temperature distribution
information of the two mice was determined from the
obtained R. As a result, a clear temperature difference was
observed between the groups (Fig. 5c). The subcutaneous
temperature in the normal mice (left side) was 36.2 °C,
whereas the inflammation group (right side) showed an elev-
ated temperature of 39.3 °C, reflecting a 3.1 °C increase. We
also measured the epidermal temperature of the mice using
an infrared thermal camera (Fig. S10t), and the temperatures
obtained were consistent with those measured when using the
NPs. This indicates that NPs can accurately detect the increase
in subcutaneous temperature caused by inflammation, demon-
strating their promising potential for biomedical applications.

Conclusions

In summary, we developed a nanothermometer with two emis-
sion peaks in the NIR-II region, where one peak exhibits
thermal enhancement and the other undergoes thermal
quenching. As a result, it can achieve a relatively high S, of up
to 2.5% °C™', and remains above 2.3% °C™' throughout the
entire physiological temperature range. We also demonstrated
its stability and repeatability through multiple measurements
and eight heating—cooling cycles between 25 and 45 °C.

This journal is © the Partner Organisations 2025
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Furthermore, it was modified by PAA to improve its biocompat-
ibility, and applied to a murine model of subcutaneous inflam-
mation, demonstrating that it can effectively monitor tempera-
ture changes induced by inflammation. These results highlight
the exceptional promise of Nd**- and Er**-doped nanocrystals
with NIR-II emission peaks for delivering highly accurate
temperature measurements in live mammalian systems.

Experimental
Materials

Rare-earth oxides Y,03;, Nd,O3, and Yb,O;, sodium trifluoroa-
cetate (NaTFA), and trifluoroacetic acid (TFA) were purchased
from Aladdin Chemistry Co. Ltd. Oleic acid (OA, >90%), oleyla-
mine (OM, >70%), and 1-octadecene (ODE, >90%) were
obtained from Sigma-Aldrich Co. Ltd. Hexane and ethanol
were purchased from Beijing Chemical Reagents, China. All
materials were used as received without further purification.

Synthetic procedures

Synthesis of NaYF:xEr**/2Ce®*" core nanoparticles. 1 mmol
of rare earth chloride salts (YCl;-6H,0, ErCl;-6H,O and
CeCl;-6H,0) along with 3 mL of H,0, 3.5 mL of ethanol and
7 mL of hexane were added proportionally to a three-neck
flask. The mixture was heated to 60 °C and refluxed for
12 hours. After cooling to room temperature, the water layer
was removed and 4 mmol of sodium oleate, 5.2 mL of OA,
5.1 mL of OM, and 9 mL of ODE were added. The reaction
mixture was heated to 100 °C under argon and maintained for
1 hour. Then, 4 mmol of NH,F was added to the reaction
mixture and stirred for another half hour. The temperature
was then increased to 300 °C over 20 minutes and maintained
for 1 hour. Afterward, the mixture was allowed to cool to room
temperature naturally, and centrifuged twice with ethanol.
Finally, the product was dissolved in 10 mL of hexane for use.

Synthesis of NaYF,:xEr’*/2Ce**@NaYF, core-shell nano-
particles. Firstly, the rare earth salt precursor was synthesized.
4 g of Yb,0; was weighed and added to a three-neck flask
along with equal amounts of deionized water and trifluoroace-
tic acid. The mixture was heated to 90 °C. Once the solution
became clear, the reaction was continued for an additional
half an hour. After this, nitrogen was continuously injected to
remove the solvent and Yb(TFA); powders were obtained. 5 mL
of the prepared core, 0.5 mmol of Yb(TFA);, 1 mmol of Na
(TFA)z;, 10 mL of OA, and 10 mL of ODE were added into a
triple-neck flask. Nitrogen was continuously injected while stir-
ring the mixture. The mixture was heated to 120 °C and this
temperature was maintained for 30 minutes. Then, the temp-
erature was increased to 300 °C over a period of 20 minutes
and this temperature was held for 1 h. The mixture was natu-
rally cooled to room temperature. Then, it was centrifuged,
and the precipitate was washed twice with ethanol and then
dissolved in 10 mL of hexane for use.

Synthesis of NaYF4xEr*'/2Ce*@NaYbF,@NaYF,:Yb**/Nd**
core-shell-shell nanoparticles. The above steps were followed
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to obtain Y(TFA); and Nd(TFA); as well. The NaYF,:Yb*"/Nd**
layers were grown on the core-shell nanoparticles by a similar
method except for the different amounts of Y(TFA);, Yb (TFA);
and Nd(TFA);.

Synthesis of PAA-capped nanoprobes. 100 mg of nitroso-
nium tetrafluoroborate (NOBF,) was dissolved in 5 mL of N,N-
dimethylformamide (DMF). 2 mL of the core-shell-shell nano-
particles was added to the solution, and shaken thoroughly for
10 minutes. Next, 10 mL of hexane and 10 mL of toluene were
added, and then the mixture was centrifuged. The precipitate
was collected and dissolved in 5 mL of DMF. 0.3 g of PAA was
added to the solution, and it was heated to 90 °C for
30 minutes, and then precipitated with acetone. The precipi-
tate was collected and dissolved in 2 mL of PBS.

Animal experiments. Kunming mice were purchased from
The Second Affiliated Hospital of Harbin Medical University.
Animal procedures were performed in accordance with the
guidelines of the Institutional Animal Care and Use
Committee, Harbin Institute of Technology.
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