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ABSTRACT Controlling and monitoring temperature at the single cell level has become pivotal
in biology and medicine. Indeed, temperature influences many intracellular processes and is also
involved as an activator in novel therapies. Aiming to assist such developments, several approaches
have recently been proposed to probe cell temperature in vitro. None of them have so far been
extended to a living organism. Here we present the first in vivo intracellular temperature imaging.
Our technique relies on measuring the fluorescence polarization anisotropy of green fluorescent
protein (GFP) on a set of GFP expressing neurons in Caenorhabditis elegans (C. elegans). We
demonstrate fast and noninvasive monitoring of subdegree temperature changes on a single
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neuron induced by local photoheating of gold nanoparticles. This simple and biocompatible technique is envisioned to benefit several fields including

hyperthermia treatment, selective drug delivery, thermal regulation of gene expression and neuron laser ablation.
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eat is of fundamental importance

in all cellular processes, mechanics

and bioreactions. The intracellular
temperature changes, which follow the ab-
sorption or release of heat, can be divided
into two groups: either the cell's activity
induces a temperature change or the intra-
cellular temperature changes because ex-
ternal heat is applied to obtain a desired
cellular response. In both cases, obtaining
an intracellular temperature map could re-
veal relevant information, especially if this
could be done in the natural environment of
the cell. Fields which would greatly benefit
from this information include hyperthermia
therapy,' photothermal therapy,>* selective
drug delivery using thermosensitive lipo-
soms™> or nanoparticles,® and gene regula-
tion driven by heat shock protein promo-
ters.” In the field of hyperthermia therapy,
the temperature of tumor-loaded tissue is
raised either to cause cell death or to increase
the efficiency of conventional treatment
such as radiotherapy or chemotherapy. These
therapies involve nontrivial heating pro-
cesses. Not only must the procedure ade-
quately damage malignant tissue, but also
the surrounding normal tissue should be
unharmed. This becomes quite challenging,
as the thermal characteristics of the tissue
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change during the ablation process. Further-
more, when heating with the aid of artificial
photothermal agents, the temperature in-
crease strongly depends on the density of
these agents, which is usually hard to con-
trol and leads to inhomogeneous heating
distributions. Therefore, real-time tempera-
ture mapping is necessary to serve as an
input to a feedback loop of the heating
process. Current methods to measure tem-
perature in tissue include magnetic resonance
imaging® (MRI) and thermistors;' however,
these methods can suffer from disadvan-
tages, such as complex machinery for MRI or
an invasive measurement for thermistors,
and none of them have yet achieved ther-
mal imaging in a live organism on a sub-
cellular resolution. To achieve the highest
level of specificity in hyperthermia tech-
niques, the spatial resolution should be at the
cellular scale. However, obtaining the tem-
perature over such a small spatial resolution
has proven to be a difficult task. Since 1995,
when the first cellular temperature probe
was reported,’ a plethora of new methods
have been developed'®'" and over 20 ther-
mal probes presented. Some examples in-
clude quantum dots,’*'® nanoparticles,'* sub-
micrometer thermocouple,'® nanogels,'®
copolymers'” and NV centers.'® Also, recently,

VvoL.7 = No.10 = 8666-8672 = 2013 ACS\JAN()

* Address correspondence to
romain.quidant@icfo.es.

Received for review June 7, 2013
and accepted September 18, 2013.

Published online Sep ber 18, 2013
10.1021/nn403659n

©2013 American Chemical Society

8666

WWwWW.acsnano.org



cellular thermal imaging was achieved by using photo-
acoustic microscopy.'®?° All these methods have only
been demonstrated in vitro (by in vitro the authors refer
to experiments performed on cultured cells whereas
in vivo referees to experiments using intact organisms).
Translation from basic in vitro research to an in vivo
model can be crucial and is considered a scientific
milestone in many biomedical fields. However, in vitro
research cannot always be translated to in vivo models.
Moreover, in many cases clear discrepancies have been
shown between in vitro and in vivo studies.?' Indeed,
none of the reported thermal probes have so far been
successfully applied to an in vivo model mostly be-
cause all of these methods rely on the introduction of
foreign thermosensitive or absorption contrast agents
into cells either by endocytosis or microinjection tech-
niques. Furthermore, the concentration of these com-
pounds within the cell must be optimized, a very
challenging task when performed in an in vivo speci-
men. In addition, selective delivery of the thermal
compounds to specific target cells in a live organism
can be difficult, even impractical, whereas in the in vitro
case, this concern does not exist as they usually involve
a single cell type. Moreover, it will be hard to prede-
termine whether these compounds will be toxic or
affect the basal conditions of the studied organism.
Finally, it is not clear whether the reported probes will
remain active once introduced into a live organism.
In this study we believe to be the first to report
intracellular temperature mapping in an in vivo model.
This method, which overcomes the previously men-
tioned difficulties, is based on measuring the fluores-
cence polarization anisotropy (FPA) of green fluore-
scent protein (GFP) allowing a fast, accurate, and
noninvasive measurement in a live organism on a
subcellular spatial scale. In a previous communication,
we reported the ability to map temperature in an in vitro
environment.?? Because of the GFP's biocompatibility,
and its ubiquitous use in in vivo scientific models, we
were able to cross the chasm separating in vitro from
in vivo measurements. The method is demonstrated on
a permanently transfected Caenorhabditis elegans
(C. elegans) strain expressing the GFP marker in the
GABAergic neurons. The C. elegans is a well-accepted
in vivo model® that supports many advantages. The
fact that genetically modified cells express the thermal
probe, GFP, has several advantages: first, it permits an
established “insertion” of a probe which does not affect
the cellular mechanisms and processes; also, GFP can
be selectively expressed only in the target cells of
interest. The concentration of expressed GFP in per-
manent transfected species does not affect our mea-
surements as FPA is a ratio of intensities; this also
renders the FPA measurement nonsensitive to fluctua-
tions of the excitation laser intensity, photobleaching,
and probe migration. The technique enables us to monitor
small changes in the distribution of temperature in a
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single neuron of the C. elegans. We present two dif-
ferent experimental configurations: first, when heat is
delivered from outside the worm, and second, when
heat is generated inside the C. elegans by local photo-
heating of ingested gold nanoparticles.

RESULTS

Anisotropy as a Temperature Reporter in C. elegans Neurons.
The underlying physics relating temperature and mo-
lecular FPA is well established and has been previously
reported and explained.?>?*%° Briefly, the FPA is di-
rectly related to rotational diffusion induced by mo-
lecular Brownian dynamics, hence, the relation to
temperature. Specifically, the rotational motion of the
molecules is related to temperature via the Debye—
Stokes—Einstein equation:*

V(T)
keT

TR = (M
where 7y is the rotational lifetime, T is the temperature,
7(T) is the viscosity, V is the hydrodynamic volume of
the fluorophore, and kg is the Boltzmann constant. The
molecular rotation caused by Brownian dynamics is
related to the FPA, r, according to Perrin's equation:

1 1 11
- = —(1 +—F> b)
r ro TR

where tr is the fluorescence lifetime and r, is the
limiting polarization anisotropy in the absence of any
molecular motion (<0.4). Note that the maximum
temperature sensitivity is reached when tz is on the
order of tr. The fluorescence lifetime is given by the
GFP and has been reported to be on the order of 7 =
2.5 ns. The rotational lifetime, at a given temperature,
depends both on the intracellular microviscosity and
the protein's hydrodynamic volume. In the example
presented in this report, we used GFP tagged to the
enzyme glutamic acid decarboxylase (GAD), which is
expressed only in the GABAergic neurons of the C.
elegans. The main function of GAD involves a single
step synthesis of the neurotransmetter GABA . The
GAD—GFP complex is known to be located in the cell
bodies, axon branches and synapses regions of these
neurons and is believed to remain unbound?” and thus
free to rotate. An experimental curve relating FPA of
the GAD—GFP to temperature in an in vivo model was
performed to obtain the real relationship between the
anisotropy of GAD—GFP complex and temperature.
This was done by placing the GFP transfected worms
on a coverslip connected to an external electrical
heater. The temperature was varied in the range
24—35 °C, and kept well below temperatures that
would cause biological damage. The temperature
was varied slowly so that the temperature of the
neurons was assumed to be equal to that of the heater.
At different temperatures, a confocal scan was performed
giving an FPA map, as can be seen in Figure 1e—g.
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Figure 1. FPA vs temperature calibration measurements in C. elegans. (a) Bright-field image of the C. elegans overlapped with
the GFP fluorescence intensity coming from the GABAergic neurons in green. (b—d) GFP fluorescence intensity from the same
set of transfected neurons at three different temperatures. Over this range of temperatures, the intensity variation is very
small. (e—g) FPA of the same neurons at these same three temperatures. (h) Curve showing the relationship between the
average FPA and the temperature while heating and cooling the system in yellow and blue, respectively.

These images were taken when heating the system
and also when cooling the system down to verify
reversibility. The scan is performed with a collection
time of 2 ms per pixel, and the entire image takes about
1 min to record. Indeed, the FPA decreases as the
temperature rises, as expected. These results are sum-
marized in Figure 1h, which is an in vivo calibration
curve. Each point is calculated by taking a spatial
average of the measured FPA map in the C. elegans
of the corresponding temperature. This curve presents
an impressive sensitivity, given by the variation of FPA
over this temperature range of about 0.004 °C' (large
compared to a value of a nontagged GFP in water
which is about 0.001 °C™" 2?). From this high sensitivity
we can deduce that the fluorescence lifetime is on
the same order of the rotational lifetime. It is worth
noting that over this relatively small temperature range
(24—35 °C) the intensity of the GFP fluorescence does
not change notably as can be seen in Figure 1b—d.
We observe that the FPA maps are uniform, although
the intensity maps are not (see Figure S1 in Supporting
Information). Because FPA is a ratio of intensities, it is
not influenced by variations in the fluorescence inten-
sity. The uniform FPA also implies a homogeneous
intracellular viscosity, which is consistent with the
observations in Kalwarczyk et al.?® whereby it was
shown that a probe the size GFP (smaller than tens of
nanometers) experiences a nanoviscosity which is not
affected by the larger organelles or macromolecules
inside the cell. Finally, the uniform FPA map (uniform
within experimental noise limits) also implies that the
GAD—GFP complex does not bind to specific cellular
structures. To estimate the temperature sensitivity,
data was acquired from one location during 20 s, at a
rate of 0.3s per data point. The standard deviation of
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this data set was taken to be the measurement error
(and was the size of the error bars in Figure 1h);
this calculation gave a value corresponding to 0.8 °C,
which is comparable with reported thermal sensitivity
of luminescent nanothermometers of 0.18—4 °C'%"
(note however that these sensitivities were not mea-
sured in a single standardized way). The temperature
during the measurement was constant, and so the
standard deviation gives an indication of the tempera-
ture error introduced by the measurement. The relia-
bility of this method at different pH levels has been
previously shown?? by performing FPA temperature
calibration curves of GFP in a PBS solution at pH levels
between 6.0 and 7.4, which span most of the intracel-
lular pH levels. These measurements were performed
between room temperature and 60 °C both when
heating the system and when cooling it down, which
shows reversibility over a wide range of temperatures.

Intracellular Temperature Mapping Induced by External
Photoheating. Once the calibration curve was obtained,
we performed an experiment in which we map the
temperature change inside the C. elegans resulting
from external photoheating. Heating was induced by
illuminating GNRs dispersed in the medium surround-
ing the worm. For an incident wavelength matching
their plasmon resonance, the GNRs efficiently convert
the laser power to heat providing quick and local
heating of the specimen. It should, however, be stated
that any other generic heating method could be used.
In this experiment, the GNRs were placed and illumi-
nated outside the C. elegans, emulating configurations
where external heat is applied to obtain a desired cell
activity, such as the use of thermo polymers for drug
delivery. In this context, temperature mapping will
help to understand the quantity, distribution, and time
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Figure 2. Intracellular temperature measurements in C.
elegans induced by external heating: (a) bright field image
of C. elegans; (b) fluorescence intensity of GFP transfected
neurons in the C. elegans; (c) temperature image of the
neurons when the laser is off; (d) temperature image of the
neurons when the laser is on and focused onto GNRs which
are located outside the worm. The laser has a power of P =
50 mW (63 kW/cm?) and is focused 50 um to the left of the
worm (specifically, 50 um to the left of the bottom left
corner of the red square in panel a). (e—g) Repeating the
previous experiment while zooming in and imaging a
smaller area.

constants of the delivered heat at the target cell. Figure
2c,d illustrates the temperature mapping of the C.
elegans neurons without and with application of heat
to the system. A small change in the temperature can
be observed over the entire image. Figure 2e—g shows
a higher resolution scan on a smaller region in which
the temperature change is mapped on a subcellular
scale. An average raise of temperature of 2 °C is
measured. As the fluorescence intensity of the GFP is
much higher than the intrinsic auto fluorescence, a
digital intensity threshold is applied to obtain FPA
information only from the GAD—GFP and not the
surrounding intrinsic auto fluorescence of the C. elegans.
It is worth mentioning that, because we are measuring
neurons in a live organism, they have a 3D structure (as
opposed to a 2D, flat geometry of the cells in an in vitro
model); however, due to the z-plane sectioning that is
achieved by a confocal system, signal from out of the
imaging plane is automatically filtered out.

Intracellular Temperature Mapping Induced by Internal
Photoheating. As another example of use of our method,
we performed an experiment in which heat was locally
generated from within the C. elegans and the resulting
temperature changes were mapped in real time. This is
an important practical example because it concurs
with the approach used in fields of photothermal
cancer therapy. The C. elegans were fed overnight with
the GNRs (see Materials and Methods), which accumu-
lated in the worms' digestive tract. The worms were
anesthetized and immediately used for experimenta-
tion; thus, the concentration of GNRs inside the organ-
ism remains constant during the duration of the experi-
ment. No effect on the dynamics of the C. elegans has
been observed due to the GNRs. Figure 3a shows
an example of presence and location of the GNRs
which were identified using two-photon fluorescence
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Figure 3. Intracellular temperature measurements induced
by internal heating. The experiment is performed on a
worm with GFP transfected neurons and GNRs inside its
body. (a) Bright field image of C. elegans overlapped with
the GFP fluorescence intensity coming from the GABAergic
neurons in green, and the two-photon fluorescence signal
coming from GNRs in yellow. The GNRs are concentrated in
the worm's digestive tract. (b) Fluorescence intensity of GFP
transfected neurons in the C. elegans. (c) Temperature
image of the neurons when the laser is off. (d) Temperature
image of the neurons when the laser is on. The laser is
focused onto GNRs inside the C. elegans and is located
about 50 um away from the center of the neurons in the
perpendicular direction. The power is set to P = 100 mW
(127 kW/cm?). The heating is generated via photothermal
conversion of GNRs, which are inside the worm (GNRs
are located as in panel a). (e) Temperature measured at
one point as a function of time. The point is marked with the
green arrow. The laser was turned on at t = 20 s, and the
subsequent change of temperature was measured and
presented in the blue curve (the laser was focused onto
GNRs inside the worm and was set to a power of P = 50 mW
(63 kW/cm?)). A control experiment performed on a worm
with no GNRs and illuminated under similar conditions is
presented in the gray curve. The heating laser was turned
off after almost 2 min and the temperature trace is pre-
sented in Figure S3 of Supporting Information.

nonlinear microscopy. Figure 3b—d shows the tem-
perature change of the neurons when switching on the
NIR laser which heated the GNRs. The first notable

AR

VOL.7 = NO.10 = 8666-8672 = 2013 WQ@}N&M{)

WWwWW.acsnano.org

8669



feature is that the temperature rises uniformly over the
scanned region (about 100 um). As expected, heating
from inside the worm is more efficient than heating
from the outside. As an important final experiment, a
real time temperature measurement was measured in
a fixed position while the intensity of the NIR laser
switched between off and on. Time-evolution of the
temperature is presented in Figure 3e, in which the
data was collected on a time scale of 20 ms per/data
point. Shining the GNRs with a 50 mW (which gives a
power density of 63 kW/cm? at focal plane) laser
induces a change in temperature of almost 3 °C. This
experiment was reproduced for different powers,
which gave a linear dependence of the temperature
on the incoming laser power, as expected (see Figure
S2 in Supporting Information). Similar power densities
shone on GNRs, which generated a comparable tem-
perature rise, have been previously reported in the
literature®® (100 kW/cm? which generated about a 2 °C
temperature raise). Because of a different system and
specifically a different GNR concentration and distribu-
tion, the heating is not expected to give the exact same
results. The temperature rises until a point where a
thermal equilibrium is attained and the temperature
reaches a plateau, a typical behavior of a heated open
system.>° The rise time of the temperature is in the
seconds range. This is a longer than expected time
when heating an area of micrometric dimensions.3' We
attribute this discrepancy to the fact that heating of
GNRs occurs out of the focal plane of the 800 nm laser
in the entire digestive system of the C. elegans, increas-
ing the volume of the heated region and thus the
thermalization time. When the heating source is turned
off, the temperature returns to a level near the ori-
ginal baseline (see Figure S3 in Supporting Informa-
tion). Another experiment was performed on a differ-
ent worm that was not incubated with GNRs. The
worm was illuminated under similar conditions (similar
power and distance from measurement point). The
resulting temperature is presented in the gray curve in
Figure 3e. As expected, the temperature does not rise
when the laser is on, which confirms that the photo-
thermal conversion is induced by the GNRs and not by
the C elegans tissue. Ultimately, such dynamic tem-
perature monitoring could be useful, for example, to
track the temperature change during neuron synapses
or reticulum endoplasmic calcium release in mamma-
lian cells.

DISCUSSION AND CONCLUSIONS

In this study, we demonstrated the first in vivo
intracellular temperature mapping technique in a live
model organism. This was achieved by monitoring the
FPA of GAD—GFP protein complex, which was perma-
nently expressed in the GABAergic neurons of the C.
elegans soil worm. However, the applicability of the
method is not restricted to this specific protein
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complex or with this living organism. The implementa-
tion of the method on other organisms will be greatly
facilitated by the extended usage of GFP transfected
models. When using this technique with GFP tagged to
other proteins, one should expect a different accuracy
of the temperature measurement. The different pro-
tein complexes will have different rotational lifetimes
than that of GAD—GFP, which then will change the
calibration curve relating FPA to temperature. In prac-
tice, the relation between the FPA and the temperature
of the new protein complex must be remeasured (the
equivalent of Figure 1h). To be able to accurately
measure local temperature, the FPA—temperature ca-
libration curve must fulfill two requirements: first, the
FPA map must be uniform (to a level possible given the
measurement noise), and the curve must be reproduc-
ible (i.e., when lowering the temperature one must
obtain the same FPA value). The uniformity implies that
the used probe experiences a uniform viscosity in the
cell, and does not bind to specific intracellular struc-
tures. The reproducibility implies that no changes in
protein structure have occurred and that if any protein
binding occurs, this is factored into the measured
FPA. In the case that part of the proteins bind to
cellular structures (even if the binding depends on
temperature), the FPA reading will be modified, and
the sensitivity of the measurement will be reduced, but
the FPA calibration curve will still give accurate results.
Thereafter, intracellular temperature can be directly
monitored by measuring FPA; this can be done either
to obtain temperature imaging (similar to Figure 3¢,d)
or real time temperature measurements (as in
Figure 3e). We have seen that the GAD—GFP complex
delivers superior accuracy compared to a nontagged
GFP; we do expect there to be further optimization to
this accuracy by using proteins of other size and
structure to GFP.

We also believe that a pertinent line of investigation
is to apply the method to perform temperature mea-
surements in different tissues, where the intracellular
temperature of cells is measured together with the
extracellular matrix. Also, to better improve tissue
penetration, different fluorescent proteins such as
red fluorescent protein and its derivatives can be used
where the fluorescence spectral window matches that
of tissue transparency window.

When applying this method to nontransparent tis-
sues, the randomness of the tissue structure and the
multiple scattering events will result in depolarization
of the propagating light. In strongly scattering tissue,
the depolarization length, defined as the length where
the ratio /i/I, decreases by 2, where f and [, are the
intensities of the fluorescence polarized parallel and
perpendicular to the incident polarization, depends on
the tissue and wavelength. Characteristic lengths are
0.2 until about 4 mm for white matter of brain and
whole blood with a low level of hematocrit, respectively.*?
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For transparent tissues such as eye tissues, cellular
monolayers, mucous membrane, and superficial skin

MATERIALS AND METHODS

Used Specimen and Sample Preparation. The experiments pre-
sented in our article have been performed with the model
organism Caenorhabditis elegans. Specifically, the worm strain
with the juls76 [unc-25:GFP] Il genotype that expresses the
green fluorescence protein (GFP) attached to the GAD protein in
the 26 GABAergic neurons' cytosol.

Two cultures of the same strain were routinely grown in the
laboratory in liquid S media, at 20 °C and fed on the nonpatho-
genic bacteria Escherichia coli strain OP50. One of the cultures
was supplemented with gold nanorods (GNRs) at final concen-
tration of 0.2 ng/L. Gold nanorods were synthesized and puri-
fied, and the ligands were exchanged as described elsewhere.??
For the sample preparation, adult worms were anesthetized
with 4 uL of sodium azide, 35 mM (NaNs, Scharlau, Spain) and
mounted on a 1% agar pad (Agarose low EEO, Scharlau, Spain)
between two glass coverslips (Menzel Glaser, Germany). These
agar pads prevent nematodes from dehydration and from
being crushed between the two coverslips. Finally, the samples
were sealed with melted paraffin for sample stability.

Three different experiments were run: (1) worms grown in
the absence of GNRs were mounted (as explained above) and
placed over a controlled heating-source in order to measure
the calibration curve relating FPA and temperature. (2) Worms
grown in the absence of GNRs were mounted with the addition
of 3 ulL of 1 ng/l solution of GNRs between the agar pad and the
coverslips. These were subjected to temperature changes to
monitor temperature during external heating. (3) Worms cul-
tured and fed with GNRs were mounted and subjected to
temperature changes by heating the GNRs inside the worm's
gutin order to monitor the temperature during internal heating.

Fluorescence Microscopy and Anisotropy Imaging. A detailed de-
scription of the fluorescence and anisotropy microscopy was
presented in ref 25. The GFP molecules were excited with a blue
diode laser A = 473 nm. The beam was focused with a 10x
objective (UPlanFLN, N.A. 0.3, Olympus) and scanned with a
scanning mirror (FSM-300, Newport) in a 4f system. The scans
are performed with a collection time of 2—20 ms per pixel, and
the images take between 0.5 and 2 min to record. In all
experiments, the blue laser intensity was below 1 uW before
the objective. The GFP fluorescence was sent through a polar-
ization beam splitter and recorded simultaneously on two APDs
(MPD-PDM series). The blue and red lasers were filtered out of
the detection optical path using optical filters (Semrock: BLPO1-
488R-25, BLP01-473R-25, SP01-785RU-25). The anisotropy was
calculated using the following formula:

_ b=l
b 421,

where Iy and I, are the intensities of the fluorescence polarized
parallel and perpendicular to the incident polarization. The
surrounding intrinsic autofluorescence of the C. elegans was
separated from the fluorescent signal of the GFP by using an
intensity threshold (as the GFP fluorescence is much stronger
than that of the auto fluorescence of the surrounding tissue). A
digital correction of APD fine alignment was done by measuring
the cross correlation of the two APD images.

C. elegans Temperature Mapping When Heating with GNRs. Heating
of gold nanorods was performed using a CW IR laser beam from
a Ti:sapphire (mira 900, Coherent), and its wavelength set to 4 =
800 nm (corresponding to the longitudinal GNR plasmon
resonance), focused through a 50 mm lens. Temperature map-
ping as in Figure 2 was done by focusing the heating laser to a
spot 50 um away from the C. elegans body, which was placed at
room temperature. The FPA of the GFP labeled neurons was
imaged, by scanning the blue laser beam, with and without
heating. The temperature was then calculated from the FPA
using a calibration curve, like that presented in Figure 1h.

DONNER ET AL.

layers, the polarization of transmitted light remains
measurable for longer thicknesses.

In Figure 3, the red heating laser was pointed to an area of
the worms' digestive tract with GNRs inside the worm (radius of
laser at GNRs was =5 um). The GNRs were located with two-
photon microscopy (as in Figure 3a). The resulting FPA was
measured and converted to a temperature map. Temperature
measurement as function of time, as presented in Figure 3e, was
performed by setting the blue probe laser beam (1 =473 nm) to
a fixed position and modifying the power of the red heating
laser (in this case the IR laser was heating GNRs inside the
worm), the resulting FPA recorded, from which the temperature
was calculated. A smoothing function was applied to this
measurement (Figure 3e), where each point was taken to be
the average over 0.6 s of acquired data.
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