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Intracellular Thermometry by Using Fluorescent Gold Nanoclusters**
Li Shang, Florian Stockmar, Naghmeh Azadfar, and G. Ulrich Nienhaus*

Cellular processes are exquisitely temperature-dependent
because temperature governs the dynamics and reactivity of
the vast number of biomolecules inside cells.! Therefore,
accurate measurement of the cell temperature and its
variation within the cell may contribute to advancements in
cell biology and biomedicine.”) To this end, fluorescence-
based nanothermometers are of particular interest because
they operate as “non-contact” devices and provide the dual
function of imaging and temperature sensing at the nano-
scale.’! Indeed, several fluorescent nanomaterials, such as
semiconductor quantum dots (QDs),* rare earth-doped
nanoparticles,” and polymer-based nanogels'® have already
shown great potential for nanothermometry in biological
systems, and especially live cells. For example, Lin et al.”
have reported the capability of QDs of revealing spatially
heterogeneous heat production in living cells.

Fluorescent gold nanoclusters (AuNCs) have recently
gained considerable attention. Owing to their ultrasmall size
(<2 nm in diameter), colloidal stability, good biocompatibil-
ity, and facile synthesis®! AuNCs are attractive for a wide
variety of biomedical applications, such as biosensing,’! in
vitro and in vivo imaging,'” and also in cancer therapy.!'!
Herein, we present the use of AuNCs as versatile nano-
thermometry devices by taking advantage of the temperature
sensitivity of their fluorescence lifetime and emission inten-
sity, which change considerably over the physiological tem-
perature range (15-45°C). By using time-correlated single-
photon counting (TCSPC)-based fluorescence lifetime imag-
ing microscopy (FLIM), we demonstrate the great potential
of AuNCs for spatially resolved temperature measurements
in living cells.
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We synthesized lipoic acid-protected AuNCs according to
a previously reported method."” These AuNCs possess
a diameter of (1.6+0.3) nm (Supporting Information, Figur-
es S1 and S2) and emit bright fluorescence in the near-IR
region. Importantly, they exhibit excellent colloidal stability
in biological media, which is crucial for the performance of
fluorescence probes in their biological applications.!"”!

Figure 1 A shows the pronounced temperature depend-
ence of the steady-state fluorescence emission spectra of the
AuNCs in phosphate-buffered saline (PBS). The intensity
decreases by 67 % upon raising the temperature from 10 to
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Figure 1. Temperature dependence of the fluorescence emission from
lipoic acid-capped AuNCs dissolved in PBS. A) Fluorescence emission
spectra (excitation 580 nm) for various temperatures in the range 10—
45°C (top to bottom). In the inset, the intensity at 710 nm is plotted
versus temperature. B) Fluorescence emission decays at 14°C (black
curve), 25°C (gray curve), 43 °C (light gray curve). C) Temperature
dependence of the lifetimes of the three exponentials required to fit
the fluorescence decay curves. D) Average fluorescence lifetime versus
temperature and the corresponding linear regression (gray line).

45°C. The temperature resolution is about 0.1-0.3°C in this
temperature range, assuming that an intensity change of
0.5% °C! is required to resolve a temperature difference.!'*!
Unlike QDs, which display remarkable temperature-depen-
dent spectral shifts,**” the emission spectra of AuNCs do not
shift within the investigated temperature window.
Concomitant with the intensity decrease, the fluorescence
decay of AuNCs accelerates with increasing temperature
(Figure 1B). Lipoic acid-protected AuNCs display a charac-
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teristic, nonexponential fluorescence decay that can be fitted
with a sum of three exponentials, with a short (7, ~24 ns),
a medium (7,~130ns), and a long lifetime (600 ns <73 <
750 ns). The main contribution to the thermal response of
AuNCs originates from the slow lifetime component, which
dominates the overall temperature dependence (Figure 1C).
The luminescence mechanism of these AuNCs is not yet fully
understood. Previous studies on thiolated AuNCs indicated
that the slow lifetime component, with 75 typically > 500 ns, is
associated with the gold(I)-thiolate complex on the AuNC
surface.’™ The average lifetime of AuNCs changes close to
linearly with temperature; the fit yields a correlation coef-
ficient of 0.9952 (Figure 1D). Therefore, not only the
emission intensity, but also the average lifetime changes
sensitively with temperature. The fluorescence lifetime is
even more attractive for biological thermometry applications
because, unlike intensity-based measurements, it is invariant
to the local probe concentration or changes in fluorescence
excitation conditions. Moreover, the average lifetime of
AuNCs at room temperature is more than 500 ns; that is,
two orders of magnitude above the lifetime of cellular
autofluorescence. Therefore, AuNCs in biological samples
can be imaged without any autofluorescence background by
using FLIM with lifetime gating."" We note, however, that
the long fluorescence lifetime slows data acquisition.

We have explored the capability of AuNCs for temper-
ature sensing in HeLLa human cancer cells using FLIM. Lipoic
acid-capped AuNCs can be efficiently internalized by Hela
cells by energy-dependent, clathrin-mediated endocytosis.!"”!
Upon incubation with AuNCs (20 ugmL™") in serum-free cell
culture medium for 2 h, appreciable amounts of AuNCs were
observed inside the HeLa cells, as was also confirmed by
intensity-based confocal microscopy (Supporting Informa-
tion, Figure S3). We then varied the temperature of the
environment of the HeLa cells by using a temperature-
controlled sample stage. Lifetime maps were calculated on
a pixel-by-pixel basis by fitting the fluorescence decay of each
pixel with a tri-exponential function (Figure 2). These images
provide clear evidence that the long fluorescence lifetime
components in the range of 600-1000 ns arise from internal-
ized AuNCs rather than cellular autofluorescence. With
increasing temperature, the fluorescence lifetime decreased

600 ns

Figure 2. Typical FLIM images of Hela cells with internalized AuNCs
at four different temperatures.
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markedly. In fact, the intensity-weighted average lifetime of
AuNCs dropped from 970 ns at 14°C to 670 ns at 43°C.

Figure 3 shows that the fluorescence lifetime of AuNCs in
HelLa cells is not sharply defined but distributed. Besides the
intrinsic heterogeneity of the bare AuNCs, additional con-
tributions arise from heterogeneous local chemical environ-
ments within the cells (Supporting Information, Figure S4 and
Table S1).>7181

5

6.0x10
a.0x10° | 14°C
2.0x10° }
00 1 1
4.0x10° .
2.0x10° F 25°C
_.@
€ 0.0
o
© 1ex10°f 34C
8.0x10* |
09
1.5x10
1.0x10° F 43°C
5.0x10*
0.0
400 600 800 1000 1200

Lifetime / ns

Figure 3. Average lifetime histograms of intracellular AuNCs at differ-
ent temperatures, as obtained from FLIM images of Hela cells.

Remarkably, the fluorescence lifetime of AuNCs is much
larger in cells than in buffer solution over the entire temper-
ature range studied. This effect most likely arises from the
formation of a biomolecular corona around the internalized
nanoparticles that modifies their photophysical properties."!
Indeed, the in vitro analysis of the temperature response of
AuNCs in the presence of serum proteins showed a prolonged
fluorescence lifetime (Supporting Information, Figure S5).
Recent studies revealed that protein adsorption can lead to
significant changes of the photophysical properties of fluo-
rescent nanoparticles.”” The drastic changes of the fluores-
cence lifetime (including its temperature dependence)
between cellular and buffer environment reported here for
AuNCs underscore that the effects of nano-bio interactions
have to be considered when designing fluorescent nano-
materials for bio-applications, for example, thermometry in
cells. [

We have carefully assessed the performance of our
AuNCs for intracellular nanothermometry. Although we
have not yet reached single-particle sensitivity, we can
sensitively probe local cell temperature variations by analyz-
ing the average lifetime of small ensembles. Indeed, the
temperature resolution, based on the thermal response of
AuNCs in HeLa cells (Figure 4 A), is about 0.3-0.5°C in the
range 14-43°C. Thus, our AuNCs compare well with other
nanoparticle-based fluorescent thermometers*>>*¢ and are
even superior to many molecule-based optical thermometers
(Supporting Information, Table S2).??) Importantly, under
continuous excitation with intensities up to 2.8 kWem™ for
2 h, the fluorescence lifetime of AuNCs inside HeLa cells
remained essentially constant (<5% change, Figure 4B).
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Figure 4. Performance assessment of AuNC-based fluorescence ther-
mometry on Hela cells. A) Average fluorescence lifetime of intra-
cellular AuNCs versus temperature and the corresponding linear fit
(line). B) Fluorescence lifetime of intracellular AuNCs as a function of
irradiation time. The excitation intensity was kept constant at

2.8 kWcm™2 C) Lifetime of intracellular AuNCs upon cycling the
temperature five times between 25 and 35°C. D) Viability of Hela cells
in cell medium as a function of time, as determined by an MTT assay.
The cells were loaded with AuNCs prior to starting the experiment. The
error bars represent variations among three independent measure-
ments.

Moreover, the thermal response of AuNCs is completely
reversible upon temperature cycling, and there is no thermal
hysteresis during heating and cooling cycles, as shown for five
cycles between 25 and 35°C in Figure 4 C. Finally, a thiazoyl
blue tetrazolium bromide (MTT) assay showed no adverse
effects to HeLa cells within 72 h after AuNC exposure
(Figure 4D), suggesting an excellent biocompatibility of our
intracellular nanothermometers. Taken together, our AuNC-
based system is among the most versatile optical thermom-
eters reported to date.?>%7!

We also explored the capability of our AuNC-based
nanothermometers to detect intracellular temperature differ-
ences in HeLa cells. By using a specially designed sample
stage (Supporting Information, Scheme S1 and Figure S6), we
applied a temperature gradient across the cells. As expected,
the spatial lifetime profile of the cell was observed to change
depending on the horizontal position (Figure 5). For a detailed
analysis, we selected two clusters of AuNCs, denoted by (a)
and (b) in the figure, with average lifetimes of about 834 ns at
25.1°C. After establishing a temperature gradient, the life-
time of cluster (a) decreased to 815 ns, corresponding to
a temperature increase by 1.9°C, calculated by using the
calibration curve in Figure 4 A. The lifetime of cluster (b),
however, increased to 854 ns, indicating a temperature
decrease by 2.0°C. The results thus confirm the potential of
our AuNC-based system for sensing temperature profiles at
the subcellular level.
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Figure 5. AuNC-based fluorescence thermometry of temperature varia-
tions inside Hela cells. Typical fluorescence lifetime images of a Hela
cell with incorporated AuNCs are shown taken A) at constant temper-
ature and B) in the presence of a temperature gradient across the cell;
scale bar 10 pm. The temperatures quoted below the images are based
on the calibration curve in Figure 4A. C), D) Lifetime distributions of
two selected clusters of AuNCs inside the cells at constant temper-
ature (al and b1) and in the presence of a temperature gradient (a2
and b2).

In conclusion, we have reported on the application of
fluorescent AuNCs to intracellular temperature sensing.
These nanothermometers feature a high temperature sensi-
tivity of both their fluorescence intensity and lifetime and an
excellent stability over the physiological temperature range.
They enable precise temperature measurements in biological
systems in a spatially resolved fashion by using fluorescence
imaging. In the current study, AuNCs were incorporated into
the cells by simple endocytosis and ended up mainly in
endosomes/lysosomes. Further work aimed at delivering
these nanothermometers to other cell organelles is ongoing.
Also, the combination of these fluorescent nanothermome-
ters with super-resolution optical microscopy™ can be
envisioned.
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