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Abstract. Fluorescent nanothermometers for remote temperature measurement at the micro/nanoscale have
stimulated growing efforts in developing efficient temperature-responsive materials and detection procedures.
However, the efficient collection and transmission of optical signals have been a tremendous challenge for
practical applications of these nanothermometers. Herein, we design an all-fiberized thermometry based on
a fiber-coupled microsphere cavity coated with thermo-sensitive NaYF,:20%Yb3",2%ErP+ @NaYF,
nanocrystals (NCs), allowing for spatial temperature sensing with resolution down to the few-micrometer
scale. In our design, the microsphere efficiently excites the NCs and collects their upconversion emissions,
and the use of a fiber splitter coupled with the microsphere allows for lossless routing of excitation and emitted
light. We demonstrate the use of this all-fiber temperature sensor in diverse environments, especially in
strongly acidic and alkaline conditions. Leveraging the high flexibility of commercial silica fiber, this all-fiber
temperature sensor was employed for stable fixed-point real-time temperature measurement and multipurpose
temperature recording/mapping in opaque environments, microscale areas, various solutions, and
complicated bent structures. Thus, the demonstrated design could have strong implications for the practical
use of nanothermometers in various possible scenarios, especially monitoring temperatures in diverse
physiological settings.
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1 Introduction synthetic routes have led to the discovery of attractive temper-
ature-sensitive properties in a wide range of different fluorescent
nanomaterials, including deoxyribonucleic acid (DNA) or pro-
tein-conjugated systems, small organic compounds, dye-doped
polymeric nanoparticles, lanthanide-ion-doped nanoparticles,
and quantum dots.” These nanothermometers with high spatial
resolution (<10 gm), short acquisition time (<1 ms), capability
of remote operation, and high relative thermal sensitivity have
found numerous potential applications in nanofluidics, catalytic
*Address all correspondence to Guoping Dong, dgp@scut.edu.cn reactions, microelectronics, and perhaps most importantly, cell

Fluorescent nanomaterials possessing thermal-responsive fluo-
rescence properties [Fig. 1(a)] can be used for remote and high-
sensitivity thermal readouts at the micro/nanoscale.' Such nano-
materials have been extensively exploited as nanothermometers,
and numerous researchers continue to work on their design
and synthesis.”™ In recent years, advanced physicochemical
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biology, preclinical research, and diagnostics.'®"* Despite the
fact that the recently developed nanothermometers are radically
more sophisticated, encompassing complex synthetic proce-
dures, they always face a fundamental problem: practical tem-
perature detection is often hampered by difficulties in optical
signal collection and transmission. For example, optical ther-
mometry based on fluorescence prevents most such nanother-
mometers from temperature measurement in opaque
environments. The extreme spatiotemporal resolution is only
accessible with state-of-the-art real-time superresolution imag-
ing techniques, which, however, is not suitable for most practical
applications. Furthermore, the difficulty in locating and immo-
bilizing fluorescent nanoparticles makes their use for accurate-
position temperature measurement almost impossible. Thus,
these pressing issues inspire us to construct a platform for fluo-
rescent nanothermometers to realize manipulable real-time tem-
perature sensing and further operate in a variety of complicated
environments.

Recently, whispering gallery mode (WGM) optical microre-
sonators have attracted intense interest. The unique combination
of high-quality (Q) factors and small mode volumes in a WGM
resonator significantly enhances the light field and leads to an
extraordinarily high light intensity inside the resonator with
a modest input power, which is due to a strong interaction
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between the light field and the objects placed in the cavity mode
volume.” Among the WGM resonators, microsphere cavities
confine the light through total internal reflection [Fig. 1(b)],
and both transverse electric and transverse magnetic propagat-
ing modes keep high Q factors.'*"” Coating Tm**-doped nano-
particles onto the microsphere cavity, upconverted lasing with
an ultralow threshold of continuous-wave excitation was
achieved at room temperature.'®'* This result suggests that the
microsphere cavity could be an efficient method to collect the
fluorescence signals by coating the nanothermometers onto its
surface [Fig. 1(c)]. Encouragingly, at the glass softening temper-
ature, glass fibers could be used to fabricate high-quality micro-
sphere cavities driven by surface tension.”*' Separately, optical
fibers exhibit the advantages of light weight, small size, large
bandwidth, high signal light transmission efficiency, and free-
dom from electromagnetic interference.”> These unique ad-
vantages make glass fibers a feasible and effective choice to
transmit the fluorescence signals collected by the microsphere
cavities.

Here, we demonstrate the development of an all-fiber temper-
ature sensor based on a fiber-coupled microsphere cavity coated
with rare earth (RE)-doped upconversion (UC) nanocrystals
(NCs). With the use of a fiber splitter, both the excitation
and emission lights are efficiently coupled in and out of the fiber
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Fig. 1 Schematic representation of the NC@FMS all-fiber temperature sensor. (a)-(c) Schematic
design of temperature sensing using the NC@FMS: (a) temperature-sensing strategies of nano-
materials relying on emission intensity, lifetime, peak position, and fluorescence intensity ratio
(FIR); (b) schematic of total internal reflection of light in an FMS; (c) schematic of excitation
and emission in an NC@FMS. (d) Schematic design of all-fiber temperature sensing based on
the NC@FMS. The insets in panel (d) illustrate the purpose of different fiber segments.
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microsphere (FMS), as shown in Fig. 1. Benefiting from the
thermometric response of the UC emission from the NCs, the
designed NC-coated FMS (NC@FMS) all-fiber temperature
sensor shows high accuracy over a wide temperature window.
With excellent stability, micrometer-level spatial resolution,
and high flexibility, the NC@FMS all-fiber temperature sensors
can be used for remote temperature monitoring and real-time,
high-precision temperature recording in opaque environments,
trace solutions, microscale areas, complex bent structures, and
multidimensional temperature fields. These successful temper-
ature measurements demonstrate that our fiber-coupled hybrid
microsphere cavity design greatly promotes the real applications
of nanothermometers in demanding scenarios. More impor-
tantly, the designed all-fiber nanothermometer could be prom-
ising for monitoring temperature in a human body almost
regardless of tissue penetration depth of the emissions.

2 Results and Discussion

2.1 Fabrication and Properties of the Designed
NC@FMS All-Fiber Temperature Sensor

Our design concept based on the fiber-coupled microsphere cav-
ity has been implemented following the unique total reflection
of light in microsphere cavities and optical fibers. Silica fiber as
a single-component fiber has a wide softening temperature
range, favorable mechanical properties after softening, and high
transmittance in a wide spectral region.”®* Thus, silica fibers
can be fabricated into high-quality microspheres that allow
for simultaneous transmission of the excitation and emission
lights from most fluorescence NCs by total reflection. The reali-
zation of low-threshold lasers through coating various light
emitters onto a silica microsphere®™™" illustrates that most fluo-
rescent NCs can be efficiently excited in this well-designed all-
fiber platform. The commercialization of silica fiber enables us
to introduce a fiber splitter fabricated with the same commercial
silica fiber to fuse with the tail fiber of the FMS for realizing
all-fiberization. Moreover, the low cost of commercial silica fi-
bers is another essential factor that encourages us to choose
them for the fabrication of the FMS and the all-fiber paths.
The recent development of the fluorescence intensity ratio
(FIR) thermometric technique from RE ions has inspired the de-
sign of upconverting RE-based nanothermometers for many ap-
plications, particularly in hyperthermia and photothermal
therapeutic approaches.” Meanwhile, an NaYF, host with a re-
fractive index comparable to that of silica glass®' can ensure the
leaking of more excitation light reflected in the FMS into the
outer surface layer of NCs and the coupling of more emission
light from the surface NCs into the FMS, thereby improving
the signal readout accuracy. Accordingly, a widely studied
Yb3**+-Er*t co-doped NaYF, NC with a high UC efficiency
is considered as the ideal nanothermometer in our design.

To obtain morphology- and size-uniform NCs for homo-
geneous coating and enhanced fluorescence intensity for accu-
rate signal reading, we prepared a multilayer core-shell
nanostructure consisting of NaYF, : 20%Yb**, 2%Er’** @NaYF,
using a modified multistep co-precipitation method.** The as-
synthesized core-shell NCs with a hexagonal structure exhibit
a monodisperse spherical morphology with an average size of
45 nm [Fig. 2(a); Figs. S1 and S2(a) in the Supplementary
Material]. Under 980 nm excitation, typical visible UC emis-
sions of Er*t were detected, and the outer NaYF, layer elim-
inates possible surface quenching effects, resulting in a much
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enhanced UC intensity [Fig. S3(a) in the Supplementary
Material]. Following a method similar to fiber splicing,” we fab-
ricated FMSs with different diameters driven by the surface ten-
sion. A CO, laser beam is employed to heat and soften a silica
fiber tip, which then transforms into a sphere of controllable
size. The scanning electron microscopy (SEM) image in
Fig. 2(b) confirms the smooth surface of the obtained FMS that
benefits a high Q factor and a strong light local field. The sur-
face oleate ligands introduced during the synthetic process [Fig.
S2(b) in the Supplementary Material] endow the as-synthesized
NCs with outstanding hydrophobicity. Such hydrophobic NCs
can be deposited onto the surface of microspheres by partial
swelling of microspheres in a polar solvent mixture to drive
van der Waals interactions between the hydrophobic surface
of NCs and the outer region of the microspheres.'® Thus, we
immersed the fabricated FMSs into a cyclohexane dispersion
of the as-synthesized NCs to coat the NCs onto the FMSs
[see Fig. S4(a) in the Supplementary Material]. The SEM image
of an NC@FMS in Fig. 2(c) definitely presents the successfully
deposited NCs on the FMS surface through this solution-
phase process. Observations in Figs. S4(b)-S4(f) in the
Supplementary Material suggest that a high NC concentration
is beneficial to acquire homogeneous coating.

Subsequently, we fused the tail fiber of a homogeneous
coated FMS to a fiber splitter to construct an all-fiber sensing
platform, as shown in Fig. S5 in the Supplementary Material.
With the all-fiber optical paths, we successfully detected the visible
UC emissions from the surface NaYF,:20%Yb*,2%Er*t @
NaYF, NCs [Fig. 2(d)]. In the microscopic dark field, obvi-
ously, the surface NCs are sufficiently excited [inset in Fig. 2(d)]
and the FMS effectively localizes the emissions and couples
them into fiber paths [Fig. S3(b) in the Supplementary
Material]. The ultra-low transmission loss of the commercial
silica fiber allows the designed NC@FMS all-fiber sensor to
perform remote temperature measurement by adjusting the
length of fiber optical paths [Fig. 2(e)]. While the good stability
of both NCs and silica fibers enables the designed NC@FMS
all-fiber sensors to be stable in diverse environments (e.g., or-
ganic solution, water, and strong alkali), importantly, after dry-
ing in the air again, the emission intensities can be completely
restored [Figs. 2(f)-2(h); Figs. S6(a) and S7(a)-S7(c) in the
Supplementary Material]. The SEM images in Figs. S8(a)—
S8(c) in the Supplementary Material show that after immersion
in these environments for 20 min, the FMSs are still coated with
many NCs, consistent with the above spectroscopic results. The
different intensity changes in different environments [Figs. 2(f)—
2(h)] arise from the different refractive index differences be-
tween the FMS and the environments. However, by immersing
the NC@FMS in a strong acid, its emission intensities immedi-
ately decrease and cannot be restored after drying in the air
(Figs. S6(b) and S7(d) in the Supplementary Material], as there
are only a few NCs left on the FMS surface [Fig. S8(d) in the
Supplementary Material], which is because acid could release
the oleate ligands from the NC surface through protonation.*
This confirms that the stable coating of as-synthesized NCs onto
the FMS results from the van der Waals interaction between the
organic ligands of NCs and the outer region of the microsphere.
It is worth noting here that the extremely weak blue emissions at
~410 and 470 nm that are assigned to the *Hy/, — *I;5,, and
K572 = 113, transitions of Er*™ (Refs. 35 and 36) were also
detected from the NC@FMS [see the enlarged spectrum in
Fig. 2(d)]. This is owing to the effective coupling of the UC
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Fig. 2 Properties of the designed NC @ FMS all-fiber temperature sensor. (a) Transmission electron
microscope (TEM) image of the as-synthesized NaYF,:20%Yb%+, 2%Er** @NaYF4 NCs. (b) SEM
image of a silica FMS. (c) SEM images of the NaYF,:20%Yb®+, 2%Er** @NaYF, NC@FMS and its
surface structures. (d) Photoluminescence (PL) spectrum of the NaYF, :20%Yb3+, 2%Er*+ @NaYF,
NC@FMS all-fiber sensor under 980 nm fiber laser excitation. The insets are the corresponding
microscopic fluorescent photograph and the enlarged spectrum from 365 to 490 nm. (e) PL spectra
of the NaYF,:20%Yb3*,2%Er+@NaYF, NC@FMS all-fiver sensor with different fiber A [as
labeled in Fig. 1(d)] lengths under 980 nm fiber laser excitation. The inset is the photograph of fiber
A. (f)—(h) PL spectra of the NaYF,:20%Yb3*t,2%Er+ @NaYF, NC@FMS all-fiber sensor before,
during, and after immersion in different environments for 1 min: (f) in cyclohexane, (g) in water, and
(h) in alkali. The insets are the fluorescent photographs of the NC@FMS in different environments.

emissions within the microsphere cavity modes, indicating that
our design also could utilize weak fluorescence emissions for
temperature sensing.

2.2 Thermometric Performance of the Designed
NC@FMS All-Fiber Temperature Sensor

In the as-synthesized NCs, Yb** ions with a much larger ab-
sorption cross section at 980 nm strongly absorb the incident
980 nm photons” and then sensitize Er’* ions, realizing
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stronger UC emissions (Fig. S9 in the Supplementary
Material). Specially, the 2H,, 2= 4115/2 Iy = 522 nm) and
48, 52— ;s 2 (Is = 542 nm) transitions are in close proximity
in energy that leads to a thermal equilibrium governed by the
Boltzmann law.* Therefore, based on the strongly temperature-
dependent green emissions of Er’*, we placed an NC@FMS
with an FMS diameter of ~50 pym onto a metal heater to perform
temperature calibration of the corresponding all-fiber sensor
(Fig. S10 in the Supplementary Material). The two green emis-
sions change synchronously with the temperature [Fig. 3(a)],
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Fig. 3 Thermometric performance of the NaYF,:20%Yb®", 2%Er+ @NaYF, NC@FMS all-fiber
temperature sensor. (a) Green fluorescence response of the all-fiber sensor to temperature rang-
ing from 225 to 465 K. The inset on the left is the microscopic fluorescent photograph of the
NC@FMS at room temperature. Scale bar: 15 um. The inset on the right shows the energy levels
from which emissions are observed. (b) Experimental data and fitted curve of FIR (?Hy;5/%S3,)
against the absolute temperature. (c) Absolute and relative sensitivities of the all-fiber temperature
sensor. (d) FIR (2H11/2/483/2) fluctuations of the all-fiber temperature sensor over time at the con-
stant temperatures of 225, 300, and 465 K. (e) Temperature cycling test of the all-fiber temperature
sensor between 225 and 465 K. (f) SEM images of the NC@FMS and its surface structures after
the thermometric testing. (g) Comparison of the temperature response between the commercial
thermistor and the all-fiber temperature sensor. (h) Emission intensity fluctuations of the annealed
NC@FMS all-fiber temperature sensor over time when in an acidic environment.

and an exponential relation exists between FIR values and ab- sensor. Figure 3(c) provides the absolute sensitivity [S,, ob-
solute temperature (7') in the temperature range from 225 to tained through Eq. (5) in Sec. 4.6] and relative sensitivity
465 K [Fig. 3(b)], which consists of the Boltzmann law, as ex- [S;, obtained through Eq. (6) in Sec. 4.6] values. The S, is com-
pected from Eq. (4) (as detailed in Sec. 4.6). Hence, one can parable to those of previously reported Er’*-doped nanomate-
easily measure or monitor the temperature using the NaYF,: rials (Table S1 in the Supplementary Material), indicating that
20%Yb*, 2%Er** @NaYF, NC@FMS all-fiber temperature the FMS and fiber paths only collect and transmit the emitted
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Fig. 4 Applications of the NaYF,:20%Yb®+,2%Er*t @NaYF, NC@FMS all-fiber temperature
sensors in enclosed spaces and microscale areas. (a) Photograph of the commercial silica fiber
wrapping around a glass rod. Scale bar: 5 mm. (b) Schematic of the NC@FMS all-fiber temper-
ature sensor performing fixed-point temperature detection in an enclosed space. (c) Temperature
changes with time in an enclosed space monitored using the NC @ FMS all-fiber temperature sen-
sor. The inset shows the corresponding photograph. (d) Temperature changes with time in 20 uL
of heated 1-octadecene (ODE) monitored using the NC@FMS all-fiber temperature sensor. The
inset is the photograph of the NC @FMS when in the heated ODE. (e) Photograph of the NC@FMS
all-fiber temperature sensor inserted in a capillary tube. (f) End face photograph of the capillary
tube in panel (e). (g) Interior temperature distribution of the capillary tube in the thermal field
measured using the NC @ FMS all-fiber temperature sensor. (h) Interfacial temperature distribution

between water and ODE measured using the NC@FMS all-fiber temperature sensor.

photons and have no effect on the thermometric performance of the
coated NCs. With increasing measurement time, the detected FIR
values (I5p, /I54,) and green intensities at 522 and 542 nm fluctuate
in a very small range at the constant temperatures of 225, 300, and
465 K [Fig. 3(d); Figs. S11(a) and S11(b) in the Supplementary
Material], suggesting that the all-fiber temperature sensor is
quite stable. After 15 response cycles in the temperature range
of 240 K and two continuous temperature change tests, the sensor
maintains good reproducibility and shows stable and repeatable
temperature detection [Fig. 3(e); Figs. S11(c), S11(d), and S12 in
the Supplementary Material]. The NCs on the FMS surface do
not fall off obviously after one cycle of the thermometric perfor-
mance testing [Fig. 3(f)], which contributes to the high reproduc-
ibility. In addition, we tested the temperature response between
the all-fiber sensor on the metal heater and the thermistor placed
in a suit. The demodulation results in Fig. 3(g) show that the sen-
sor could mostly synchronize the changes with the thermistor,
demonstrating that the all-fiber temperature sensor can respond
accurately and quickly to temperature changes.
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We also coated the NaYF,:20%Yb*", 2%Er’* core NCs
onto the surface of an FMS with a diameter of ~50 ym and
tested the temperature sensing of the corresponding all-fiber
sensor. Its good thermometric performance (Fig. S13 in the
Supplementary Material) indicates that our designed all-fiber
platform can be used as a general system for fluorescent nano-
thermometers. Furthermore, by adjusting the fabrication param-
eters of the FMS, FMSs of different sizes are fabricated, and the
resultant NC@FMS all-fiber temperature sensors demonstrate a
tunable spatial resolution (Fig. S14 in the Supplementary
Material). In Fig. S14(a) in the Supplementary Material,
we controlled the FMS size below 10 um, illustrating that
the spatial resolution of our designed all-fiber temperature
sensor can reach a few-micrometer scale. However, the
NaYF,:20%Yb**,2%Er** @NaYF, NC@FMS presents poor
intensity stability at a higher temperature and no longer follows
the Boltzmann law at a lower temperature (Fig. S15 in the
Supplementary Material), which may be due to the decomposi-
tion of organic ligands and formation of defects.”® Thermal

Jul/Aug 2024 e Vol. 3(4)
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treatment is a convenient and effective way to eliminate the or-
ganic ligands and structure defects in nanomaterials prepared
by chemical synthetic methods.”® Thus, we annealed the
NaYF,:20%Yb’", 2%Er’*t @NaYF, NC@FMS at 250°C for
3 h and then connected it to a fiber splitter. Although melting
and agglomeration occur for the coated NCs [Fig. S16(a) in the
Supplementary Material], the NCs preserve the hexagonal struc-
ture and provide thermal-sensitive green emissions in a wider
temperature range as compared with the pristine NCs [Figs.
S16(b) and S16(c) in the Supplementary Material]. In the tem-
perature range from 195 to 510 K, the curve of /5y, /I54, versus
T shows good exponential fitting, and the FIR values
exhibit small fluctuation when increasing measurement time
and good reproducibility in 15 cycles [Fig. S16(d)-S16(f) in
the Supplementary Material]. In addition, the annealed NC@
FMS all-fiber temperature sensor has almost the same temper-
ature response as the commercial thermistor [Fig. S16(g) in the
Supplementary Material]. Consequently, thermal treatment to
as-synthesized NCs improves the thermometric performance
of the all-fiber sensor, suggesting that the optimization of nano-
thermometers alone can improve the thermometric performance
of the designed all-fiber sensing platform. Intriguingly, the
slight melting during the annealing process makes the NCs at-
tach strongly to the FMS surface; therefore, the annealed NC@
FMS all-fiber temperature sensor exhibits high stability for mea-
surement in a strongly acidic environment [Fig. S17(a) in the
Supplementary Material]. Even after immersion for 20 min,
the fluorescence performance and surface of the annealed
NC@FMS do not show any evident structural change [Fig. 3(h);
Fig. S17(b) in the Supplementary Material]. After comparing
the thermometric performance of the illustrative NC@FMS
all-fiber temperature sensors (Table S2 in the Supplementary
Material), there is no significant difference in their calculated
energy gap (AE), S, and S,. This further reveals that the
fiber-coupled microsphere has no effect on the thermometric
performance of the coated nanothermometers but can efficiently
collect and transmit the detection signal.

2.3 Applications of the Designed NC @ FMS All-Fiber
Temperature Sensor

Commercial silica fiber is highly flexible, as displayed in
Fig. 4(a), which shows that it easily wraps around a glass rod
with a diameter of 5 mm. Leveraging the good stability and high
spatial resolution down to the micrometer scale, it is possible to
manipulate the NC@FMS for temperature measurement in
some special scenarios. First, we put the NC@FMS in an en-
closed and opaque space to monitor the temperature at a particu-
lar location [Fig. 4(b)]. The sensor responds quickly and stably
at a large temperature range [Fig. 4(c); Fig. S18 in the
Supplementary Material]. So, the all-fiber platform realizes
nanothermometers for precise real-time temperature monitoring
in some special dark environments, such as electromagnetic in-
terference environments. Second, the NC@FMS has stable fluo-
rescence output, leading to stable fixed-point temperature
monitoring in trace solutions, as exemplified here by 20 uL
of water or l-octadecene (ODE) [Fig. 4(d); Figs. S19 and
S20 in the Supplementary Material]. In addition, by manipulat-
ing the fiber path, the NC@FMS can move in the trace solutions
and accurately monitor its temperatures at different depths (Fig.
S21 in the Supplementary Material). By increasing the control
precision of the fiber path, the temperature distribution in
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a microscale area can be mapped. Figures 4(e)—4(g) show the
temperature distribution mapping in a heated capillary tube with
an internal diameter of 400 ym, which is obtained by inserting
the NC@FMS in it, and the temperature is measured at intervals
of 500 ym (Fig. S22 in the Supplementary Material). These re-
sults could have strong implications for precise temperature
measurement in microfluidics and catalytic reactions.

The high-precision temperature point acquisition allows the
NC@FMS all-fiber temperature sensor to be used in certain sce-
narios that are not easily amenable to existing thermometric
strategies. By stepwise moving the NC@FMS at a high resolu-
tion, we mapped the temperature distribution at the interface of a
heated mixed liquid using this all-fiber sensor with an FMS
diameter of 50 ym [Fig. 4(h)]. The interface has a higher tem-
perature, and its dimension is less than 500 ym [Figs. S23(a)—
S23(c) in the Supplementary Material], which cannot be easily
obtained by existing commercial thermometers. It should be
noted here that although different environments would cause
a change in the fluorescence intensity at 522 and 542 nm for
the NC@FMS, the FIR value is not affected, as the relative
change in intensity at the two wavelengths is almost the same
[Figs. S23(d) and S23(e) in the Supplementary Material].
Furthermore, we employed the NC@FMS to measure the
photoluminescence (PL) spectra at 1 mm intervals in a three-di-
mensional (3D) temperature field with a dimension of 5 mm x
5 mm x 5 mm [Fig. S24(a) in the Supplementary Material].
According to the detected PL spectra, we successfully drew a
3D temperature mapping. As shown in Fig. 5(a), we can clearly
observe the temperature distribution in 3D space, which breaks
through the dimensional limit of the infrared thermal imaging
technique. In addition, using the designed all-fiber temperature
sensor, we obtained the complete thermal information of a tem-
perature field with any size, including the exact temperature at
arbitrary points [Fig. S24(b) in the Supplementary Material], the
temperature distribution [Fig. 5(a)], and the temperature gra-
dient [Fig. S24(c) in the Supplementary Material].

Intriguingly, in Fig. 5(b), the fluorescent NC@FMS moves
freely in an S-type capillary tube by manipulating the fiber path,
such that the interior temperature at different positions can be
measured according to the corresponding PL spectra [Fig.
S25(a) in the Supplementary Material]. When the S-type capil-
lary tube is positioned in temperature fields, the interior temper-
ature distribution can be mapped by moving the NC@FMS with
2 mm intervals [Figs. 5(c) and 5(d); Figs. S25(b) and S25(c) in
the Supplementary Material]. Moreover, the NC@FMS can
move freely and perform accurate temperature measurements
in a U-shaped tube with a larger curvature and size (Fig. S26
in the Supplementary Material). These results reveal that the
NC@FMS all-fiber temperature sensor with high flexibility
can be used in various complex bent structures, especially in
blood vessels. As shown in Figs. S27(a) and S27(b) in the
Supplementary Material, fiber transmission allows the temper-
ature measurement using this sensor in opaque artificial blood,
and monitoring its temperature changes with time. For this dem-
onstration, we fill artificial blood into an artificial blood vessel
with an inner diameter of 900 ym to simulate human blood ves-
sels. The NC@FMS moves inside this vessel easily and accu-
rately measures temperature at arbitrary positions [Fig. 5(e)].
Thus, this all-fiber platform enables the measurement of temper-
ature in a human body without consideration of the tissue
penetration depth of the emissions from nanothermometers.
Furthermore, other fluorescent nanothermometers with better
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Fig. 5 Applications of the NaYF,:20%Yb®*,2%Er** @NaYF, NC@FMS all-fiber temperature
sensors in complicated structures. (a) Temperature distributions of different planes in the
micro-area 3D temperature field with a dimension of 5 mm x5 mm x 5 mm by measuring the tem-
perature at 1 mm intervals using the NC@FMS all-fiber temperature sensor. (b) Photographs of
the NC@FMS all-fiber temperature sensor measuring the interior temperature of an S-type capil-
lary tube. (c) and (d) Interior temperature distributions of the S-type capillary tube when in (c) a
cooling field or (d) a thermal field measured using the NC@FMS all-fiber temperature sensor.
(e) Temperatures at different positions of the artificial blood vessel measured using the NC@
FMS all-fiber temperature sensor. The insets show the photograph of the all-fiber sensor inserted
in the artificial blood vessel and its inner diameter. The temperature at the location of the heating

source in the temperature field is 38°C.

thermometric performance but with emissions outside of the
biological window can be used based on this design, which
could be promising for cell biology, preclinical research, and
diagnostic applications. As provided in Figs. S27(c) and
S27(d) in the Supplementary Material, the S, and S, values
of the NC@FMS all-fiber temperature sensor within a small
temperature range (33°C to 45°C) were calculated to be
0.0028°C~! and 1.164%°C~!, which are comparable with those
of previously reported electrical sensors.*’

3 Conclusion

In summary, by uniformly coating monodisperse upconverted
NCs onto a fiber-coupled FMS cavity with minimized scattering
loss, we have shown that the UC emissions from NCs can be
efficiently collected and transmitted through the FMS and fiber
paths, respectively. Thereby, an NC@FMS all-fiber temperature
sensor with high stability, repeatability, and accuracy based on
the thermally coupled levels (TCLs) of Er*" (*Hy; , and *S; ,)
has been constructed. We verified that this all-fiber temperature
sensor has good stability, which enables its stable fluorescence
output in various environments, such as water, organic solu-
tions, and even strong alkalis. Moreover, by adjusting the size
of the FMS, the all-fiber temperature sensor demonstrates tun-
able spatial resolution from less than 10 ym to more than
100 ym. The performance can be improved by the thermal
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treatment of coated NCs, such that the annealed all-fiber sensor
can be used for temperature measurement in a wider temperature
range and harsh liquid environments with good stability and
accuracy. By the combination of high spatial resolution and
flexibility, the all-fiber temperature sensor allows for stable
real-time temperature measurements in closed-dark spaces,
trace solutions, microscale areas, and complex ben structures.
In addition, the high-precision fixed-point temperature record-
ing enables multidimensional temperature mapping, from which
temperatures at arbitrary locations, temperature gradient, and
temperature distribution can be precisely determined. This all-
fiber optic design demonstrated here provides an easy and con-
venient strategy for the development of fluorescent nanosensors
with efficient collection and transmission of optical signals and
significantly leverages the advantages of nanothermometers for
temperature measurement in complicated and demanding sce-
narios, especially for monitoring human body temperature
and constructing completed thermal information of multidimen-
sional temperature fields.

4 Appendix: Experimental Section

4.1 Materials

The starting materials were oleic acid (OA, 90%), ODE (90%),
RE(CH;CO»); (99.9%) (RE =Y, Yb, and Er), NaOH (>98%),
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NH4F (>98%), and methanol (reagent grade). All of these
materials were purchased from Sigma—Aldrich (St. Louis,
Missouri, United States) and used as received unless otherwise
noted. The solution of RE(CH;CO,); (0.2 M) was prepared by
dissolving RE salt in distilled water within an ultrasonic bath.
The methanol solution of NH4F (0.4 M) was prepared by dis-
solving the appropriate amount of NH4F in methanol within an
ultrasonic bath.

4.2 Synthesis of NaYF,:20%Yb**,2%Er** Core NCs

The NaYF,:20%Yb*",2%Er3* core NCs were synthesized
through a multistep co-precipitation method, as previously re-
ported, with some modifications.”” In a typical synthesis,
3 mL of OA and 7 mL of ODE were added into a 50-mL
round bottom flask, followed by the addition of 2 mL of
RE(CH;3CO,); (0.2 M) (Y:Yb:Er = 78:20:1, mol%) stock sol-
ution. The mixed solution was heated to 150°C under stirring for
1 h to form a lanthanide-oleate and then cooled to room temper-
ature. Then, 1 mmol of NaOH was dissolved into 1 mL of meth-
anol with ultrasonic agitation. At room temperature, the NaOH-
methanol stock solution was pipetted into 4 mL of NH4F-
methanol (0.4 M) stock solution. After vortexing for 10 s,
the mixture was quickly injected into the reaction flask.
Subsequently, the mixture was heated to 50°C, kept at this tem-
perature for 0.5 h, and then heated to 100°C for 1 h under vac-
uum to remove methanol. Then, the mixture was heated to
290°C and incubated at 290°C for 1.5 h under an argon
atmosphere. After the reaction, the flask was cooled to room
temperature, and the precipitation NCs were collected by cen-
trifugation at 8000 r/min for 5 min. The obtained NCs were
washed several times with ethanol and cyclohexane and finally
dispersed in 4 mL of cyclohexane for subsequent use.

4.3 Synthesis of NaYF, :20% YD, 2%Er3t @NaYF,
Core-Shell NCs

The NaYF,:20%Yb", 2%Er3*" @NaYF, core-shell NCs were
synthesized using a similar procedure as described above.
Typically for the growth of the NaYF, layer, 3 mL of OA,
7 mL of ODE, and 2 mL of Y(CH;CO,); (0.2 M) stock solution
were added into a 50-mL round bottom flask. The resulting
mixture was heated to 150°C under stirring for 1 h. After
cooling down to room temperature, the obtained NaYF,:
20%Yb**, 2%Er** core NCs in the previous step were injected
into the solution, and then, the mixed solution of 1 mL of
NaOH-methanol (I M) stock solution and 4 mL of NH,F-
methanol (0.4 M) stock solution was quickly added.
Subsequently, the mixture was heated to 50°C, kept for
0.5 h, and then kept at 100°C for 1 h under vacuum to remove
methanol. Finally, the mixture was heated to 290°C and incu-
bated at 290°C for 1.5 h under an argon atmosphere. The result-
ing NCs were collected by centrifugation, washed with ethanol
and cyclohexane, and dispersed in cyclohexane for sub-
sequent use.

4.4 Fabrication of Silica FMS

The silica FMSs were fabricated using the surface tension of
melted glass.” First, the commercial single-mode silica fiber
(SMF-28e™, Corning Incorporated, Corning, New York, United
States) was stripped off the organic coating layer and cleaned
with ethanol. Then, the cleaned fiber was suspended on a 3D
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adjustable stage and heated by a focused CO, laser beam within
a narrow region. Due to the surface tension, a tapered fiber re-
gion was produced under a moderated laser power. The waist
diameter of the tapered fiber can be controlled by adjusting
the laser power and the distance between the silica fiber and
the CO, laser focus. Subsequently, the obtained tapered fiber
was cut into a half-taper. After remelting using the focused
CO, laser beam, a microsphere cavity was created by the surface
tension of melted glass. Notably, the microsphere cavity size can
be finely controlled by slowly moving the tapered fiber along
the half-taper.

4.5 Characterizations

The surface morphology of FMSs and NC@FMSs was ob-
served by a field emission-SEM (Nova NanoSEM430, FEI,
Eindhoven, Netherlands) with an accelerating voltage of
10 kV. The structure information of the as-synthesized core
and core-shell NCs was analyzed using an X-ray diffractometer
(D8 Advanced, Bruker Corporation, Karlsruhe, Germany) with
Cu-Ka radiation. The morphology and microstructure of the as-
synthesized core and core-shell NCs were acquired through
transmission electron microscopy (JEM-2100F, JEOL, Tokyo,
Japan). The microscopic photographs and microscopic fluores-
cent photographs of NC@FMSs were taken using a microscopic
imaging system (Zolix Corp, Beijing, China). The UC emission
signals of NC@FMSs were captured using a fiber optic spec-
trometer (QE65000, Ocean Optics, Dunedin, Florida, United
States) with a 980 nm fiber laser as the excitation source.
The UC emission signals of monodisperse core and core-shell
NCs were captured through an iHR 320 spectrometer (Jobin-
Yvon, Paris, France), and the excitation source was a 980 nm
laser diode (LEO Photoelectric Technology, Guangzhou,
China). The organic groups in NaYF,:20%Yb*", 2%Er’** @
NaYF, core-shell NCs were detected by Fourier-transform in-
frared spectroscopy (Vertex-33, Bruker, Karlsruhe, Germany).

4.6 Theoretical Background of Temperature Sensing
Based on Emissions from Er**

The luminescence intensity of an emission band can be
expressed as*'

Iij :hl/iinjNi’ (1)

where / is the Planck constant, v;; is the transition frequency per
photon from an i level to a j level; so hv;; is the transition energy
per photon from an i level to a j level. A;; and N; are the sponta-
neous radiative emission probability and the level population in
i level, respectively. In a thermometer based on the FIR tech-
nique, FIR defined using the emission intensities of the E, —

Ey(I,) and E, — Ey(I,) transitions can be given by

FIR = 12 _ "oAnl: , @)
I hvipA N,

where E|, denotes the ground level, while E, and E; are the ex-
cited levels (level E, is more energetic than level E). If the two
excited levels E, and E; are in thermal equilibrium, they are
called “TCLs” and have energetic separations of the order of
the thermal energy kzT. N, and N, are related by,’
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N, :&Nl exp(——), 3)
g k

where g, and g, are the degeneracies of the two corresponding
levels, kp is the Boltzmann constant, and AFE is the energy gap
between the E, and E; levels. Thus, Eq. (2) can be written as

FIR = 92hva0Axn Xp <_ £> = Bexp <_ E) )
grhvipAig kT ksT)’
in which B = 22040 The two excited levels E, and E| must

Gufw10A . . Lo
not be separatecli t0o much in energy so that its thermalization

can be neglected. Typically, AE ranging from 200 to 2000 cm™!
is considered “thermally coupled” (e.g., in a thermodynamically
quasi-equilibrium state).**

For Er**, the ?Hy; /, and *S; ) levels belong to TCLs that can
be thermally populated and depopulated with environmental
temperature changes. The *S;/, — *I;5/, and 2Hyy;, — *Ljs),
transitions are in close proximity, which leads to a thermal equi-
librium governed by the Boltzmann factor. Accordingly, Er’*-
doped NCs in this work can be used for accurate temperature
measurement through the FIR technique using the tempera-
ture-dependent green emissions from the 2H;, = o 12 and
4S5/, = *1;5), transitions.

When the temperature is determined based on the knowledge
of thermodynamic laws and quantities, the thermometer is
termed primary.’ Balabhadra et al.”® proved that AE and B
can be measured independently of any experimental calibration
procedure, revealing that the temperature is only determined by
the thermodynamic laws and quantities when using the FIR
technique. Hence, the FIR thermometers based on the TCLs
are the intrinsically luminescent primary thermometers. This
is a significant step forward because Eq. (4) can be used to pre-
dict the temperature calibration curve. Namely, a function rela-
tion between the FIR and the temperature can be determined
through fitting data points recorded at different temperatures ac-
cording to Eq. (4). Then, the obtained relation ensures our de-
signed NC@FMS all-fiber temperature sensor to be used as a
precise thermometer in various fields.

Thermal sensitivity is a key parameter to evaluate the temper-
ature measurement performance of a thermometer, defined as
the rate of change of the thermometric parameter in response
to the variation of temperature. The absolute sensitivity (S,)
is expressed as*

dFR) _ o AE )

S, = .
? dT kpT?

Therefore, the S, depends only on the scale of the thermally
induced changes in FIR. It is meaningless to quantitatively com-
pare the S, among different Er3*-doped materials. To compare
the performance of distinct Er>*-doped thermometers, irrespec-
tive of the host matrix, the relative sensitivity (S,) should be
adopted,

1 d(FIR) AE
" FIR dT  kgT?’

(©)

S, is usually expressed in units of percent change per degree
of temperature change (% K!).
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Code and Data Availability

Data underlying the results presented in this paper may be ob-
tained from the corresponding authors upon reasonable request.
All software is also available from the corresponding authors
upon reasonable request.
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