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A silicon nanowire-based fluorescence lifetime thermometer (NWFLT)
was fabricated for the simultaneous measurement of intra- and extra-
cellular temperatures. Using the NWFLT, an obvious heterogeneity of
the temperature was found along the longitude direction of the NWFLT,
especially between the inside and outside of the cell.

A temperature difference between the individual cells and the
extracellular environment broadly exists, which is extensively
connected to basic cellular metabolism, cellular pathways, gene
expression, and so on.”™ Thorough research on temperature
differences is also beneficial to understanding the pathogen-
esis and treatment of diseases.”® In reality, determining the
temperature difference during the simultaneous measurement
of the intra- and extra-cellular temperatures is postulated.”
Among the many methods used to detect the temperature of
the individual cell, fluorescent strategies have attracted much
research interest due to the significant advantages of high
sensitivity, rapid testing, non-contact detection mode, and so
on.®> However, only a few research studies have realized the
simultaneous detection of intra- and extra-cellular tempera-
tures using micro sized materials.”"*'* Some researchers have
developed fluorescence lifetime-based thermometers for cells,
by which the interference from the probe concentration, fluc-
tuation of the light source, inconsistent permeability of the
fluorophore and photobleaching could be eliminated.'*™®
However, the low spatial resolution resulting from the drift of the
nanomaterial still remained during the measurement, and the
thermometer could not detect the extra-cellular temperature.
Herein, using the advantages of the fluorescence lifetime (FL) as
a signal to respond to the temperature, and the nanowires as a
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block to build the thermometer, we anchored Rhodamine B (RhB)
onto the surface of silicon nanowires (SiNWs) and constructed a
SiNWs-based fluorescence lifetime thermometer (NWFLT) for use in
cells (Scheme 1). The SiNWs have excellent biocompatibility and low
thermal conductivity and have been widely used as the supporting
section in sensors.'*' With the rise of the temperature, the rate of
the non-radiative transition of the RhB in the excited states
increased,?® and as a result, the FL of the RhB would decrease
distinctly. Employing the sensitive dependence of the FL of the
NWFLT on the temperature, we can precisely determine the tem-
perature by measuring the FL. Moreover, the configuration of
anchoring the RhB onto the SiNWs can efficiently suppress the
continual drift of the zero dimensional nanosized thermometer and
greatly enhance its spatial resolution during the measurement.>>*
Using the NWFLT assisted by FL imaging microscopy (FLIM), we
simultaneously obtained the intra- and extra-cellular temperatures
with a high spatial resolution. The method developed in this work
facilitates the investigation of the heat exchange between the
individual cell and the extra-cellular environment, which is postu-
lated for exploring numerous cellular physiological processes.
Silver (Ag*)-assisted chemical etching was used to fabricate
the SiNWs according to methods in previous reports.***” The
length of the SINWs was about 60 um (Fig. S1a, ESIT) and the
diameters of the SINWs ranged from about 100 nm to 500 nm
(Fig. S1b, ESIt). So a small diameter has little influence on the
cells that were penetrated by the single SINW.>® The SiNWs were
annealed at 900 °C for various times to increase the thickness of
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Scheme 1 (a) Schematic diagram of the NWFLT for simultaneous
measurement of intra- and extra-cellular temperatures by FLIM.
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Fig. 1 The FLIM images of the NWFLT at 25.0 °C (a) and 36.0 °C (b), the FL
of the single NWFLT vs. temperature (c). (d) The fluorescence image of the
single NWFLT, the red rectangular area (S1:1) was stimulated with a
561 nm laser. The FLIM images of the NWFLT before (e) and after
(f) stimulation with a 561 nm laser for 10 min. The scale bars in (a) and
(b) are 10 pm, and in (d), (e) and (f) are 60 pm.

the SiO, on the SiNWs (Fig. S2, ESIT). Then, the surface of the
SiNWs wrapped by the SiO, was decorated with RhB by the
connection of the secondary ammonia reagent.”® The RhB-
modified SiNWs exhibited a bright fluorescence (Fig. S3a, ESIT),
and the results of the fluorescence spectroscopy of the RhB-
modified SINW are consistent with those of the RhB in the
solution (Fig. S3b, ESIT), indicating the successful modification
of the RhB on the SiNWs. Thus, the RhB-modified SiNWs with
SiO, were used as the NWFLT in the subsequent experiments.

The dependence of the FL of the NWFLT on the tempera-
tures was investigated using FLIM, the temperature of which
was regulated with the living-cell workstation (LCW). As shown
in Fig. 1a and b, when the system was fixed at 25.0 °C or 36.0 °C,
the NWFLT could be recognized clearly by its uniform color
distribution in the FLIM image at a certain temperature. The
obvious change of the color from amber to green indicated the
evident decrease of the FL of the NWFLT as the system
temperature increased from 25.0 °C to 36 °C. The FLIM images
with striking color changes could be utilized as a remarkable
approach to monitor temperature alterations. Averaging the FL
of the NWFLT, it was found that the mean FL of the NWFLT
decreased gradually from 2.26 ns to 1.97 ns as the temperature
increased from about 22.0 °C to 37.3 °C (Fig. 1c). According to
the reported method,> the relative sensitivity of the NWFLT to
the temperature could be calculated to be 1.4% °C™", which is
comparable with that of other reported FLTs.*>*' The high
relative sensitivity of the NWFLT can be attributed to the
remarkable sensitivity of the RhB that was on the surface of
the NWFLT (the relative sensitivities of the RhB at different
temperatures are shown in the Fig. S4, ESIT).

To reveal the spatial resolution of the NWFLT, commercial
gold nanorods (80 nm in length and 20 nm in diameter) were
placed on the bottom of the confocal observation dish to
produce a spot heat source. When the area (S1:1) marked by
the red box in the Fig. 1d was irradiated by the 561 nm laser, its
temperature was elevated due to the efficient photothermal effect
of the gold nanorods. As the distribution of the temperature
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gradient was from the S1:1 to the surroundings, the color of the
NWELT close to the S1:1 changed to blue after the irradiation
(from 2.48 ns to 1.81 ns), meaning that an obvious increase in the
temperature occurred, whereas that of the far end of the NWFLT
exhibited little change as shown in Fig. 1e and f. These results
demonstrated that the temperature distribution in a tiny area
could be easily distinguished by the NWFLT with a high spatial
resolution.

In order to assess the anti-interference of the NWFLT, Na®,
Ca®", K*, Mg”>* and bovine serum albumin (BSA), were added to
the test solution. The FL of the NWFLT showed little change
from the interference of the previous agents (Fig. S5a, ESIT).
Moreover, the FL of the NWFLT in the solutions with a series of
pH from 4.8 to 8.8, also maintained a constant value (Fig. S5b,
ESIT). These results showed that the NWFLT had excellent anti-
interference ability, which endows the NWFLT with the cap-
ability to work in an intricate cellular environment. Further-
more, when compared with a commercial mitochondrial dye
(Mitoview Blue), the NWFLT also exhibits outstanding photo-
stability (Fig. S6, ESIT), which enable it to be suitable for use in
long-term observation.

The NWFLT was dispersed into PBS solution in a cell culture
dish, and then the seeded L929 cells (mouse fibroblast cells)
were co-incubated with the NWFLT for 24 h. Subsequently, the
L929 cells were stained with the commercial cell dyes. The
fluorescence intensity images (Fig. 2) and the Z-series scanning
video (Video SI, ESIf) showed that the NWFLT has been
incubated into the cell."* Accordingly, observing the merged
image of the co-incubated NWFLT and L929 cells (Fig. 2c), we
found that part of the NWFLT has been incubated into the L929
cell, while the remainder of the NWFLT was still outside the
cell, The clear location relationship between the cell and
NWFLT provides a platform for investigating the temperature
of the cell with the NWFLT.

The effect of the surrounding temperature on the cellular
temperature was explored using the NWFLT. After the NWFLT
was incubated into the L929 cell, the cell culture was heated by
the LCW attached to the FLIM. The cells in the FLIM images
(Fig. 3a and b) are outlined by the yellow dotted line according
to the differential interference contrast microscopy (DIC) image
shown in Fig. 3c. As the surrounding temperature increased
from 27.0 °C to 38.0 °C, the FL of the NWFLT from point E; to
C; changed from 2.13 ns to 2.05 ns, meanwhile, that from point
C, to E, changed from 2.09 ns to 2.05 ns (Fig. 3a and b),

Fig. 2 (a) The fluorescence image of the single NWFLT incubated with
1929 cells. (b) The NWFLT and a L929 cell stained with cytoplasmic blue
dye. (c) The merged image of (a) and (b) to give a bright field image. The
scale bar is 50 pm.
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Fig. 3 The FLIM images of the NWFLT incubated with a single cell at
different temperatures (a) 27.0 °C and (b) 38.0 °C). (c), (f) and (i) are the DIC
images. The FLIM images of the NWFLT with (d) and without (e) 10 mM
Ca?*, and the FLIM images of the NWFLT with (g) and without (h) 10 pM
CCCP, and the cells are noted by the yellow dotted line. The endpoints of
the NWFLT are marked as point E, and the contact positions of the cell
membrane with NWFLT are marked as C.

meaning that the intracellular temperature increased slightly
with the obvious elevation of the surrounding temperature.
These results indicate that to a certain extent, the cell could
resist the influence of the surrounding temperature.

It has been reported that Ca®" and carbonyl cyanide
m-chlorophenyl hydrazone (CCCP) could decrease and increase
the cellular temperatures, respectively.””®*>® The NWFLT was
used to assess the effect of Ca®>" and CCCP on the cellular
temperature. The mean FL of the NWFLT in the cell (from E; to
C1, Fig. 3d) is about 1.54 ns. After Ca** (10 pL, 10 mM) was
added to the cell culture for 30 min, the mean FL of the NWFLT
from E; to C; increased to 1.79 ns, whereas, the color of the
NWFLT from E; to C; changed from blue to green as can be
seen from Fig. 3d and e. Whereas the mean FL of the NWFLT
out of the cell (from C; to C,) simultaneously exhibited little
change from 1.89 ns to 1.86 ns, before and after the addition of
Ca*". The increase of FL means that the Ca®>" induced a
decrease in cellular temperature. Moreover, the temperature
of the other cell is stimulated by the Ca®>" synchronously, and
attached to the same NWFLT and the temperature also
decreased according to the color variation of the NWFLT from
C, to E, shown in Fig. 3d and e. In contrast to the Ca®>*, CCCP
can uncouple the oxidative phosphorylation, and by which the
cellular temperature increases.”® Observing the FLIM images
before (Fig. 3g) and after (Fig. 3h) adding 10 pL of the CCCP
(10 uM), it can be determined that the mean FL of the NWFLT
in the cell (E; to C,) decreased from 1.80 ns to 1.73 ns, whereas
the color of the NWFLT varied from cyan to turquoise, indicat-
ing that the cellular temperature was apparently elevated by the
CCCP. Meanwhile, the color of the NWFLT out of the cell (C; to
C, and Cj; to E,) exhibited little change. Observing the other cell
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attached to the same NWFLT, we found that the color of the
NWFLT (C, to C;) changed slightly (the FL changed from
1.80 ns to 1.76 ns), and this represented the difference between
the temperature alteration of the two cells by the CCCP, and
this may be related to cellular heterogeneity.” Furthermore,
from observing the cells in Fig. 3a, d and g, we find that the
mean FL of the NWFLT in the cells are lower than that outside
the cell, revealing that the intra-cellular temperature was higher
than the extra-cellular temperature before the stimulations.
More statistical analysis can be found in Tables S1-S3 (ESIf).
All these results demonstrate that the single NWFLT can not
only simultaneously measure the intra- and extra-cellular tem-
perature, but can also detect the temperatures of several cells
concurrently.

The dependence of the cellular temperature on apoptosis
was not clear. When the apoptosis is occurring, the cell shows
shrinkage, blebbing, and produces apoptotic bodies.>” There-
fore, the morphology of the cell would change a lot.*® If the
fluorescence intensity was employed to detect the temperature
of the cell, the obvious transformation of the cell morphologies
would cause a signal fluctuation. As a result, it would be
difficult to accurately determine the intra-cellular temperature
by the fluorescence intensity during apoptosis. Here, the tem-
perature changes of the cell during apoptosis were observed by
the NWFLT. A live/dead cell (L929) assay was conducted to
prove the excellent biocompatibility of the silicon nanowires
(Fig. S7, ESIf). The L929 cells were co-incubated with the
NWFLT. A single NWFLT was inserted into the individual cell
(Fig. 4). Enough cisplatin (125 uM) was added into the cell
culture dish to induce apoptosis (Fig. S8, ESIT). After 2 min, the
cell exhibited blebbing, which indicated the start of apoptosis.
According to the FLIM images in Fig. 4, from 0 min to 90 min,
the FL of the NWFLT in the cell increased from 1.58 ns to
2.66 ns, indicating the decrease of the cellular temperature
during the apoptosis. After 90 min, the cells were dead, and the
temperature of the dead cell was lower than that of the live cell.
The decrease in cellular temperature may originate from the
cessation of the intra-cellular physiological processes due to
apoptosis. Moreover, it was simultaneously observed that the
temperature of the NWFLT out of the cell also decreased slightly

Fig. 4 The FL images of the NWFLT incubated with a single cell after
adding 125 pM cisplatin for various times as shown in the top row. The DIC
images of the NWFLT and the single cell at various times are shown in the
bottom row. The cells are noted by the yellow dotted line, and the scale
bars of the DIC images are 20 pm.
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during the apoptosis, which may be dominated by the heat
diffusion from the environment to the cell. These results
indicated that the NWFLT can be anticipated to simultaneously
measure the changes of the intra- and extra-cellular tempera-
tures in more physiological processes.

In conclusion, a NWFLT was fabricated based on the FL of
the RhB and a silicon nanowire for simultaneously measuring
the change of intra- and extra-cellular temperatures. A high
relative sensitivity of 1.4% °C~' was achieved by the NWFLT.
Due to the high spatial resolution of the NWFLT, the
simultaneous measurement of the intra- and extra-cellular
temperatures can be realized. Moreover, the dependence of
the intra- and extra-cellular temperatures on the stimulation of
the CCCP and Ca** were successfully detected by the NWFLT.
Meanwhile, the temperature decrease of the cell during apop-
tosis was determined by the NWFLT. The strategy developed in
this work for simultaneously exploring the intra- and extra-
cellular temperatures at a high spatial resolution is promising
for potential applications to investigate the temperature-related
cellular physiological processes.
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