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Bias in Intracellular Luminescence Thermometry: The Case
of the Green Fluorescent Protein

Paloma Rodriguez-Sevilla,* Graham Spicer, Ana Sagrera, Alejandro P. Adam,
Alejo Efeyan, Daniel Jaque,* and Sebastian A. Thompson*

Measurement of intracellular temperature in a fast, accurate, reliable, and
remote manner is crucial for the understanding of cellular processes. Nano-
thermometers based on the green fluorescence protein (GFP) are of special
interest because intracellular temperature readouts can be obtained from

the analysis of the polarization state of its luminescence. Despite the good
results provided by GFP thermometers, the reliability of their intracellular
thermal readouts is still a question of debate. Here, light is shed on this issue
by introducing cell activity as a relevant bias mechanism that prevents the
use of GFP for reliable intranuclear thermal measurements. Experimental
evidence that this lack of reliability can affect not only GFP but also other
widely used thermometers such as semiconductor nanocrystals is provided.
It is discussed how differences observed between calibration curves obtained
in presence and absence of cell activity can inform about the presence of
bias. The presented results and discussion are aimed to warn the community
working in intracellular thermometry and encourage authors to approach the
issue in a conscious manner. The performance and reliability of the chosen
intracellular thermometers must be judiciously assessed. This is the only way
intracellular thermometry can progress and deliver indisputable results.

1. Introduction

Temperature is a fundamental parameter for any living
organism. The potential measurement of fast temperature

changes at the micro- and nanoscales with
high precision would enable the com-
prehensive study of intracellular thermal
processes such as those responsible for
thermoregulation, or those linked to
changes in metabolism.["?l Of special rele-
vance is the measurement of temperature
in particular organelles such as the mito-
chondrion or the nucleus whose natural
activity involves adenosine triphosphate
(ATP)-consuming reactions that are asso-
ciated to heat generation.>! In pursuit of
the accurate measurement of temperature
in biological systems, different thermo-
metric techniques have been developed.[®]
Due to its remote character, one of the
preferred choices is luminescence ther-
mometry, where the temperature changes
are detected through the variations in the
thermosensitive fluorescence properties
(e.g., intensity, lifetime, polarization) of
the fluorescent molecule or particle (ther-
mometer) that is used as sensor.™! In
addition, some of these probes can target
cellular regions and organelles for localized temperature meas-
urements.!% Examples of luminescent thermometers used
in intracellular studies encompass metallic and dielectric par-
ticles,'> semiconductor nanomaterials, nanodiamonds, !
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Figure 1. Typical structure of studies on luminescence thermometry
where a luminescent thermometer is calibrated and applied to measure
temperature in a cellular experiment.

carbon-based nanomaterials,®l polymers,” DNA-based ther-
mometers,'® and polymer nanoparticles doped with lantha-
nide complexes,!” fluorescent dyes and proteins.[20-2!

During the last few years, the use of luminescent thermom-
eters for intracellular thermal sensing has been very intense.
This is evidenced in Table S1 (Supporting Information) that
includes an extensive list of the different approaches adopted
for intracellular thermal sensing. In all the cases, the pro-
cedure used for intracellular thermometry follows the same
route (see Figure 1). First, the emission properties of the lumi-
nescent probe (absolute intensity, relative intensity between
bands, spectral shift, luminescence lifetime, or polarization)
are recorded as a function of temperature to build a calibration
curve. From the calibration curve, the authors determine the
relative thermal sensitivity of the probe, that is typically consid-
ered as the figure of merit.?2l This first calibration is performed
with the thermometer dispersed in aqueous media (calibration
in solution). In some cases, calibration curves are also meas-
ured in live cells to assess the applicability of the thermometer
for intracellular thermometry.10-121518.21.23-43] \We found few
cases that perform this second calibration in fixed cellsi?"34 (see
Table S1 in the Supporting Information). Finally, the potential
of the intracellular thermometer is validated by a biological
experiment aimed to measure intracellular thermal changes
produced by, for instance, heat production inside the cell. We
have not included in Table S1 (Supporting Information) those
studies that, although present a probe for intracellular ther-
mometry, do not actually show any experimental validation
inside live cells.

Although the working procedure shown in Figure 1 and
adopted in most of the works listed in Table S1 (Supporting
Information), is widely accepted in the community, it oversim-
plifies the complexity of intracellular measurements. For intra-
cellular thermometry, one should consider the change in envi-
ronmental conditions that the thermometer experiences when
transferred from the colloidal dispersion to the interior of the
cell. It is known that the intracellular environment is extremely
complex and constantly changing. Parameters such as pH, ionic
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strength, protein concentration, and viscosity are present in an
inhomogeneous distribution within the cell. Most importantly,
temporal variation in these parameters and other physical prop-
erties (e.g., molecular structure, volume) occur when the state
of the cell or organelle is perturbed. This is a crucial factor in
experiments intended to measure thermal changes generated
by an external stimulus that affects the state of the cell (e.g.,
transcriptional or metabolic activity). Due to these interfering
factors, the calibration curve of the thermometer measured
in controlled conditions (solution and fixed cells) can be com-
pletely different than that obtained in live cells. This is indeed
revealed by Table S1 (Supporting Information) in which it is evi-
denced that in most cases, the thermal sensitivities obtained in
living cells differ significantly from those obtained in solution.
The existence of differences between the calibration curves
obtained in aqueous solutions and in cells is known by the
community and makes it surprising that more than 30% of the
studies we reviewed go directly from calibration in solution to
their in vitro application (see Table S1 in the Supporting Infor-
mation). Most studies (72%) take a more thorough approach
and experimentally study possible confounding factors (e.g., pH,
thermometer concentration, ionic strength, protein concentra-
tion, and viscosity) that can interfere with intracellular thermal
measurement. We have also found evidence in the literature of
changes in thermometric signal and thermal sensitivity of the
thermometer when internalized by different cell lines.[7:1823.2643]
This may indicate the presence of unknown factors that still play
an important role in the nanothermometer’s signal and have not
been deeply studied and discussed by the scientific community.
One of the most popular luminescent thermometers for intra-
cellular measurements is green fluorescence protein (GFP).
In our case, the thermal readout is based on the temperature-
induced variations in the fluorescence polarization anisotropy
(FPA), as it has been reported for a variety of systems.[2044]
GFP-based luminescent thermometers are of special relevance
because they can be self-produced by cells minimizing cytotox-
icity and stress. As schematically represented in Figure 2a, GFP
is naturally located inside the nucleus (Figure 2b) attached to
the histone H2B (H2B-GFP) allowing for contactless reading
of nuclear temperature that might be related to changes in cel-
lular activity associated with gene expression. We selected H2B
since this protein is one of the histone proteins involved in the
structure of chromatin. Genomic DNA is wrapped, protected,
and packed in the nucleus in the form of chromatin (Figure 2a),
mainly consisting of histones (purple regions) and DNA (in
blue) that form tight DNA—protein interactions.¥”! Chromatin
condensation state plays a unique role regulating transcription.
It has been extensively reported that the chemical modifications
of histones induce chromatin relaxation (i.e., transition from
close to open chromatin, Figure 2a). This relaxation facilitates
the transcription machinery to bind DNA and begin transcrip-
tion at those loci. Relaxation and transcription require profound
enzyme-based, ATP-consuming remodeling of the DNA-his-
tone interactions. Such intranuclear processes might produce
profound changes in the intranuclear temperature that, in prin-
ciple, could be measured using an optical thermometric tech-
nique with subdegree and nanoscale resolution. Acetylation of
histones, in our case H2B, controls the level of gene expression
and thus cellular activity. This cell activity control is performed
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Figure 2. Chromatin and H2B—GFP. a) Schematic representation of a cell
transfected with H2B—GFP. Cellular activity changes produce a transition
from closed to open chromatin for the DNA to be accessed and repli-
cated. We used a green fluorescence protein (GFP, green region) fused to
histone H2B (light purple region) to measure thermal changes produced
when histone (purple regions) modification induces chromatin com-
paction variations. b) Bright field, fluorescent (false color), and overlay
images of three H2B—GFP transfected cells. Scale bars are 20 um.

by the transition from closed to open chromatin for the DNA
to be accessed and replicated (Figure 2). Detection of nuclear
temperature by measuring the FPA of H2B-GFP could consti-
tute the basis of advance diagnosis and controlled treatment of
diseases such as cancer or metabolic disorders,** and could
assist for a deeper understanding of cellular senescence, quies-
cence, and aging in cell culture and live organism.%>! Despite
of its interest, the reliability of GFP-H2B as an intranuclear
thermometer still remains to be established.

In this work, we have critically analyzed the reliability of
intranuclear thermometry in living cells by using H2B-GFP
as FPA-based thermometer. Comparison between calibration
curves obtained in solution, fixed, and live cells has been per-
formed to evaluate how the thermal responses of H2B-GFP
thermometers are affected by environmental conditions. We
include different experiments to reveal the presence of relevant
bias during thermal monitoring inside the nucleus using H2B—
GFP as FPA-based thermometer. We also provide evidence
that similar bias could also affect intracellular measurements
performed by using other well-known luminescent nanother-
mometers such as CdSe quantum dots (QDs). The discussion,
conclusions, and proposed approaches we present in this paper
are aimed to boost the progress of intracellular thermometry,
rather than discourage researchers from pursuing this goal.

2. Working Principle and Calibration of H2B-GFP
for Intranuclear Thermometry

Thermal reading through FPA is based on the temperature
dependence of the polarization state of the radiation generated
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by fluorescent molecules. These emit light that is polarized
along a particular direction. As the molecule rotates due to
Brownian motion, the detected light will be an average of
all emitted polarization directions. At variance with other
approaches based on pure intensity measurements, the ratio-
metric character of FPA-based temperature readings makes
them independent on the local concentration of fluorescent
molecules and less affected by fluctuations in the excitation
intensity. The FPA value characterizes the difference in polar-
ization (i.e., depolarization degree or anisotropy) between
the linearly polarized excitation and the light emitted by the
molecule. It is a ratio calculated using the emission at two
orthogonal polarization states (see the Experimental Section),
one being parallel to the excitation.>>3 The link between the
experimentally measured FPA value and the mobility of the
molecule is given by the Perrin equation

To

T
1+ -

er

FPA =

(1)

where rj is a constant delimiting the anisotropy value to a theo-
retical maximum, 7; (s) is the fluorescence lifetime of the fluo-
rophore, and @, (s) its rotational correlation time.>” While 7 is
defined by the photophysical characteristics of the fluorophore,
O, depends on its hydrodynamic properties as

0,=C—— 2)

where kg is the Boltzmann constant; and C (m?) depends on
the shape of the molecule,’*>% being the hydrodynamic volume
for a sphere or [*/Ln(L/D) for a cylinder (where L and D are
the length and diameter, respectively).>® The rotational motion
of the fluorescent molecule depends on the temperature, T
(K), and the solvent viscosity, 17 (Pa s), which is also thermally
dependent. This, together with the fact that the fluorescent
lifetime might also vary with temperature, implies that any
thermal change will affect the FPA value, converting the fluo-
rescent macromolecule into a thermometer. It is important to
note that viscosity does not only depend on temperature, but
also on many other parameters such as medium density or
local structure (physicochemical properties of medium). This
precludes the existence of an unequivocal relation between
the FPA value and temperature inside the cells. Relevant bias
in intracellular measurements could occur when the changes
in FPA induced by the physicochemical changes taking place
in live cells are comparable to those induced by temperature
variations. The magnitude of those “activity-related FPA fluc-
tuations” has never been explored and, thus, the occurrence of
relevant bias when using GFP for intracellular sensing in live
cells remains an open question.

GFP expressed intracellularly in live cells has been used as
a FPA-based thermometer to estimate the cytoplasmic tem-
perature changes produced by an external heat source.?% In
our case, GFP’s performance inside the nucleus (particularly
attached to the histone H2B) is expected to be different due to
the changes in the environment of the fluorescent molecule.
To assess this, we first tested H2B-GFP in a controlled
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Figure 3. Thermal calibrations. Evolution of the FPA value as a function of the medium’s temperature for a) 4 fixed H2B—GFP transfected cells and
b) 4 live H2B-GFP transfected cells. Error bars are the standard deviation of 5 consecutive measurements. Lines in panel (a) correspond to the best
linear fit. ¢) Similarity between the thermal calibrations in fixed and live cells. In all panels, data include results for 3T3 (dots) and HeLa (triangles) nuclei.

environment with similar properties to the nucleus of a live
cell. The closest model one can find is the nucleus of a fixed
cell. We fixed human epithelioid cervix carcinoma (HelLa) cells
and NIH 3T3 mouse embryonic fibroblast cells expressing
H2B-GFP and changed their temperature to obtain the calibra-
tion curve (see the Experimental Section). Our experimental
systems allowed us to take two images of the nuclear intensity
for two orthogonal polarizations (see the Experimental Sec-
tion). Using these images, we constructed the FPA map of the
nucleus for each temperature to obtain the FPA distribution
per pixel (see Figure S1 in the Supporting Information). The
assigned FPA value for each temperature is the central value of
the distribution.

In Figure 3a, we show representative results obtained for 4
fixed Hela and 3T3 nuclei. The measured FPA value differs
between cell lines and individual cells of the same type. How-
ever, the same thermal response is observed in all the cases:
the FPA value decreases when the temperature increases, in
agreement with previous studies.*?*#6:571 We calculated, for
each nucleus, the slope of the evolution of FPA with tempera-
ture (dg—?A) Although the FPA value differs between cells, the
mean FPA versus T slope is independent of the cell line (see the
Supporting Information), with a value of —0.5 £ 0.1 x 1073 °C™".
The statistical error obtained for the mean values are around
the 20%, which agrees with the expected uncertainty due to
cellular variability. The monotonic linear trend followed by the
FPA value in all the cases suggests that H2B—GFP can provide
reliable intranuclear temperature measurements in fixed cells.
However, is it worth noting that, since the FPA value is not the
same for each cell, our technique can only allow us to measure
temperature changes rather than absolute temperature values.

We next tested the reliability of H2B-GFP as nuclear FPA-
based thermometer in live cells, i.e., during normal cell activity.
Representative results of the FPA value measured for 4 live cells
(including HeLa and 3T3 cells) subjected to different mediums’
temperatures are shown in Figure 3b. The decreasing linear
trend observed for fixed cells is lost and, for most of the cells,
the FPA value remains almost constant in the temperature
range (note that Figure 3a,b has the same y-axis limits). This
could be explained without resorting to bias by assuming that
the intracellular temperature remains constant at 27 °C inde-
pendently of the medium temperature. This would imply that
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intracellular thermoregulation is capable of stablishing a cell-
medium temperature difference as large as 13 °C. Thermoreg-
ulation does exist in live cells and could lead to differences
between medium and intracellular temperatures but not of
such magnitude. If the presence of cell thermoregulation was
responsible of the differences between the calibration curves in
fixed and live cells, such differences should be observed always,
independently on the luminescent nanothermometer. But this
is not the case. For instance, Na Wu et al. found the same cali-
bration curves in fixed and live cells when working with nonbi-
ased lanthanide-doped nanothermometers. >l

In Figure 3a,b, the FPA errors (vertical scale) have been cal-
culated as the standard variation of 5 measurements. The cal-
culated errors in the determination of FPA are not evident in
these figures because they are much smaller than the absolute
value of FPA. On average, the error in determining the FPA
value for each temperature is £0.001 in fixed cells and £0.002 in
live cells. These errors are more than two orders of magnitude
smaller than the absolute values of FPA (=0.4). When working
with live cells, the experimental errors were larger than when
working with fixed cells. This, together with the differences
between calibration curves obtained in fixed and live cells, sug-
gests that cell activity (and the fluctuations that it causes on the
intranuclear structure) impacts on the value of FPA so that it
avoids an unequivocal correlation between FPA values and tem-
perature in live cells.

To analyze the decorrelation between temperature and FPA
in live cells, we have calculated the similarity between the mean
sensitivity of fixed and live cells

(FPA®® — FPA™ 2‘
Similarity =1— 21( J J )

G)

°

where FPAS® are the experimental FPA values for each tem-
perature j, FPA™ is the FPA value calculated for the fixed cells
at the temperature j (see Table S2 in the Supporting Informa-
tion), and o denotes the standard deviation of the experimental
FPA values (FPA}®). The calculated similarities for all fixed and
live nuclei are included in Figure 3c. When the experimental
values follow a similar trend to the mean curve observed for
fixed cells, the similarity approaches unity, as occurs for fixed
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cells (i.e., the trends for fixed cells are similar to their mean).
When the experimental trend diverges, the similarity decreases,
as is the case of most of the live cells. The dispersion in the
similarity values also highlights the decorrelation between the
FPA value and temperature for live cells (see the Supporting
Information for the complete analysis).

Results included in Figure 3 show that the anisotropy signal
of the H2B-GFP molecules in live cells is strongly influenced
by nuclear changes not correlated with temperature (i.e., bias
does exist). Equations (1) and (2) state that the viscosity of the
surrounding medium (the nuclear viscosity in the case of H2B-
GFP) modulates the FPA value. As mentioned above, transcrip-
tional activity results in changes in the chromatin conformation
(compaction/relaxation state, see Figure 2a). Moreover, changes
in the external temperature impact several cellular processes,
such as gene expression that requires chromatin decompac-
tion.?*%2l Such activity-related variations could induce changes
in the local nuclear viscosity that have an impact on the mobility
of H2B-GFP molecules, thus, on their polarized emission
properties. These changes are not expected in fixed cells, where
the compaction state of the chromatin is constant as cell activity
is suppressed. In this case, H2B—GFP molecules are only sub-
jected to the changes in temperature. In addition, it has been
reported that the lifetime of GFP changes with the temperature
and viscosity of the environment.?¢%%4l Thus, activity-related
variation in the nucleus structure impacts on the FPA value of
H2B-GFP and precludes any direct correlation between tem-
perature and FPA value. In order words, in the presence of
cell activity, a reliable intranuclear calibration curve cannot be
obtained. To give further proof of the existence of this bias, we
have designed two experiments where we monitored the FPA
of H2B-GFP while the chromatin condensation state is con-
trollably altered. These experiments are based on an external
biological (serum starvation—replenishment experiments) or
chemical (osmotic shock) perturbation that produces a change
in the nucleus. As we show in the following sections, these
two experiments are proof of the care that one must take when
measuring temperature during a profound cellular change.

3. Biological Perturbation: Serum Starvation—
Replenishment Experiments

In cultured cells, growth factors present in fetal bovine serum
(FBS) are required for growth and proliferation. FBS is gener-
ally supplemented up to 10% of the culture medium volume.
Withdrawal of FBS from the medium and readdition are typi-
cally used to analyze acute cellular responses via signal trans-
duction cascades that activate cellular programs to elicit cell
growth and proliferation.[% One outcome of these intracellular
signaling cascades is the execution of transcriptional programs
that require significant rearrangements of chromatin compac-
tion. Such epigenetic changes in DNA and histones exert top-
ological changes that result in an “open conformation” of the
chromatin for the genes to be expressed (Figure 2a), allowing
transcription factor binding and RNA polymerase activity. Cells
deprived of FBS enter an arrested state of low metabolism
(low activity). When serum is readded to the culture medium,
the cells transduce signals within seconds and increase their
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metabolism in a time lapse of few tens of minutes entering
again the proliferative state and continue the cell cycle (normal
activity).100-6%

The transition from arrested to proliferative state is expected
to have an impact on the nuclear viscosity and temperature
(i-e., thermal rise when cellular activity increases) and, thus, on
the FPA of H2B-GFP molecules. In the absence of any bias,
the arrested-to-proliferative state should be accompanied by an
increment in the intranuclear temperature and, therefore, to
a reduction in the FPA of H2B-GFP. To corroborate this, we
monitored the nuclear FPA value of live and fixed transfected
Hela cells during different serum starvation-replenishment
experiments at a constant controlled temperature (see the
Experimental Section). Paraformaldehyde-fixed cells served as
a control for the potential existence of optical artifacts due to
the addition of serum (see the Supporting Information). As an
additional control, we used live cells kept at room temperature,
which present a lower metabolism,%%7% thus are expected to
have a much slower response to serum than cells at 37 °C.

In Figure 4a, we show the results of the serum starvation—
replenishment experiments we performed with three cell popu-
lations: live cells at 37 °C (orange data), live cells at room tem-
perature (21 °C, dark cyan data), and fixed cells at 37 °C (black
data). We tracked the medium’s temperature during the experi-
ments (see top graph in Figure 4a) that remains almost con-
stant with fluctuations below 1 °C. We monitored the cells in
the arrested state for at least 20 min before adding serum (time
= 0 min, green arrow in Figure 4a), and then we followed their
response for 40 min more during the proliferative state. We cal-
culated the FPA change as the FPA value at each time point
minus the average FPA value in the arrested state (i.e., before
adding serum).

As shown in Figure 4a, each cell population showed a dif-
ferent response. We present the mean trend for the live cells at
room temperature (dark cyan data) and fixed cells (black data)
because the variability was much lower than in the case of the
live cells kept at 37 °C (orange data), for which we show a single
cell as a representative example. The individual responses of
every cell studied can be found in the Supporting Informa-
tion. Despite the variability, the behavior of the live cells kept at
37 °C was similar within the population but distinct to the other
cell populations (see Figure S3 in the Supporting Information).
Results obtained for fixed cells (black data in Figure 4a) show
that the FPA value remains almost constant within statistical
error. This proves that, in absence of cellular activity, the chro-
matin state is not modified, consequently, the viscosity does not
vary. In addition, using a thermal slope of —0.5 £ 0.1x 1073 °C1,
the mean thermal variation calculated from the standard devia-
tion of the FPA change after serum addition is around 2 °C,
that sets the temperature resolution in the serum starvation—
replenishment experiments.

On the other hand, live cells at 37 °C (orange data in
Figure 4a) show an increase in the FPA value that reaches a
maximum (point A) and then decays to a value that is close to
that of the arrested state (point B). In the case of live cells kept
at a lower temperature, the average trend shows that the max-
imum takes longer to be reached (around 30 min, point A), and
the FPA value does not decrease to reach the arrested level in
the time frame studied. If these changes in FPA were correlated
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Figure 4. Effect of the biological stimulus. a) Evolution of the FPA value in respect to the mean value in the arrested state (time <0), i.e., we subtracted
the mean FPA value before adding serum to each data point. The addition of serum is indicated with a green arrow. Data in orange represent a single
live cell kept at 37 °C. Dark cyan and black data represent the mean trend obtained from 4 live cells kept at 21 °C and 3 fixed cells kept at 37 °C, respec-
tively. Data in red are the medium’s temperature associated to the live cell data at 37 °C. Error bars are the standard deviation. b) Temperature changes
estimated from the FPA variation between t = 0 and point A (chromatin resetting) and the variation between points A and B (metabolism activation).
¢) Intensity images of the live cell nucleus shown in panel (a) at three time points (before serum and at points A and B). Scale bars are 10 pm.

to variations in the nuclear temperature, and assuming a FPA
versus temperature slope of —0.5 X 1073 °C~!, experimental data
would indicate an intranuclear thermal change in the range —30
to 2 °C and —34 to 1 °C for cells kept at 37 and 21 °C, respec-
tively (see Figure 4b, chromatin resetting data). For the cells
kept at 37 °C, we can also calculate an apparent temperature
change associated to the activation of the cellular metabolism
(decrease in the FPA change between points A and B). In this
case, the estimated intranuclear apparent temperate increases
between 12 and 43 °C (see Figure 4b). For live cells kept at low
temperature, the FPA signal remains almost constant after the
maximum is reached, thus we do not calculate a temperate
change. We associate this to a lower response of the cells that
do not increase their metabolism in the time frame of our
experiment.”!]

The “apparent” thermal changes (either increase or decrease)
calculated from the analysis of the FPA that are shown in
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Figure 4b have been obtained by considering that FPA only
depends on temperature and results unreliable. The magnitude
of these calculated temperature variations (tens of degrees) is
very unlikely to take place in a biological system. Moreover, the
initial increase in the FPA signal (between t = 0 and point A)
implies a decrease in the temperature. For this time window
after the addition of serum, we expect the temperature to
remain constant or at least present a much smaller increase
than during the cell activation (between points A and B). These
results evidence that FPA-based GFP thermometers are inad-
equate for intranuclear temperature sensing because they are
biased (the FPA output depends on other factors than solely the
temperature).

Data included in Figure 4b reveal the lack of an unequiv-
ocal relation between the FPA of H2B-GFP and intranu-
clear temperature. The question now is to determine what is
exactly causing the changes in FPA observed during the serum
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starvation-replenishment experiments. As discussed above,
H2B-GFP is subjected to environmental changes derived from
variations in the chromatin compaction state that potentially
affect both the fluorescent lifetime of the molecule and the
viscosity that drags its movement. To confirm the presence of
intranuclear structural changes during the serum starvation—
replenishment experiments, we analyzed the intensity images
generated by H2B-GFP since the variation of the intensity of
intranuclear fluorescent markers (e.g., Hoechst, GFP) is known
to be a common tool to detect changes in the compaction state
of the chromatin. For the case of H2B-GFP, it is well accepted
that it can show the DNA packing density in different regions
of the nucleus, appearing as brighter the regions of higher
compaction.’l In Figure 4c, we show three intensity images of
the nucleus of the live cell at 37 °C (Figure 4a, orange data).
Right after the addition of serum (0 min), the intensity map
has larger regions of high intensity in the center of the nucleus,
showing that the chromatin is mostly in a high compaction
state (heterochromatin) associated to a lower gene expression.
This is in good agreement with the fact that cells deprived
of FBS remain in an arrested state of low metabolism. After
the chromatin resetting period (5 min), the average intensity
decreases leading to smaller regions of high intensity. 35 min
after the addition of serum, the intensity distribution is dif-
ferent to when the stimulus was produced (compare 0 and
35 min). After the metabolism activation period, larger regions
of low intensity associated to higher levels of gene expression
(euchromatin) have appeared. We did not observe these inten-
sity changes in live cells kept at 21 °C, where the intensity dis-
tribution remained almost the same with no apparent changes
between regions of high and low intensity (see Figure S9 in the
Supporting Information). Thus, Figure 4c reveals the presence
of relevant changes in the intranuclear compaction states that
explains the changes in the FPA during a serum starvation—
replenishment experiment. In conclusion, results included in
Figure 4 evidence the presence of an interfering factor (i.e.,
chromatin compaction changes) that affects the FPA value and
hampers the measurement of temperature from the simple
analysis of the FPA of H2B-GFP. Finally, we should note
that this argument also explains the different time evolutions
of FPA prior the serum addition observed for the three cases
analyzed in Figure 4a, i.e., in their “basal” state. In the case
of live cells, the FPA in the basal state shows relevant fluctua-
tions with time that are not observed in the case of fixed cells.
This can be again explained by considering that FPA signal is
strongly linked to the intranuclear compaction state and that
remains unperturbed in fixed cells but fluctuates due to cellular
activity in live cells.

4. Chemical Perturbation: Osmotic Shock

Hyperosmotic shock is widely reported in the literature as a
chemical-based stimulus that induces instantaneously cell dehy-
dration, cell volume decreases, and, thus, molecular crowding,
due to efflux of water from the cell.’?l Concerning the nucleus
structure, it has been shown that hyperosmotic shock induces
first a fast increase in the chromatin condensation state (phys-
ical response), followed by a slow response when the cell tries
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to regain the osmotic equilibrium (biological response).’?~74

We do not expect the first process to induce any thermal varia-
tion inside the nucleus, so this first response to osmotic shock
constitutes a good scenario to study how the luminescence of
GFP is altered by changes in the intranuclear structure in the
absence of temperature variations. In other words, if the FPA
signal is unequivocally related to temperature, it should remain
constant during the cellular response to osmotic shock, i.e.,
while the cell changes its transcription state to accommodate to
the homeostasis stress.

To monitor the variation of FPA signal in Hela cells sub-
jected to a hyperosmotic shock, we designed a similar experi-
ment to the one we used for the biological stimulus (see the
Experimental Section). In this case, we added NaCl to the cul-
ture medium of cells kept at a constant temperature of 37 °C.
As we expected the chemical stimulus to produce a faster cell
response, we took consecutive images of the cells after the addi-
tion at a higher rate than in the biological perturbation experi-
ment. As before, we calculated the FPA change as the difference
between the FPA value at each instant and the average FPA
value before NaCl addition. Results shown in Figure 5a corre-
spond to the mean trend of 6 live Hela cells kept at around
37 °C (see the Supporting Information for the individual
response of each cell). Experimental data reveal how the FPA
value drastically decreases after addition of NaCl (marked with
a green arrow). When looking in detail to the first moments
after the addition of NaCl (Figure 5b), it is clear how the FPA
signal reaches its minimum value in less than 1 min. After this,
it starts to recover. This recovery it is not complete and the FPA
value does not recover its “basal” value even after times as long
as 40 min (Figure 5a).

If the FPA change would be attributed solely to a thermal var-
iation and using the same FPA versus T slope for H2B-GFP as
in Section 3, the apparent temperature change estimated from
the decrease in the FPA value (change between the point A in
Figure 5a and the value before NaCl addition) is in the range
31-82 °C (see Figure 5b). As for the case of the biological per-
turbation, these temperature variations are not compatible to
cellular thermodynamics.”” Furthermore, as explained before,
the intranuclear temperature is expected to remain unaltered
during the response to the osmotic shock. Thus, this reflects
the lack of reliability of the H2B—GFP as FPA-based intranu-
clear nanothermometer in presence of structural changes.
This lack of reliability can be, again, explained in terms of the
changes in chromatin compaction that takes place in response
to the osmotic shock. Hyperosmotic stress produces an initial
fast physical response when the nucleus “dries out” leading
to chromatin condensation that generates a nonhomogeneous
distribution with large regions of free chromatin (interchro-
matin domain).”273 This effect can be seen in the total inten-
sity maps of Figure 5d. Before addition of NaCl, the nucleus
shows a distribution of high intensity and low intensity regions
comparable to the total intensity map of a nucleus with normal
nuclear activity (see Figure 4c, 35 min). After the hyperosmotic
shock (Figure 5d, 0.3 s), the intensity map clearly shows the
condensation of the chromatin in particular regions leading to
large interchromatin domains. After this initial fast response,
cells present a long-term adaptation to the hyperosmotic stress
that involves the increase in the expression of certain genes that
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Figure 5. Effect of the chemical stimulus. a) Evolution of the FPA value in respect to the mean value before addition of NaCl (instant marked with a
green arrow). Data correspond to the mean trend of 6 Hela cells kept at around 37 °C (see red data). Error bars are the standard deviation. b) FPA
change of a single cell during the first minutes after addition of NaCl. Error bars correspond to the error from the Gaussian fit. ¢) Temperature changes
estimated from the maximum FPA variation (point A in panels (a) and (b)) after the addition of NaCl. d) Intensity images of the nucleus in (b) for two
time points (right before NaCl addition and at point A). Scale bar is 10 um.

allow the cells to regain the homeostasis.?! The FPA signal
shows this response (biological response in Figure 5a) that
takes place in a time scale similar to the metabolic activation
shown in Figure 4a.

In conclusion, results included in Figure 5 again evidence
that the changes in chromatin compaction affect the FPA value
and make it impossible to obtain a reliable thermal reading.

5. Predicting Bias in Intracellular Luminescence
Thermometry from Calibration Curves

Previous sections revealed how, for the case of H2B-GFP
FPA-based thermometers, reliable intracellular thermal meas-
urements are not possible because of the existence of bias.
This was not only proved by the anomalous thermal read-
outs obtained in experiments performed on live cells (where
structural changes occur even in the absence of temperature
variations), but it was already evidenced from the calibration
experiments: calibration curves obtained in solution (or fixed
cells) and live cells (in absence and presence of cell activity)
differ significantly. In fact, the reproducibility of the calibration
curves obtained in different conditions is the first difference
between “ideal” and “biased” thermometers (see schematic
representation in Figure 6). The signal output of an “ideal”
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thermometer only depends on its temperature so that envi-
ronmental changes caused by cell activity do not affect its cal-
ibration curve (Figure 6a). In this case, the calibration curves
obtained in live cells and in solution or fixed cells are identical.
Also, when working with live cells, there is an unequivocal rela-
tion between the signal provided by the luminescent nanother-
mometer and the intracellular temperature. On the other hand,
a “biased thermometer” is characterized by showing calibra-
tion curves that depend on the environmental conditions and/
or on the presence of cell activity (see Figure 6b). In a “biased
thermometer,” the calibration curves obtained in fixed and live
cells do not overlap because temperature is not the only para-
meter determining the signal provided by the thermometer.
In this case, the cell activity can produce changes in the signal
output of the thermometer that can be erroneously attributed
to changes in intracellular temperature (Figure 6b). According
to this, the existences of differences in the calibration curves
obtained in absence and presence of cell activity or in different
environmental conditions are a clear warning of lack of reli-
ability in intracellular thermal measurements.

To extend these conclusions to other nanothermometers,
we performed osmotic shock experiments utilizing polymeric
encapsulated CdS/ZnS semiconductor QDs as nanothermome-
ters in HeLa cells. The preliminary results that support our con-
clusions are illustrated in Figure S11 (Supporting Information).
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Figure 6. Mislabeling of temperature. Comparison between a) an ideal thermometer and b) a biased thermometer. In the ideal case, both the thermal
response and the absolute value of the signal remain constant under a change of an external parameter (i.e., calibrations at conditions 1 and 2 are
exactly the same). Thus, only thermal changes produce a change in the signal that can be directly related to the temperature variation. In the biased
case, the thermal sensitivity is independent of the external factor (i.e., calibrations at conditions 1 and 2 have the same slope), but the absolute signal
varies. Thus, a change in this external parameter produces a variation of the signal that is associated to a nonexisting thermal change that gives an

erroneous temperature (T,).

These results reveal that the lack of reliability in intracellular
thermal sensing experiments is not restricted to the FPA-based
nanothermometers, but could be affecting other widely used
systems.

6. Conclusions

In this paper, we have investigated the performance of
H2B-GFP FPA-based intranuclear fluorescence thermom-
eter and discuss the main interfering factors that hamper its
use for reliable measurement of intracellular temperature. We
prove how changes in the thermometer (FPA) signal provided
by H2B-GFP can be easily misunderstood if one does not
consider the occurrence of a biased thermal reading. We dem-
onstrate that changes in the chromatin compaction state via
cell activity modulation or via chemical perturbations induce
changes in the FPA signal of H2B-GFP thermometers that can
be erroneous interpreted as temperature changes. This work
also anticipates the scientific community that the presence
of such bias is not restricted to H2B—GFP thermometers but
could affect other nanothermometers with great potential for
intracellular measurements. As an example, we have also per-
formed experiments in live cells incubated with QD-intensity-
based thermometers. It is also found that in this system, the
change in the compositional properties of intracellular medium
can induce changes in the QD signal that can be erroneously
interpreted as thermal variations.

The experimental evidence here found together with the
extensive literature review performed make us think that bias
is present in a relevant fraction of intracellular thermometry
studies and might have been the origin of controversial results.
We also believe that these pitfalls and complications can be the
reason why only 44% of the studies we analyzed focus on the
measurement of temperature within specific organelles. Thus,
we state that bias in intracellular thermometry could be avoided
by the development of inert thermal probes, researchers should
redirect their efforts not only to give colloidal stability to the
samples through their coatings, but also to isolate them from
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the environment. These coatings can act as a barrier that iso-
lates the thermometer from surrounding molecules, preventing
its signal from being affected by other parameters than tem-
perature. We state that this is one of the paths that should be
followed toward reliable intracellular thermal thermometry.

With this article, we would like to show that the measure-
ment of intracellular temperature is not a trivial task, especially
under biological or chemical stimulus and at organelle level.
Far from presenting a pessimistic view of the future of intracel-
lular thermometry, we would like to encourage the community
to pursue this goal in a conscious manner. Finally, we strongly
believe that, although interferences might prevent confident
interpretation of intracellular thermal measurements, one can
take advantage of them. Since the information included in the
variation of the thermometer signal may be the combination
of temperature and other variables, it could also carry impor-
tant new information that currently might remain mislabeled
as “temperature” but could be the basis of novel intracellular
sensing techniques.

7. Experimental Section

Reagents: Dulbecco’s modified Eagle medium (DMEM)-Glutamax
(31966 057), penicillin—streptomycin (15070-063), and DMEM without
phenol red (21063-029) were purchased from GIBCO. Fetal bovine
serum (SV30160.3) from HyClone was heat inactivated at 56 °C for
30 min before use. X-treme Gene 9 transfection reagent (6365787001,
Roche), 35 mm culture dishes with 20 mm treated glass bottom surface
(734 2904, VWR). Plasmid pyH2B-GFP was a kind gift of Dr. Quintana
Laboratory at CNIOM.

Cell Culture and Preparation: Human epithelioid cervix carcinoma
(HelLa) cells and NIH 3T3 mouse embryonic fibroblast cells were
maintained in DMEM-Glutamax medium (31966 057, Gibco),
supplemented with 10% fetal bovine serum (SV30160.3, Hyclone)
and penicillin—streptomycin (15070-063, Gibco), at 37 °C, 5% CO,
atmosphere. For the experiments, 35 000 cells were plated on 35 mm
culture dishes with 20 mm treated glass bottom surface (734 2904,
VWR), in a final volume of 2 mL of growing medium. 24 h after
seeding, the cells were transfected with plasmid pyH2B-GFP, using
X-treme Gene 9 transfection reagent (6365787001, Roche) at a ratio
XG9:DNA (3:1), according to the manufacturer’s instructions. 24 h
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after transfection, the medium was replaced and, 24 h before the
measurements (72 h after transfection), the complete medium was
replaced by medium with antibiotic and without serum. The day
of the experiment, the medium was changed for DMEM without
phenol red and without serum, with a 20 um final concentration of
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) to keep
optimal pH during the experiments. For fixation, the cells were washed
3 times with phosphate-buffered saline (PBS) and then fixed using 4%
paraformaldehyde/PBS solution for 30 min at 37 °C. After washing, the
cells were kept in PBS. QDs (Qtracker 525 Cell Labeling Kit, Q25041MP)
were obtained from Thermofisher. First, 10 nm labeling solution
was prepared by premixing 1 UL each of Qtracker Component A and
Component B in a 1.5 mL microcentrifuge tube. After 5 min incubation
at room temperature, 0.2 mL of fresh complete growth medium was
added to the tube and vortexed for 30 s. This 0.2 mL was added to the
culture dishes and the cells were incubated in normal conditions for
60 min. After this, cells were washed with complete growth medium.
Consecutive washing procedures were performed to ensure that QDs
were inside cells.

Optical Setup: The experiments were performed in two different
experimental systems that had the same layout based on commercial
inverted microscopes (Leica DMi8 S widefield epifluorescence
microscope with incubation system for time-lapse studies — system A —
and Eclipse Ti2-U, Nikon — system B). this was done to show that
interferences in intranuclear thermometry were independent on the
experimental system. The measured FPA value was expected to be
different for each setup due to the differences in the optical elements.
In both experimental systems, images were taken with a scientific
complementary metal oxide semiconductor (sCMOS) camera (Orca-
Flash4.0, Hamamatsu) coupled to a beam divider (W-viewer Gemini,
Hamamatsu). The beam divider allowed to obtain two separate images
of the same field of view (FOV) on the same camera chip. The sample
was excited with linearly polarized light. In each of the two paths
created by the beam divider, a linear polarizer was placed, oriented
either parallel or perpendicularly to the polarization of the excitation
light. In this way, two images of the emission of the fluorophores with
orthogonal polarization were obtained. To excite the H2B-GFP and
QDs, the light coming from a 488 nm laser was focused in epi mode
with a 100x, 1.47 numerical aperture (NA) HC PL APO OIL objective
lens (Leica) — system A — or the light coming from a light emitting
diode (LED) lamp (pE-300light-series, CoolLED) onto the sample
using a 50x, 0.35 NA objective lens (SLMPLN, Olympus) — system B.
An irradiation power of less than 1 mW and reduced irradiation time
(few seconds) and number of repetitions (3-5) were used to minimize
photobleaching of the fluorophores and phototoxicity. A fluorescence
filter cube was used for the GFP emission (Ex. 481-495 nm, DC495,
Em. 500-550 nm) — system A — or the filter cube 19002-AT-GFP/FITC
Longpass (Chroma) — system B — to filter both excitation and emission
lights.

Analysis of the Images: The FPA value was obtained from the recorded
frames using homemade scripts developed with Matlab software. Each
measured frame was composed by two images of the same FOV. The
images corresponded to two orthogonal polarizations of the fluorophore
emission, one parallel (I;) and other perpendicular (/,) to the excitation.
The two images were matched and the FPA value, (I} — 1,)/(ly + 211),
was calculated for every pixel to construct the FPA maps. The different
nuclei in the FOV were selected to calculate their FPA value. For the
whole nuclear area, the FPA value distributions were obtained (number
of pixels vs FPA value, see the Supporting Information) and then fitted
to a Gaussian to obtain the central value. The images were not subjected
to any modification when calculating the FPA value, just the intrinsic,
constant intensity background of the camera produced by electronic
noise was subtracted prior analysis.

Thermometry: For the evaluation of the response of H2B-GFP to
temperature, the temperature of the medium was controlled using a
stage top incubator (Okolab) — system A — or a heated plate (Linkam)
and monitored with a thermocouple (Pico Technology) — system B.
The medium temperature was changed in steps and let to stabilize for
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at least 10 min before taking 5 consecutive frames. The sensitivity of
H2B-GFP response to temperature corresponded to the slope of the
linear fit of the FPA value evolution with temperature.

Serum Starvation—Replenishment Experiments: These experiments were
performed in system B. Cells were maintained in medium without serum
overnight. Before the experiment, the medium was replaced by T mL of
medium with no serum and no phenol red with 20 um of HEPES. 3 sets
of frames were taken every 5 min prior adding 100 uL of serum (10%
final concentration). The first image of the proliferating state was taken
few tens of seconds after the addition of serum. Then, taking 3 sets of
frames every 5 min was continued for at least 30 min more. The cells
were kept at a constant temperature.

Osmotic Shock Experiments: These experiments were performed in
system B. Before the experiment, the medium was replaced by 1 mL of
medium without phenol red, and with 20 um of HEPES. 3 sets of frames
were taken every 5 min prior adding NaCl solution to the medium to
reach 350 mOsm L' osmolarity. Few seconds after the addition, the first
frame was taken of a series of consecutive frames during =2 min. Then,
sets of three consecutive images were taken between variable periods to
track the evolution of the signal during =40 min.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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