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Abstract

Heat is of fundamental importance in many cellular processes such as cell metabolism,
cell division and gene expression'. Accurate and non-invasive monitoring of
temperature changes in individual cells could thus help clarify intricate cellular processes
and develop new applications in biology and medicine. Here we report the use of green
fluorescent protein (GFP) as a thermal nanoprobe suited for intracellular temperature
mapping. Temperature probing is achieved by monitoring the fluorescence polarization
anisotropy of GFP. The method is tested on GFP-transfected HeLa and U-87 MG cancer
cell lines where we monitored the heat delivery by photothermal heating of gold nanorods
surrounding the cells. A spatial resolution of 300 nm and a temperature accuracy of about
0.4°C are achieved. Benefiting from its full compatibility with widely used GFP-
transfected cells, this approach provides a non-invasive tool for fundamental and applied

research in areas ranging from molecular biology to therapeutic and diagnostic studies.
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Several microscopy techniques have recently been proposed to address the need for
monitoring intracellular temperature in molecular biology. Most of them rely on
introducing synthetic nano-objects into living cells such as quantum dots*®, nanogels® or
nanoparticles’, whose fluorescence properties (intensity or spectrum) depend on
temperature. In practice however, such techniques suffer from major limitations. On the
one hand, approaches based on fluorescence intensity measurements®® lack reliability
since fluorescence intensity is dependent on many other factors such as molecular
concentration, migration, bleaching and illumination intensity. On the other hand,

techniques based on spectral fluorescence measurements*>’

are usually slow as they
require significant integration times. Incidentally, this second approach generally results
in a single-point temperature measurement and not in real-time temperature imaging.
Independently of these issues of reliability and slow read-out, introducing artificial probes
within cells may alter their behavior or integrity.

Two alternative approaches have been reported very recently. The first is based on
transfecting E.coli bacteria with a temperature sensitive vector which increases quantities
of B-galactosidase in response to a temperature increment®. The heating of individual
bacteria was monitored via an increase of the lacZ expression. However, such an
approach is slow for real-time measurement and does not permit dynamic temperature
monitoring because of its non-reversibility. The second approach uses a sub-micrometer

thermocouple that is inserted into the cytoplasm of the cell*

. This technique enables
time-resolved measurement of changes in the cytoplasm temperature with high
temperature resolution. However, the introduction of a physical object through the plasma

membrane may compromise the cells integrity and is incompatible with imaging.



The present work is motivated to address the limitations of the existing approaches to
provide scientists with a temperature imaging technique that combines full bio-
compatibility with high resolution and fast read-out. We demonstrate how GFP can be
used as an efficient temperature nanoprobe by measuring its fluorescence polarization
anisotropy (FPA). GFP is already a widely used contrast agent in biology™*. Its discovery
and development were awarded the Nobel Prize of chemistry in 2008. Indeed, this single
protein has become one of the most important tools in modern Life Science. Several
features explain the widespread use of GFP: (i) GFP can be expressed in many living
organisms by genetic engineering making it a natural and non-invasive marker for in vivo
applications™® (ii) over the last 15 years many GFP derivatives have been engineered so
that they span the entire visible spectrum and have high quantum efficiency™ (iii) GFP
has been extensively researched and found useful for many applications as markers for
gene expression, protein localization and folding, as a Ca®* ion or pH-sensor, redox-
sensitive indicator and as probes for protein-protein interactions***°. Following this trend,
we here propose to use GFP as a temperature sensor through FPA measurements.

The underlying physics relating temperature and molecular FPA is well established. In
general, a population of fluorophores illuminated by a linearly polarized light re-emits
partially polarized fluorescence due to the random orientation of the molecular dipoles®’.

The polarization anisotropy, r of the fluorescence is defined as:

r—= I//_IL (1)
I, +21,

Where I and IL are the intensities of the fluorescence polarized parallel and

perpendicular to the incident polarization. The measured value r is closely related to

molecular rotation caused by Brownian dynamics according to Perrin’s equation:
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where t1r and t are rotational and fluorescence life times respectively and ry a
constant named ”limiting anisotropy” (usually close to 0.4). When the temperature
increases, the Brownian rotational motion of the fluorophores is accelerated. Hence, the
molecules will rotate more during their fluorescence life time. The more the molecules
rotate during their fluorescence life time, the more the re-emitted photons will lose the
memory of the incident light polarization. Consequently, a temperature increase leads to a
decrease of the degree of polarization (anisotropy) of the fluorescence. Because FPA is a
ratio of intensities, it is not sensitive to changes in absolute intensities that can be caused
by photobleaching, variations of illumination intensity or fluorophore migration. Using a
suitable calibration, FPA leads to an absolute temperature measurement. This is one of
the main advantages of this technique.

Note that the maximum temperature sensitivity is reached when 1 is on the order of 1.
TR depends on the temperature T, the viscosity n(T ) and the hydrodynamic volume V of

the fluorophore according to the Debye-Stokes-Einstein equation:

_Vn(T)
TR = KT (3)

where kg is the Boltzmann constant. Hence, V and n are the parameters one can play
with to optimize the sensitivity of the technique (i.e. to ensure that tr is on the order of ).
For instance, for common fluorescent molecules (approx. 1 nm in size) in agueous media
(m = 10 m%s at 25°C), 1r ~ 10"'* s which is one order of magnitude smaller than usual

fluorescence life time (tr ~ 10°° s). The rotational Brownian motion is too fast and the



FPA is zero independently of the temperature. One way to solve this problem is to
increase the viscosity n of the medium for instance by using a glycerol-water (4:1 wt)
mixture'®?°. However, such an approach is prohibitive for any application in biology for
obvious reasons. In this work, we propose to increase the hydrodynamic volume V instead
of the viscosity by using GFP. The characteristic size of GFP is 3.5 nm *. By
coincidence, such a large protein leads to a rotational correlation time Tz = 4.1 ns in water,
which is on the order of magnitude of its fluorescence life time 1 = 2.5 ns. The theoretical
and experimental temperature dependence of the FPA of GFP in phosphate buffer saline
solution (PBS), pH=7.4 is presented in Fig. 1b, for temperatures between 20°C and 60°C
(~ 76°C being the denaturalization temperature of GFP?%). Due to varying pH found in
biological organisms the experiment was reproduced at pH=6.0 thus covering the typical
range experienced within a cellular environment and the same results were obtained as
shown in the supplementary information section (Fig. S1). The FPA variation over this
temperature range is about 0.001 per degree Celsius. The theoretical fit was performed
from egs. (1) to (3), using fluorescence life time tr = 2.5 ns %, hydrodynamic volume
Vere = 17.2 nm® 4 and limiting anisotropy ro = 0.31.

To begin with, we chose to illustrate GFP-based thermal imaging on a simple model
system consisting of a gold microdisc (2 um in diameter and 40 nm thick) prepared by
standard e-beam lithography. The disc lies on a glass substrate and is surrounded by a
PBS solution containing GFP molecules (3 x 10> M), all placed in the sample plane of a
confocal optical microscope operated with two laser sources: a heating IR laser and a blue
laser for GFP excitation (see supporting information). An expected decrease of the FPA
was observed around the structure while heating (i.e. during IR illumination). The
associated temperature map obtained using the calibration curve of Fig. 1b is presented in
Fig. 1d. The temperature increase is proportional to the power of the heating IR laser and

a temperature increase as small as 0.4°C can be detected.
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FIGURE. 1. Measuring temperature around micro structures using GFP. a) 3D representation of
the structure of GFP. b) Calibration curve that relates between FPA of GFP and temperature in
PBS. c¢) Scanning electron microscope image of a lithographically imprinted gold micro-disc. d)

Temperature map obtained around the micro-disc while heating using an infrared laser.

We now present temperature measurements on single living cells. We chose to work
with transfected HeLa and U-87 MG cancer cells in which GFP was over-expressed.
Using transfected cells ensures that GFP occupies the entire cell volume. The temperature
is processed from the FPA using the same procedure as in the case of GFP in PBS.
However, the calibration curve relating temperature with FPA inside cells is different,
since the intracellular viscosity differs from that of PBS. In order to obtain a new
calibration curve, a resistive heating of the sample chamber was performed while
recording the inner FPA of transfected HelLa cells as a function of the chamber
temperature To. This calibration curve is presented in Fig. 2d. FPA images for To = 23°C
and To = 40°C are shown in Fig. 2b and Fig. 2c. Interestingly, the FPA map inside the cell
is uniform although the intensity map (Fig. 2a) is not (due to a non homogenous
distribution of GFP in the different organelles). This observation illustrates the fact that
FPA is not dependent on fluorescence intensity, and that a probe the size of a GFP

experiences a uniform intracellular viscosity®.
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FIGURE. 2. FPA measurements in HelLa cells while changing chamber temperature. a) Intensity
of fluorescence of GFP transfected HeLa cells excited with a blue laser. b) FPA measured at T =
23°C. c) FPA at T = 40°C. d) Calibration curve that relates the measured FPA of the intracellular

GFP with temperature.

After obtaining the calibration curve associated with HelLa cells, we performed an
experiment in which we heated by focusing an IR laser on gold nanorods (NR) dispersed
in the extracellular medium. Using gold nanoparticles as nanosources of heat has many
advantages compared to a global resistive heating of the chamber: i) it allows for local
delivery of heat, which is fundamentally the best approach to investigate thermal biology
at the single cell level, ii) temperature variations can be fast and as brief as a few
microseconds due to the weak thermal inertia of the small heated volume, iii) using gold
NR matches the approach already considered in the fields of photothermal cancer
therapy?® or drug delivery?’. We chose to locally heat the cells by focusing the IR laser 50
pm aside from the studied cell. In this work, we chose not to shine on the cell directly to
demonstrate that FPA variations measured in the cytosol are unambiguously due to
temperature variations and not to a possible IR-assisted perturbation of the GFP
fluorescence emission process. Temperature maps without and with heating are presented
in Fig. 3b and Fig. 3c respectively. A temperature increase of around 8°C is observed for a

laser power of 50 mW focused over an area of about 1 micrometer in radius. For many
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applications the temporal evolution during the cell metabolism is of pivotal interest. In
Fig. 3d, the temperature was measured in a fixed position and recorded as a function of
time, for different heating powers. As expected the temperature rises after the laser is
turned on and falls as it is turned off. In this measurement, the data was collected with a
time resolution of 20 ms. Furthermore, as expected, the temperature rises linearly with the
intensity of the heating laser as observed in Fig. 3e. Similar experiments were performed

on U-87 MG cells and are presented in the supporting information section (Fig. S2).

1 40
2 ]
g | O
=0 .
g = :
E &
L
18
O 32
d —omwW heating e Exp
_|—10mw . Rt I
8 — 50 mW 3 T ) i
= o
2 2 1
o o ]
5 : .
22 ’ J
0 Time (s) 50 0 Laser power (mW) 50

FIGURE. 3. Temperature measurements in HelLa cells while delivering local heat via
photothermal approach. a) Fluorescence intensity of GFP transfected HeLa cells. b) Temperature
map while not heating. c) Temperature map while heating the NR with a focused infrared laser
with a power of P = 50 mW. d) Temperature variation of a point within the cell as function of

time. e) Temperature of a point within a cell for different laser heating powers.



The presented method combines the advantages of high spatial resolution and good
temperature accuracy with high biological compatibility and fast readout. Based on these
unique advantages it has the potential to become a powerful tool to unravel intimate
cellular processes that involve heating at the single cell level. Moreover, we foresee
various natural extensions of the method that will further expand its capabilities. Higher
temperature sensitivity can be achieved by engineering the properties of the fluorescent
protein (modifying either fluorescence life time or hydrodynamic volume) resulting in g
closer to tr. Customization of the method for a specific system could be achieved by using
a GFP derivative that absorbs light and fluoresces at a different spectral range. This
method can be used in conjunction with the plethora of already developed techniques that
uses GFP fluorescence allowing two or more simultaneous measurements such as

measuring temperature and pH at the same time.
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