Volume 7
Number 10
October 2022
Pages 1111-1252

Nanoscale
Horizons

The home for rapid reports of exceptional significance in nanoscience and nanotechnology

rsc.li/nanoscale-horizons

ISSN 2055-6756

‘ ROYAL SOCIETY COMMUNICATION

Fuyou Li, Xingjun Zhu et al.
“ O F CH EMIST RY A lanthanide nanocomposite with cross-relaxation enhanced

near-infrared emissions as a ratiometric nanothermometer




Published on 02 August 2022. Downloaded on 29/10/2025 2:15:12 PM.

Nanoscale
Horizons

W) Check for updates ‘

Cite this: Nanoscale Horiz., 2022,
7, 1177

Received 11th June 2022,
Accepted 2nd August 2022

Fuyou Li
DOI: 10.1039/d2nh00283c

rsc.li/nanoscale-horizons

Lanthanide luminescence nanothermometers (LNTs) provide micro-
scopic, highly sensitive, and visualizable optical signals for reporting
temperature information, which is particularly useful in biomedicine
to achieve precise diagnosis and therapy. However, LNTs with
efficient emissions at the long-wavelength region of the second
and the third near-infrared (NIR-II/Ill) biological window, which is
more favourable for in vivo thermometry, are still limited. Herein, we
present a lanthanide-doped nanocomposite with Tm3* and Nd>* ions
as emitters working beyond 1200 nm to construct a dual ratiometric
LNT. The cross-relaxation processes among lanthanide ions are
employed to establish a strategy to enhance the NIR emissions of
Tm3* for bioimaging-based temperature detection in vivo. The dual
ratiometric probes included in the nanocomposite have potential
in monitoring the temperature difference and heat transfer at the
nanoscale, which would be useful in modulating the heating operation
more precisely during thermal therapy and other biomedical applica-
tions. This work not only provides a powerful tool for temperature
sensing in vivo but also proposes a method to build high-efficiency NIR-
11711l lanthanide luminescent nanomaterials for broader bio-applications.

Introduction

Temperature detection is of profound significance in biomedicine
as it is helpful to reveal the heat generation and conduction
mechanisms and be used to modulate the thermal effect in a
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New concepts

We report a lanthanide-doped core-multishell nanocomposite with emis-
sions at the near-infrared second and third biological window (NIR-II and
NIR-III) for temperature sensing in a living body. A strategy based on the
cross-relaxation (CR) processes of lanthanide ions is proposed to enhance
the near infrared emission intensity and to establish a ratiometric optical
nanothermometer. By utilizing CR processes of the matrix (NaGdF,) and
emitters (Tm*" and Nd*"), the NIR-IT and NIR-IIT luminescence intensities
of the emitter ions are significantly enhanced compared to conventional
lanthanide luminescent nanomaterials (e.g. ~25-fold enhancement of
the quantum yield at 1470 nm emission of Tm** compared to the pure
NaYF,-matrix nanocomposite without the cross-relaxation effect).
Meanwhile, the CR rates correlate with temperature resulting in the
corresponding change of emission intensity, which endows the
nanocomposite with temperature sensing function. Moreover, the
nanocomposite in this work involves two ratiometric temperature
probes in different layers of the nanostructure, which are at a close
distance of around 8 nm. It thus can be used to interpret nanoscale heat
conduction in the biological system giving high spatial resolution. This
work presents a lanthanide nanothermometer for in vivo application and
also provides concepts of optimizing NIR-II/III luminescence of
lanthanide luminescent materials, which we believe will inspire the
design of lanthanide nanomaterials with efficient luminescence for
bioimaging, biosensing, and other biomedical applications.

more precise fashion at the cellular or sub-cellular level, which
opens a new avenue to interpret the disease progression and
physiological process in the living body."® When measuring the
temperature at the microscopic level, conventional measurement
methods based on macroscopic devices such as thermocouples,
optical fibers or thermal cameras are not suitable mainly because
their spatial accuracy is not high enough, which can only give the
average temperature value of a certain region.> Meanwhile, there is
also a concern about the invasiveness of the methods using
thermocouples and optical fibers.” Hence, it is necessary to develop
thermometers based on nano/micro-materials that fit the scale of
the object being observed. Several types of nanothermometers
have been reported in recent years utilizing optical, photoacoustic
and magnetic effects.*"° Optical nanothermometers due to the
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advantages of high sensitivity, fast collecting speed for continuous
measurement in real time and providing non-invasive, visualizable
and wide range detection results, have attracted more and more
attention and emerged as promising candidates for practical
applications.®™"

Lanthanide luminescence nanoparticles possessing unique
merits of being non-blinking, superior photostability, and
adjustable multi-band emissions covering a wide electro-
magnetic spectrum, are ideal candidates to serve as optical
nanothermometers.”">™®  Temperature sensing based on
lanthanide luminescence could be realized by the change of
bandwidth, spectral shift, luminescence intensity ratio, life-
time, etc.,”°>* in which the intensity ratio and lifetime are less
disturbed by the physiological environment and thus have
higher temperature measurement accuracy. As an inherent
characteristic, the luminescence lifetime is negligibly affected
by biological tissues that can improve the accuracy of the
readouts.”**® On the other hand, nanothermometers based
on the intensity ratio have the advantage of simple signal
collection leading to fast detection speed, which is better for
real-time tracking of rapid temperature change.>” For example,
the pioneering work of Capobianco et al. demonstrated the
application of the Er**-doped upconversion nanothermometer
with a ratiometric signal output to eliminate the deviation in
spectral measurement caused by the absorption and scattering
from biological tissue.>® We further combined the upconversion
nanothermometer with photothermal materials to detect the
microscopic temperature during photothermal therapy to achieve
facile and accurate treatments.”’ It is worth noting that Lis and
Martin et al. recently developed luminescence thermometers
using both the lifetime and intensity ratio as signals, which can
achieve ideal thermal sensitivity and low uncertainty.?**

Near-infrared (NIR) biological windows (BWs), of which the
first, second and third NIR BW are located at 650-950 nm (NIR-I),
1000-1350 nm (NIR-IT) and 1350-2400 nm (NIR-III), respectively,”®
are suitable for the optical detection of temperature in vivo due to
the relatively low extinction coefficient at these regions. The
development of LNTs working at the NIR BW, especially at NIR-
II/III with higher imaging resolution, has emerged as an important
topic in recent years. For example, Jaque and Carlos et al. expanded
the emissions of lanthanide luminescence nanothermometers
(LNTs) to the NIR region, which promoted the applicability of
LNTs for imaging-based in vivo thermometry.”*>' Nevertheless,
there are still some aspects to be ameliorated in LNTs. Several
lanthanide ions such as Yb**, Nd**, Ho®", Tm®" and Er*" have been
used as emitters for NIR-I/IIl LNTs.***” The working wavelengths
available for temperature sensing beyond 1200 nm have attracted
much attention. It has been reported that emissions at a longer
wavelength (>1200 nm) in the NIR-I/III window exhibited
improved signal-to-noise ratio by a 100-fold factor, high imaging
resolution and sensitivity and deeper tissue penetration compared
to the ones at the visible or NIR-I window region.***” There are a
few examples such as single band LiErF,/LiYF, nanoparticles
reported by Vetrone et al. which work around 1500 nm,*” SrTiOs:-
Ni**,Er** nanoparticles developed by Marciniak et al. with 1200 and
1500 nm emissions,** (GANd),0; by Carlos et al. working around
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1350 nm,** LaF; nanoparticles by Jacinto and Jaque et al. with the
third near-infrared biological windows*>* and Yb**, Ho*", Er’* co-
doped rare earth fluorides by Martin and Lis et al in a broad
spectral range (400-1700 nm).>**” However, the performances of
these NIR-II/III LNTs are still under optimization and their in vivo
thermometry applications are still limited. It should be noted that
the emission wavelength around 1450 nm is reported to have high
imaging contrast in biotissue,® so it is important to develop NIR-I/
I nanothermometers with longer working wavelengths to improve
the performance of imaging-based temperature sensing. Tm>* ions
with multiple electron transition processes generating NIR-II/III
luminescence (*H, — *F4, *Hs — *Hg and °F, — *Hg, etc., in which
*H, — °F, can produce emission at 1470 nm"**’) are expected to
be a promising emitter for building imaging-based nanotherm-
ometers. However, the NIR-II/IIl luminescence of Tm>" is relatively
weak due to some factors. For instance, the *H, state is close to the
next lower energy level *Hs; (~4300 cm™') so the *H, — °F,
transition is easily quenched by non-radiative relaxation (*H, —
*H;). Moreover, the pumping of *H, requires a two-photon upcon-
version process (*Hs — ’F, 3, achieved in Yb*-Tm*" system) to
populate the Tm®" ion to the higher energy state °F, ; followed by a
relaxation process (°F,3 — *H,). As a result, the NIR-III emission
efficiency of Tm** is much less than other lanthanide ions such as
Er’*, Nd*, and Yb**. LaF; nanoparticles with high Tm-doping are
reported to enhance the NIR-III emission for thermometry, but the
luminescence was excited by a short wavelength of 690 nm (lower
tissue penetration than the longer wavelength) and it has not been
used for in vivo imaging or detection yet.*> The development of a
Tm*"-doped nanothermometer with improved luminescence inten-
sity and longer excitation wavelength will be beneficial to in vivo
optical thermometry.

Herein, a NIR-II/III emissive dual ratiometric luminescent
nanothermometer (DRLNT) composed of a core-multishell
structured lanthanide-doped nanocomposite, NaGdF,:Yb,Tm®@-
NaYF,:Yb@NaGdF,:Yb,Nd@NaGdF,, is designed for monitoring
the temperature change in biological systems. Under the excita-
tion of 808 nm light, DRLNT generates two emission bands at
1470 nm (*H,; — °F, transition of Tm**) and 1330 nm (*F3, —
1,3, transition of Nd**), respectively. Both emissions are
employed as working wavelengths to establish two independent
ratiometric temperature sensing probes (1215 nm emission of
Tm®" as reference). The NIR-III emission of Tm** is boosted via
energy transfer processes among lanthanide ions to optimize the
temperature sensing performance in vivo. The possible mechan-
isms for the improvement of NIR emissions and temperature
response of DRLNT are discussed and investigated in detail. The
temperature detection using DRLNT based on NIR-III bioima-
ging is demonstrated in the mouse inflammation model.

Results and discussion

Characterization of the dual-ratiometric lanthanide
luminescent nanothermometer (DRLNT)

A DRLNT with a core-multishell structure was prepared by an
epitaxial growth strategy. NaGdF, and NaYF, are chosen as

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2nh00283c

Published on 02 August 2022. Downloaded on 29/10/2025 2:15:12 PM.

Nanoscale Horizons

hosts due to their lower phonon energy. NaGdF,:Yb,Tm as
the core generates NIR emissions at 1215 and 1470 nm. The
NaYF,:Yb interlayer suppresses the cross relaxation between
the sensitizer (Nd**) and activator (Tm>") and produces an
energy lock-in effect to prevent the energy dissipation from
Tm?** to Gd** in the outer shell layers.>®>>' The NaGdF,:Yb,Nd
layer harvests the energy of 808 nm photons to excite the
emission of Nd** (e.g. at 1330 nm) and to be transferred to
Tm®* through the energy migration process. The outmost layer
of NaGdF, protects the luminescence from direct quenching
(Scheme 1). As shown in the transmission electron microscopy
(TEM) images (Fig. 1(a)-(d) and Fig. S1, ESI{), the size of the
core and core-multishell nanoparticles increased after each
step of the shell growth procedure and their monodispersity
was well retained. Core nanoparticles (NaGdF,:Yb,Tm, denoted
as CNP) with an average diameter of 22.1 nm exhibited a
spherical-like morphology (Fig. 1(a)). After the growth of the
NaYF,:Yb shell (NaGdF,:Yb,Tm@NaYF,:Yb, denoted as
CS1NP), the nanoparticles turned into a rod-like shape with
30.2 nm length and 23.4 nm width due to the slight anisotropic
growth of NaYF, on NaGdF, (Fig. 1(b)). The following NaGd-
F,:Yb,Nd coating (NaGdF,:Yb,Tm@NaYF,:Yb@NaGdF,:Yb,Nd,
denoted as CS2NP) further increased the size of the nano-
particles to about 38.6 nm (Fig. 1(c)). After the construction
of the NaGdF, inert shell, the final size of the DRLNT was
45.1 nm on average and a hexagonal morphology was formed
(Fig. 1(d)). High-angle annular dark field scanning TEM
(HAADF-STEM) images of the DRLNT revealed that lanthanide
elements, Gd, Yb, Y and Nd, had distributions in line with the
composition of the core and shell layers (Fig. 1(i)-(p)), indicating
the successful synthesis of the core-multishell structure. High-
resolution TEM (HR-TEM) images indicated good crystallinities
of the core and core-multishell nanoparticles and the (1 0 0)
lattice planes of hexagonal phase NaYF, (Fig. 1(f)) and NaGdF,
can be identified (Fig. 1(e), (¢) and (h)). X-ray powder diffraction
(XRD) analysis further confirmed the pure hexagonal phases of
the DRLNT and its intermediates (Fig. S4, ESIt). Near infrared
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Scheme 1 Schematic of the NaGdF4:Yb,Tm@NaYF,4:Yb@NaGd-
F4:Yb,Nd@NaGdF, nanocomposite as a dual ratiometric luminescence
nanothermometer (DRLNT). Under the excitation of an 808 nm light
source, Nd** ions and Tm** ions are activated to generate near infrared
(NIR) emissions. With the cross-relaxation and phonon-assisted energy
transfer processes among lanthanide ions, NIR emissions of DRLNT can be
enhanced. The emission at 1215 nm generated from Tm®" is used as a
reference and the emissions at 1470 and 1330 nm from Tm** and Nd**
serve as working wavelengths for temperature sensing.
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Fig. 1 Transmission electron microscopy (TEM) of (a) NaGdF4:Yb,Tm
(CNP), (b) NaGdF4:Yb,Tm@NaYF4:Yb (CSINP), (c) NaGdF4:Yb,Tm@NaY-
F4:-Yb@NaGdF4:Yb,Nd (CS2NP) and (d) NaGdF,4:Yb,Tm@NaYF4:Yb@NaGd-
F4:Yb,Nd@NaGdF, (DRLNT). (e)-(h) High-resolution TEM (HRTEM) images
of core and core—shell nanoparticles in (a—d). (i) Scanning transmission
electron microscopy (STEM) image of DRLNT. (j—n) Energy dispersive X-ray
spectroscopy (EDS) elemental mapping of DRLNT showing the distribution
of Gd, Y, Yb and Nd elements in the core—multishell structure. (o—p) High-
angle annular dark field (HAADF)-STEM images of DRLNT.

(NIR) luminescence spectra demonstrated that the DRLNT had
multiple emission bands in the NIR-II/III biological window
(Fig. 2(a)). The peaks at 1215 and 1470 nm indicated the *H;
— 3Hg and *H, — °F, transitions of Tm®", respectively. The
emission at 1330 nm was derived from the *Fs;, — L
transition of Nd**. From our point of view, the NaGdF, matrix
plays a key role in improving the NIR luminescence of the
DRLNT. One reason is that the lowest excited state of Gd*'
(°P,,) is located in the ultraviolet region, in which the energy
is much higher than the excited states of Yb** and Nd**,

Y
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Fig. 2 (a) Near infrared (NIR) luminescence spectra of DRLNT and its
intermediates in aqueous solutions. The spectra of CNP and CSINP were
multiplied by 10 and 3 times, respectively. With the inert NaGdF, shell
layer, DRLNT exhibited stronger NIR emission intensities than NaGd-
F4:Yb, Tm@NaYF4:Yb@NaGdF4:Yb,Nd nanoparticles (CS2NP) with 1.7, 4.6
and 3.1-fold of enhancement at 1215, 1330 and 1470 nm, respectively. (b)
Fourier-transform infrared (FTIR) spectra of the as-synthesized hydropho-
bic DRLNT coated with oleic acid ligands (DRLNT-OA) and the hydrophilic
nanoparticles after the modification of DSPE-PEG (DRLNT@PEG).
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therefore efficiently preventing the loss of excitation energy
induced by the relaxation to quenching centres in the environ-
ment. Hence, the DRLNT with the NaGdF, inert shell had
substantially stronger emission intensities than CNP, CS1NP or
CS2NP nanoparticles. For example, the NIR emissions of the
DRLNT at 1215, 1330 and 1470 nm were 1.7, 4.6 and 3.1-fold
stronger than that of CS2NP, respectively (Fig. 2(a)).

Moreover, NaGdF, as the matrix of CNP could lead to the
cross-relaxation processes between Tm>" and Gd*". In the core
of the DRLNT, Gd*" would have the probability to be excited to
the °P,,, state through the cross-relaxation with Tm*" at the "I
state activated by five-photon energy transfer, of which the
possibility and efficiency were proved by Su and Jin et al.>°
Then, Gd*" can be further excited to a higher energy level (°Dy)
through other cross-relaxation processes with Tm**, such as
(°P712, 'G4) — (°Dy, *Hy) and (°P;,, °F5) — (°Dy, *Hs). To confirm
the energy transfer process, the upconversion emission spec-
trum in the ultraviolet to visible region was measured and it
showed that the emissions at 250, 275 and 310 nm generated
from °Dy, °I; and °Pj states of Gd*" can be identified and their
intensities were close to the ultraviolet (‘I — *Hs and 'D, —
*He) and blue ('D, — °F, and 'G, — °Hg) upconversion
emissions of Tm>" ions (Fig. S16, ESIT), indicating the efficient
energy transfer from 'I (Tm*") to °P; (Gd*"). The population of
the °P; (Gd™) state promoted the cross relaxation of (°P;, 'G,)
— (°Dy, °Hy) and (°P;p, °Fs) — (°D;, *H;s) between Tm®*" and
Gd*", leading to the increased population of Tm®" at NIR
emissive energy levels (*H, and *H;), which was supported by
the energy transfer calculation (Fig. S12, ESIt). In contrast, we
used NaYF, as the host and synthesized NaYF,:Yb,Tm@NaY-
F,:Yb@NaYF,:Yb,Nd@NaYF, (Y-CS3NP), which had identical
diameter and monodispersity compared to the DRLNT (Fig.
S2 and S3, ESIY), and collected its NIR luminescence spectrum
to make a comparison. If the concentrations of Tm*" ions, the
excitation power density and other experimental conditions
were kept the same, the DRLNT with NaGdF, as the matrix
exhibited stronger NIR emission than Y-CS3NP. For example,
the intensity of the emission at 1470 nm of the DRLNT had a
188-fold enhancement compared to that of Y-CS3NP (Fig. S8,
ESIt). To give a quantitative evaluation of the luminescence
efficiency, the absolute quantum yield analysis was carried
out in the samples of DRLNT and Y-CS3NP. It showed that
the quantum yields (QY%) of the DRLNT emissions at 1215,
1330 and 1470 nm were higher than those of Y-CS3NP (Table
S1, ESIY). For the 1470 nm emission, the QY% had a ~25-fold
of difference. Considering that Y>* did not have matched energy
levels to achieve cross-relaxation, the results gave evidence that
cross-relaxation enhanced NIR emission happened in the
NaGdF, matrix. Additionally, the ion-ion energy transfer rate
of Yb** - Nd*" and Yb** - Tm®" and multiphonon relaxation
(MPR) rate of ‘F5, — “Fs), (Nd), and *F,; — *H, (Tm) in the
DRLNT were 1-2 orders of magnitude stronger than that in
Y-CS3NP (Fig. S13 and S14, ESIt). Hence, the cross relaxation,
energy transfer and MPR effect in the DRLNT were taken
together to explain the 2-3 orders of magnitude higher lumi-
nescence intensity than that of Y-CS3NP. It is worth noting that
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the observation of cross-relaxation between Tm** and Gd** to
enhanced NIR luminescence would be of great significance in
developing a highly efficient Tm**-based NIR-III nanoprobe as
the NIR-III emissive energy levels of Tm>" are usually in low
populations so that the emission intensities are not very ideal
for bioapplications.

For application in a biological environment, surface mod-
ification and aqueous phase transformation of the DRLNT were
carried out by using amphiphilic ligand, 1,2-distearoyl-sn-gly-
cero-3-phosphoethanolamine-poly(ethylene glycol) (DSPE-PEG).
As shown in the Fourier transform infrared (FTIR) spectra,
transmission bands at 3550, 1725, and 1122 cm™ " assigned to
N-H, C=0O and C-O stretching vibrations appeared after
modification, which confirmed the assembling of DSPE-PEG
on the surface of the DRLNT (Fig. 2(b)). The DSPE-PEG modified
nanoparticles (DRLNT@PEG) can be easily dispersed in aqueous
solution. Dynamic light scattering (DLS) data of DRLNT@PEG in
deionized water fitted by a log-normal function indicated that
the hydrodynamic size was calculated to be 68.5 nm in diameter
and the corresponding error was 0.24 (Fig. S5, ESIT).

To investigate the temperature response property, the NIR
luminescence spectra of the DRLNT aqueous dispersion at a
series of temperature points were collected under the excitation
of an 808 nm laser. As shown in the NIR-II/III emission spectra
of the DRLNT with absolute intensity (Fig. S7, ESI}), the
intensity of emissions at 1330 nm and 1470 nm increased with
the elevation of temperature, while the emission at 1215 nm
had just a slight decrease. To present and evaluate the tem-
perature response of the two probes of the DRLNT intuitively,
the emission spectra were normalized at 1215 nm (I;545) and
then the intensities of the emissions at 1330 nm (I;330) and
1470 nm (I470) showed an obvious positive correlation to
temperature (Fig. 3(a)). Furthermore, the dependence of the
ratio of I1470 to I1515 (l1470/1215) on the temperature (7) exhib-
ited a linear behaviour in the range of 10 to 90 °C (Fig. 3(b)),
which can be described as I;47¢/I1215 = 0.083 T + 5.269 (T given
in °C). Similarly, the ratio of I 339 to Iis15 (liz30/l1215) versus
temperature (7) can also be well fitted by a linear function,
which is I1330/I1215 = 0.119 T + 9.372 (T given in °C) (Fig. 3(c)).
Based on the results above, it can be concluded that DRLNT
was able to achieve optical temperature sensing by a dual
ratiometric approach with one ratiometer taking 1470 nm
emission generated from Tm’" for temperature readout and
1215 nm emission as a reference (denoted as probe-Tm) and
another one using 1330 nm emission generated from Nd*" for
readout and 1215 nm emission as a reference (denoted as
probe-Nd). Both probe-Tm and probe-Nd presented good rela-
tive thermal sensitivity (Fig. 3(d), e.g. 1.07 and 0.92% °C ™' at
30 °C, respectively), which made DRLNT competent for tem-
perature detection with adequate accuracy in biological tissue.

Mechanism of the temperature response of the DRLNT

The phenomenon of temperature-responsive NIR luminescence
of the DRLNT prompted us to further explore the mechanism.
Generally, temperature-dependent ion-ion energy transfer
(including cross-relaxation, CR) and multiphonon relaxation

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) NIR luminescence spectra of DRLNT@PEG in aqueous disper-
sion at 10 to 90 °C by external heating. The peaks were normalized at
1215 nm. (b) A plot of l1470/l1215 versus T to calibrate one ratiometric
thermometer of DRLNT (probe-Tm). Error bars were defined as s.d. (n = 3).
(c) A plot of I1330/l1215 versus T to calibrate another ratiometric thermo-
meter of DRLNT (probe-Nd). Error bars were defined as s.d. (n = 3). /1470,
li215 and /1330 indicate the *Hs — *He, *Ha4 — 3F,4 transitions of Tm>* and
4F3/ > 132 transition of Nd**, respectively. (d) Relative thermal sensitivity
(S;) of probe-Tm and probe-Nd (l1470/l1215 and l1330/11215 as ratios, respec-
tively). The temperature range is from 10 to 90 °C. Error bars were defined
ass.d. (n = 3).

were likely to explain the temperature response behaviour.
The calculations of energy transfer and MPR rates were carried
out to explain the intensity change of the NIR emissions with
temperature (see ESIf for detailed calculation processes). For
the 1215 nm emission of Tm>", based on the calculation, the
MPR rate of the *Hs; — °F, (Tm) process increased with
temperature leading to the reduced populations of the *Hj
energy level, while the small portion of promoted cross relaxa-
tion ('Gy, *Hg) — (*Hy, *Hs) would lead to an increase of the
emission intensity (Fig. S12, ESIt), thus resulting in a slight
decrease in 1215 nm emission with increasing temperature. For
the 1470 nm emission, the CR in Tm®" ions resulting from the
rich energy levels of Tm*" and CR between Tm®* and Gd*" may
increase upon heating.>>** For example, Tm*" at the 'D, and
G, states would interact with Tm>* at the *Hj state through two
processes, ('Dy, *Hg) — (*F, 3, *F, ;) (denoted as CR1) and (G,
*He) — (*Hy, *Hs) (denoted as CR2) (Fig. 4(a)). Tm*" at the °F, 5
state would then relax to the *H, state with the help of non-
radiative transition. As a result, both CR1 and CR2 boosted the
*H, state distribution for enhancing 1470 nm emission. Mean-
while, the CR processes between Tm** and Gd*", (°P,, 'G,4) —
(°Dy, *Hy), would also enhance the 1470 nm emission. Accord-
ing to the calculations, the elevation of temperature promoted
the rates of cross relaxations between Tm>" and Gd*" as well as
CR1 and CR2 in Tm®" ions (Fig. S12 and S13, ESI}). The
enhanced CR would correspondingly suppress the upconversion
processes of Tm**, As shown in the upconversion luminescence
spectra of the DRLNT collected under different temperatures,

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Proposed mechanism of the temperature response of probe-Tm.
(b) Proposed mechanism of the temperature response of probe-Nd. (c)
Upconversion emission spectra and (d) NIR emissions generated from Yb®*
and Nd** in DRLNT at different temperatures under 808 nm excitation.

the emissions at 450, 475 and 645 nm corresponding to the
transitions (D, — °F4), ("G4 — °He) and (G, — °F,) are
inversely proportional to temperature (Fig. 4(c)). It should be
noted that the depopulations of the 'D, and 'G, states via
temperature increased MPR were hardly possible because the
energy gaps from the 'D, and 'Gy states to their next lower levels,
namely 'D, — 'G, and 'G, — °F, 3, respectively, are quite large
(~6600 cm™ " for 'D, — 'Gy, of which the phonon order is 19;
6100 cm ™' for 'G, — °F, 5 of which the phonon order is 17.).>*
The MPR rates of 'D, —» 'G, and 'G, — °F,; were in the
magnitude of 10™* s as calculated (Fig. S15, ESI), indicating
that these processes were negligible. Additionally, the rates of
phonon-assisted energy transfer from Yb*" to Tm®* (*F5, (Yb*")
— *H, (Tm®")) were also positively related to temperature based
on calculations (Fig. S12, ESIT), which was another factor for the
population of the *H, state augmenting 1470 emission.
Meanwhile, the power-dependent NIR emission intensity
profiles of the DRLNT showed a slight increase in the slopes
at a higher temperature. For example, the ones measured from
1470 nm emission changed from 0.84 at 30 °C to 0.89 at 70 °C,
which might indicate that the cross relaxations and phonon
relaxation processes (*F,5 — °Hy, *H; — °F,) had improve-
ments upon temperature elevation. The slopes of logarithmic
1470 nm emission intensity to logarithmic power were all below
1 under 808 nm excitation at different temperatures (Fig. S9,
ESIt). Considering that an 808 nm light source was used to
excite the DRLNT, some excitation photons can also be directly
absorbed by Tm®" ions since the energy gap of *Hs — °H,
transition fits well with photon energy.”® Hence, Tm*" ions can
be excited by the direct *H, — °F, transition and also Yb*'/
Tm?*" energy transfer, which gave rise to an overall power-
dependent slope below 1. To prove the direct absorption of
808 nm photons by Tm**, NaGdF,:Yb,Tm@NaYF:Yb@NaGdF ,:
Yb@NaGdF, nanoparticles without Nd** doping were prepared
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and the power-dependent emission intensity profiles were
measured by 808 nm excitation based on the emission at
1470 nm (Fig. S11, ESI{). It showed that the 1470 nm emission
can be excited by 808 nm light and the power-dependent slope
was 0.72, which was below 1, indicating the existence of the
one-photon process. On the other hand, if DRLNT was excited
by 980 nm, the power dependent slope was larger than 1,
indicating that two-photon processes happened during the
NIR radiative transition (Fig. S10, ESIt).

For 1330 nm emission from Nd>**, the temperature response
may be attributed to the increasing rate of Nd*>* « Yb** back
energy transfer, *Fs, (Nd*") « 2Fs, (Yb*"), which was also
observed by other groups®® (Fig. 4(b)). Based on our calculation,
the elevation of temperature promoted a phonon-assisted
process which complemented the gap between *Fs, (Yb*')
and “F3, (Nd*"), therefore resulting in the increased rate of
energy transfer from Yb*>" to Nd*" (Fig. S12 and S14, ESI¥). The
contribution of temperature-induced Nd** < Yb®" back energy
transfer would reduce the net intensity of Yb®>" emission, which
was confirmed by the NIR luminescence results that the
emission at 975 nm of the DRLNT attributed to the *F5, —
’F,,, transition in Yb*" decreased (Fig. 4(d)). The intensity of
1060 nm emission originated from *F3, — I, barely chan-
ged with the temperature because the increasing rate of MPR of
Nd** (*Lis, — *Lip) (Fig. S12, ESIT) and thermal quenching
effect upon temperature elevation reduced the emission inten-
sity, so the increment of intensity induced by the Nd** « Yb**
back energy transfer was offset.”® The slopes of logarithmic
1330 nm emission intensity to logarithmic power also increased
a little with temperature from 0.86 at 30 °C to 0.97 at 70 °C,
which might indicate the gradual saturation of the *F;;, energy
level and Nd** « Yb** back transfer (Fig. S9, ESIt).

Temperature monitoring in vivo by the DRLNT

The biocompatibility of DRLNT was studied both in vitro and
in vivo. Firstly, the methyl thiazolyl tetrazolium assay was
carried out to evaluate the cytotoxicity of DRLNT@PEG in a
biological system. As illustrated by Fig. S20 (ESIt), the DRLNT
did not show an obvious toxic effect under the incubating
dosage up to 400 ug mL~* where the cell viability remained
above ~ 86%. Next, the hematoxylin and eosin (H&E)-staining
analysis of the main organs (heart, liver, spleen, lung and
kidney) of a mouse injected with the DRLNT 30 days after
intravenous injection showed that, compared to the control
mouse without DRLNT injection, no noticeable abnormality or
damage of the mouse’s organs was observed by the injection of
the DRLNT, implying that the administration of DRLNT@PEG
into the mouse model would not induce significant toxicity to
living animals (Fig. S21, ESI{). To evaluate the tissue penetra-
tion performance of NIR-II/III emission generated from the
DRLNT, an aqueous dispersion of the DRLNT was covered by
tissue slices with different thicknesses and the optical signals
were collected in the bioimaging system. As shown in Fig. S6
(ESIT), a majority of the emission intensity (>70%) of the
DRLNT remained under the tissue depth similar to the mouse
inflammation model (0.2 mm). It is worth noting that the
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optical signals can still be detected, and a signal to noise ratio
of 2.47 was achieved, which was enough for bioimaging and
temperature measurement, even when the thickness of the
tissue reached 3 mm.>” To investigate the correlation between
temperature and NIR emission intensity in the biological
environment, DRLNT@PEG was dispersed in phantom
mimicking biological tissue and the NIR luminescence signals
were collected under a series of temperatures to obtain the
calibration curve for in vivo temperature sensing (Fig. S17,
ESI¥).

As indicated in recent studies, some factors such as the
excitation power density, and the extinction coefficient of tissue
components, have important effects on the accuracy of temperature
readings of ratiometric luminescent nanothermometers.*?*%%°
To ensure the temperature reading reliability of the DRLNT, those
factors were investigated in detail in our work. The emission ratios
of I330/l1215 and I 470/11215 that were used for temperature sensing
in probe-Nd and probe-Tm, respectively, were monitored under
different excitation power at the same temperature. It was found
that the ratios of NIR-II/III emissions did not change with the
excitation power density, therefore excluding the artefact induced
by excitation (Fig. S18, ESIt). Moreover, the extinction coefficients
of the tissue mimicking phantom for acquiring the temperature
calibration curve of the DRLNT in vivo matched well with the
one measured from the skin of the mouse paw in the range from
1200 to 1500 nm (Fig. S19, ESIT), which confirmed the feasibility of
using phantom to obtain the temperature calibration for in vivo
measurement. Detailed correction of the calibration was based on
the reported method® and shown in the ESL+ The luminescence
spectra normalized at 1215 nm indicated that the emissions at
1330 and 1470 nm rose with temperature as observed in the
aqueous solution (Fig. 6(a)). The calibration curves of probe-Tm
and probe-Nd were determined as I 470/1215 = 0.047 T + 3.099 and
Liz30/l1215 = 0.050 T + 3.517 (T given in °C) (Fig. 6(b) and (c)). The
sensitivity of the two ratiometric probes was illustrated in Fig. 6(d)
with typical values of 1.06 and 0.99% °C™" at 30 °C, respectively.
The repeatability (R,) and uncertainty (67) are also crucial for the
accurate temperature reading.>*® Detailed calculation processes of
R, and 8T are given in the ESL{ The R, of temperature detection
using DRLNT was characterized by measuring the changes of
emission ratios in cold-hot cycles (e.g. 10 and 70 °C, Fig. 5(a) and
(b)). It showed that the best R, value of the DRLNT in cold-hot
cycles was 98.2% (probe-Tm) and 98.8% (probe Nd), respectively,
which ensured the good reliability of the DRLNT for temperature
sensing. The standard deviation of multiple measurements (60
times) at certain temperature points (e.g: 40 °C, Fig. 5(c) and (d))
was also evaluated, of which the value was 0.73% for probe-Tm and
0.79% for probe-Nd, indicating the high precision of the reading
result of the DRLNT. Additionally, the uncertainty (8T) value can be
calculated as 0.30 °C for probe-Tm and 0.31 °C for probe-Nd at
30 °C (Table S2, ESIf), indicating that the DRLNT had a decent
accuracy of detection for in vivo temperature sensing. Considering
that the Tm-probe had a better performance in thermal sensitivity,
it was used to carry out the demonstration of imaging-based
temperature detection in living bodies. It is known that the
inflammation would cause temperature elevation in the lesion,*
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Fig. 5 Temperature reading repeatability of (a) probe-Nd and (b) probe-
Tm in the DRLNT under cold-hot cycles (10 to 70 °C). The emission ratios
of I1330/l1215 and l1470/11215 used by probe-Nd and probe-Tm, respectively,
were recorded in each cycle. Multiple measurements (60 times) at 40 °C
using (c) probe-Nd and (d) probe-Tm in the DRLNT. The emission ratios of
l1330/l1215 and l1470/11215 used by probe-Nd and probe-Tm, respectively,
were recorded for the calculation of the standard deviations. The average
value of the emission ratio was labelled by a dashed line.

so an inflammation model in a Balb/c mouse was established to
validate the feasibility of using the DRLNT for temperature mon-
itoring in vivo with biomedical purposes. Carrageenan dissolved in
saline was administrated to the right hind paw of the mouse to
induce acute inflammation and the left hind paw was injected with
saline as a control.** The DRLNT dispersed in saline (10 mg mL ",
20 pl) was then administrated to both paws. As shown in Fig. 6(e),
the temperature imaging given by probe-Tm of the DRLNT indi-
cated the elevation of the temperature on the right paw with the
average temperature value of 39.6 °C and the left paw exhibited an
average temperature of 37.1 °C, which proved that the DRLNT was
able to detect and visualize the temperature in a living body for
disease diagnosis and physiological process monitoring.

Conclusions

In conclusion, we have demonstrated a lanthanide-doped NIR-
II/III emissive nanocomposite, NaGdF,:Yb,Tm@NaYF,:Yb@-
NaGdF,:Yb,Nd@NaGdF,, as a dual ratiometric luminescence
nanothermometer (DRLNT) for temperature imaging in the
living body. The 1215 nm emission generated from Tm®*" ions
is used as a reference and the emissions at 1330 and 1470 nm,
which are produced by Nd** and Tm** ions, respectively, are
employed as working wavelengths so that two ratiometric
temperature probes (namely probe-Tm and probe-Nd) can be
established in one system. By utilizing the cross-relaxation
processes among lanthanide ions (Gd*" and Tm®* ions), the
NIR-II emissions of Tm** ions were significantly enhanced
(e.g. ~25 folds of quantum yield enhancement compared to
the counterpart without cross-relaxation effect). We further
investigated the temperature detection capability of the DRLNT
and demonstrated its application of NIR-II/III bioimaging-
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Fig. 6 (a) NIR luminescence spectra of DRLNT@PEG in tissue phantom at
10 to 70 °C by external heating. The peaks were normalized at 1215 nm. (b)
A plot of l1470/l1215 versus T to calibrate probe-Tm. Error bars were defined
as s.d. (n = 3). (c) A plot of I1330/l1215 versus T to calibrate probe-Nd. Error
bars were defined as s.d. (n = 3). (d) Relative thermal sensitivity (S,) of
probe-Tm and probe-Nd. The temperature range is from 10 to 90 °C. Error
bars were defined as s.d. (n = 3). (e) The demonstration of in vivo
temperature imaging using the probe-Tm of the DRLNT in a mouse
inflammation model. The right hind paw was injected with carrageenan
to induce inflammation. The left paw was injected with saline as a control.

based temperature measurement in a mouse inflammation
model. The nanothermometer presented in this work not only
serves as a candidate for temperature detection in vivo. Since
the temperature response units of the two ratiometric tempera-
ture probes lie in different layers of the nanocomposite, in
which the distance between probe-Tm and probe-Nd is about
8 nm, the DRLNT is thus hoped to be used as a powerful tool to
study nanoscale heat conduction processes, providing high
spatial resolution. The emission enhancement strategy using
cross-relaxation improved the in vivo performance of the
nanothermometer in this work. It also provides an insight into
the optimization of the NIR luminescence of lanthanide lumi-
nescent materials, which can inspire the development of
lanthanide nanoprobes with efficient luminescence for bioima-
ging, biosensing and other biomedical applications.
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