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Measurement of thermogenesis in individual cells is a remarkable challenge due to the
complexity of the biochemical environment (such as pH and ionic strength) and to the
rapid and yet not well-understood heat transfer mechanisms throughout the cell. Here,
we present a unique system for intracellular temperature mapping in a fluorescence
microscope (uncertainty of 0.2 K) using rationally designed luminescent Ln3*-bearing
polymeric micellar probes (Ln=Sm, Eu) incubated in breast cancer MDA-MB468 cells.
2D thermal images recorded increasing the temperature of the cells culture medium
between 296 and 304 K shows inhomogeneous intracellular temperature progressions
up to ~20 degrees and subcellular gradients of ~5 degrees between the nucleolus and

the rest of the cell, illustrating the thermogenic activity of the different organelles and

highlighting the potential of this tool to study intracellular processes.

Keywords: Intracellular temperature mapping, Luminescence thermometry,
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Temperature affects everything and temperature fluctuations play a central role in
the myriad of biochemical reactions regulating life.! The intracellular temperature, for
instance, changes with cellular activity, including cell division, gene expression,
enzymatic reactions, and pathological states.?* Moreover, to neutralize large external
temperature changes and to keep homeostasis of the body temperature upon cold or
hot exposure, cells have developed thermoregulation mechanisms.>’ Despite
recognition of the fundamental involvement of temperature in eliciting biochemical
changes,?1° specific molecular mechanisms by which cells produce and use heat are
largely unknown,* 7 1118 which, thus, have driven the research on intracellular
thermometers in the past decade. Although there are a handful of reported intrusive
intracellular thermometers,® 1% 20 contactless luminescence-based examples have been
largely the most adopted strategy.® ' 2127 Indeed, several types of luminescent
materials have been proposed for intracellular temperature sensing such as organic
molecules,?® 28 22 polymers,®® 3! carbon dots,®? quantum dots,*® N-vacancy
nanodiamonds,? and trivalent lanthanide ions (Ln®*)-doped inorganic nanoparticles3*
and organic-inorganic hybrids.®®

These luminescent thermometers unveiled intriguing spatiotemporal intracellular
temperature fluctuations, including organelle-specific thermogenesis, suggesting a
fundamental connection between the temperature and the cell functions.* 719 For
example, Chrétien et al.'” correlated changes in the mitochondrial temperature with the
oxygen consumption, showing that the mitochondrial temperature is up to 10 degrees
higher than the body temperature when the respiratory chain was fully functional. Also,
Tanimoto et al.3® observed temperature differences up to 6 degrees in micrometer
scale domains in a neuronal cell after the mitochondrial stimulation, whereas Rajagopal
et al.’ reported temperature spikes of ~7.5 degrees during stimulated proton
uncoupling in neurons of Aplysia californica. Finally, Yang et al.*® and Liu et al.®’
showed inhomogeneous intracellular temperature distributions up to 10-15 degrees
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higher than the temperature of the living cells culture medium, following, respectively,
Ca?* stress and cold shock, and externally-induced temperature changes. All these
observations (among other examples® 2°) are inconsistent with theoretical calculations
suggesting that maximal heat gradients across cells could not be greater than 1075 K.”:
11, 16, 18

Here, we report intriguing real-time bidimensional (2D) temperature maps of breast
metastatic adenocarcinoma cells (line MDA-MB-468) incubated with innovative Ln3*-
bearing polymeric micelles. The thermal images show inhomogeneous intracellular
temperature progressions up to ~20 degrees and subcellular temperature gradients of
~5 degrees raising the exciting possibility of using these gradients for signaling and
regulation in cells,*® and emphasizing the present misunderstood about the response of
living cells to temperature variations.

A scheme of the synthesis of the micelles is presented in Figure 1. It consists of a
self-organized structure formed using a single polymer containing hydrophilic and
hydrophobic blocks. The amphiphilic block is the P(MPEGA-co-PEGA)-b-P(MA-b-
PhenA) copolymer (MPEGA and PEGA stand for poly(ethylene glycol) methyl ether
acrylate and polyethyleneglycol acrylate, respectively) and was synthesized by
reversible addition-fragmentation chain transfer polymerization (details in the
Supporting Information). The hydrophobic block is a methyl acrylate (MA) polymer
containing a discrete number of the auxiliary ligand 4-(acryloyloxymethyl)-1,10-
phenanthroline (PhenA) to complete the coordination sphere of the Ln3* ion and shield
the complex from the influence of the medium by steric effects. We rationally design
the polymeric micelles and the Ln3®* complexes to mitigate luminescence quenching
effects induced by the culture medium and the proposed copolymerization strategy
permits easy incorporation of other functionalities such as tags for different cell
organelles. The hydrodynamic diameter of the resulting micelles in agueous
suspension gives a monomodal distribution with an average diameter of 20.3+0.2 nm

(Figure 1b,c). The scanning transmission electron micrographs showed particles, with
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a granular texture and bright spots (discernible at high magnification), which is
compatible with the presence of Ln3* complexes within the micelle. Moreover, the
electron dispersive scattering (EDS) within the micelles presents the signature of Sm,
whereas less frequent Eu, was only faintly detected (Figure S2 in Supporting
Information). These elements were not observed outside the micelles.

The photoluminescence studies on the Ln3*-bearing polymeric micelles are
summarized in Figure 2. A remarkable excitation peak at 436 nm, in the blue-violet
spectral range, is discerned (Figure 2a). This is an important achievement because
contrary to other thermometric systems that need high-energetic (and cell harmful)
ultraviolet excitation, using excitation in the visible spectral range circumvents damage
to the cultured cells under observation, and it can be easily used in conventional
confocal microscopes and that do not natively incorporate UV laser sources.

The thermal dependence of the emission spectra was recorded in the 300-328 K
range for the aqueous suspension of the Eu®*- and Sm3*-bearing polymeric micelles
(Figure 2b-d). In the case of btfa-based micelles, the integrated area of the Sm3*
4Gsp—%Hgy, transition (l;) decreases with increasing temperature by ~12%, that of the
Eu®*, °Do—’F, transition (l;) is reduced by 40% of the initial value (Figure 3a).
According to the DNPD-based material, the temperature-dependent trend is more
evident. The emission of Eu®* decreases increasing temperature (leaving ~18% of the
RT intensity), and what is more also the emission of Sm?* is reduced ~4 times at the
highest temperature (Figure 3b). To rationalize these thermal dependences, we use
time-dependent density functional theory and intramolecular energy transfer
calculations (details in Supporting Information). The intramolecular energy transfer
rates for Ln3* complexes were estimated based on a well-defined theory.3842

The main energy-transfer pathways in the micelles containing the DNPD
complexes (Figure 3c) involves the T;—%Do (Eu®*) and T1—*Gs, (Sm?*) transitions
corresponding respectively to ~83% and ~91% of the total forward intramolecular
energy transfer rates. On one hand, the backward energy transfer rates (Wher)
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increase at temperature increase, depopulating the °Do (Eu®*) and *Gs;, (Sm3*) emitting
levels and, on the other hand, Wger for Eu®* is more affected by the temperature
increase than those of Sm3*. The balance between these two processes explains the
stepper decay observed for the integrated area of Dy—’F, transition in comparison
with that of “Gs,—®Hg, (Figure 3b). In the btfa-Ln3* complexes, the T, state (15480
cm™) is lying below the Eu®* and Sm3* ion acceptor states, leading to a higher energy
barrier. Consequently, the energy transfer pathways involving the S; state (34300 cm?)
as donor become more operative (in order of 10* and 10° s, respectively, Tables S5
and S6). According to the simulations, the energy transfer from the Si represents
93.4% and 93.8% of the total for Eu®* and Sm?* ions, respectively. For the btfa ligand,
the energy transfer involves the non-radiative decays from the lanthanides’ higher
energy states to the corresponding emitting levels. Since the population of the emitting
levels is dependent on its decay lifetimes (that are in order of 1072 s), it has time
enough to transfer energy to the triplet state (in order of 10* s7* for Eu®* and 10° s for
Sm?*). This means that the population of the emitting level is dependent on the balance
between the population increase resulting from the singlet (WS,) and the population

decrease due to lanthanide-to-btfa triplet state (W%f) energy transfers, which allow us

to define an effective transition rate as W* = W, — %f Figure S7 presents the

temperature dependence of the normalized W*. The rate for the Eu®**—T; energy
transfer is of the same order of magnitude of that of S1— Eu®* in the higher energetic
states. In contrast, for the btfa-Sm3* complex, the W%f is one order of magnitude lower
than the WS, explaining the lower temperature quenching of the Sm3* integrated area
in comparison with the Eu®* one presented in Figure 3a.

The integrated areas of the *Gs;,—®Hg2 (11, Sm3*) and 5Do—’F; (I2, Eu®*) transitions
are used to define the thermometric parameter A=l,/l.. The A(T) dependence is well

fitted by empirical polynomial equations for both ligands (Figure S9 in Supporting

Information). The relative thermal sensitivity (Figure S10 in Supporting Information) of
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the micelles increases with the temperature increase reaching the maximum value of
1.5 %. K1 and 1.7 %. K™* for btfa- and DNPD-containing micelles, respectively, both at
328 K. The minimum temperature uncertainty is remarkably low, 6 mK (at 328 K), and
0.20 K (at 305 K) for the btfa- and DNPD-containing micelles (Figure S12 in Supporting
Information). Whereas the relative thermal sensitivity values are lower than that
reported for similar micelles containing Th3* ions®® (5.8 %-K™ at 296 K), the decrease
of the relative uncertainty on the integrated intensity to unprecedented values of
ol/1<0.4% (Figure S11 in Supporting Information) allowed us to design the first
luminescent thermometer with temperature uncertainty values below 10 mK.

These exciting results of thermometric performance motivate the development of a
temperature-imaging instrument (Figure S3 in Supporting Information). It consists of a
fluorescence microscope that incorporates a beam splitter, a CMOS camera, and a
CCD camera. The illumination light is filtered through a 340-380 nm bandpass filter
and reflected with a 400 nm dichroic mirror. The emission beam is divided into two by a
635 nm dichroic mirror and the resulting beams are filtered through the 600-620 nm
and 620-660 nm bandpass filters that roughly cover the 5Do—’F. (Eu®*) and
4Gsp—%Hgz (Sm3*) emissions. Finally, both the Eu3* and Sm?3* filtered beams are
collected by a” CMOS camera (Figure S3b in Supporting Information). All the process
of temperature imaging is controlled by a LabView image-processing sequence. A
MatLab® routine (developed by us) is then used to process the original CMOS image
containing both the Eu3*and Sm3* emission to get 2D temperature maps (Figure S3b in
Supporting Information). The temperature-mapping routine first separates the original
image into the corresponding Sm3* (I1) and Eu®* (I2) emissions. Then, the intensity
values for the equivalent pixels of Eu®* and Sm3* images are identified, and the
intensity ratio A=l,/l; is calculated and converted into temperature by the corresponding
calibration curve. Finally, we obtain a 2D temperature matrix that is represented as a
false-color image that can be overlapped to the original image, mapping the

temperature distribution of the cellular culture.
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Despite both the btfa- and DNPD-based Ln3*-bearing polymeric micelles are stable
in water, in the presence of the culture medium the btfa-based polymeric micelles
present a poor emission intensity in the same excitation conditions of DNPD-based
ones (Figure S16 in Supporting Information). The time-dependent density functional
theory and the intramolecular energy transfer calculations point out that the btfa-based
micelles undergo a luminescence quenching process due to the energy transfer that
involves the Ln®* emitting levels to the T, state. On the contrary, in the DNPD-based
micelles is the balance between the S;-to-Ln®* and the Ln®*-to-T; energy transfers that
rules the temperature dependence of the intensities (details in silico experiments in
Supporting Information).

In a proof-of-concept experiment, the thermometric imaging system was tested
with MDA-MB-468 breast cancer cells incubated with DNPD-based polymeric micelles.
The cells were observed before and after incubation with the Ln3*-bearing polymeric
micelles (culture details in Supporting Information). Phase-contrast images (Figure
4a,b) showed that the cells were well-formed and uniformly spread. Grayscale images
showed the luminescence of internalized Ln3*-bearing polymeric micelles in both the
Sm3* and the Eu* channels (Figure 4c,d, and Figure S16c,d in Supporting
Information), whereas images from control cells before incubation with the micelles
were totally dark (Figure S14 in Supporting Information). These results are compatible
with the cell internalization of the Ln%*-bearing polymeric micelles and indicate their
stability on cellular medium. Moreover, the mean temperature determined in both the
fixed and live cells agree very well with the temperature values of the cellular culture
(298.0 and 296.5 K, respectively, Figures S16 and S17 in Supporting Information).
Interestingly, the temperature distribution is much narrower in the fixed cells (standard
error of 0.02 K, Figure S16 in Supporting Information) than in the live cell (standard
error >0.5 K Figure S17 in Supporting Information).

The phase-contrast images of the cell cultures incubated with DNPD-based

polymeric micelles display brighter regions under UV-light illumination (yellow arrows in
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Figure 4c,d) corresponding to areas of higher accumulation of the luminescent probes.
Although the detailed analysis of the distribution of the nanoparticles within the cell lies
out of the scope of the present work, and the identification of the spherical brighter
areas would require the use of biological markers, from a morphological point of view
these spots might correspond to the cells’ nucleolus. To evaluate the effect of an
external heat source in the temperature distribution at subcellular regions, we use a
temperature controller attached to the imaging instrument described above. A total of
450 points were sampled (150 in the brighter and 300 in the darker regions) within the
limits of 3 MDA-MB-468 cells for each temperature set between 296.45 and 303.55 K
(Figure 5a-d). The histograms of both dark and bright regions display an
inhomogeneous intracellular temperature progression up to ~20 degrees (Figure 5e-h),
which is consistent with the previous reports on temperature mappings on living cells
using diverse fluorophores as temperature probes?’: 33 36.37 (Table S8). Furthermore, all
the histograms follow Gaussian distributions centered at values that increase with the
external temperature set in the controller (Figure 5e-i). Remarkably, whereas for the
darker regions the average temperatures are in excellent agreement with those set
externally, for the brighter areas we observe an average temperature ~5 degrees
higher than that of the rest of the cell (Figure 5i). This temperature increment is of the
same order of magnitude than that already observed by Okabe et al.3° and could be
explained by the intense RNA transcription activity of the nucleolus.3 44

In summary, we reported here a unique system for real-time intracellular
temperature mapping of living cells based on innovative luminescent Eu®*/Sm?3*-
bearing polymeric micellar probes. The micelles and the Ln3* complexes covalently
bonded to its hydrophobic part were rationally designed to mitigate quenching effects
induced by the culture medium. Moreover, the copolymerization strategy proposed
permits easy incorporation of other functionalities, such as targeting different cell
organelles, and the temperature is recorded from the ratio between the integrated

areas of the 4Gsp,—®Hop and 5Do—7’F», transitions of the Sm3* and Eu3* ions,
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respectively, using a conventional (or minimally adapted) fluorescence microscope. A
proof-of-concept experiment on breast metastatic adenocarcinoma cells (line MDA-MB-
468) incubated with the Eu®*/Sm?3*-bearing micelles under UV-light excitation yields 2D
thermal images in the 296-304 K range with an uncertainty of 0.2 K. The thermal
images allow us to delimitate the cells and to identify its nucleolus as brighter regions.
By increasing the temperature of the culture medium, inhomogeneous intracellular
temperature progressions up to ~20 degrees and an increment of ~5 degrees of the
nucleolus temperature relative to the rest of the cell were discerned, which might be
related to the activity of the thermo-generating organelles and highly exoenergetic
processes. The real-time intracellular temperature imaging using these Ln3*-bearing
polymeric micelles opens new avenues to the detailed screening of thermal gradients
within living cells due to endogenous or exogenous stimuli, providing important insights
into the regulatory intracellular mechanisms, and thus contributing to an improved
comprehension of the role of some subcellular thermo-generating organelles in the

cellular functions.

Associated Content

Supporting Information: Materials and methods, Thermometric-imaging system, In
silico experiments, Photoluminescence, Thermometric performance of the Ln3*-bearing
micelles, Cell cultures, and Temperature imaging.
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Figure 1. (a) Flux diagram of the synthesis route used to produce the Ln3*-bearing
polymeric micelles. Dynamic light scattering size distribution of the Ln3*-bearing (b)
btfa- and (c) DNPD- based polymeric micelles after filtration through a 100 nm
membrane filter. The solid lines are the best fit to log-normal distributions (r?>0.99)
centered at 20.3+0.2 nm in both cases. (d,e) Scanning transmission electron
microscope images of the Ln3*-bearing btfa-based polymeric micelles.
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Figure 2. (a) Excitation spectra of btfa- and DNPD-based polymeric micelles at room
temperature monitoring the Do—’F; transition of Eu®*. (b) Room temperature emission
spectra of the btfa- and DNPD-based polymeric micelles. The transitions ascribed to
Eu®* and Sm3* are signed in red and orange, respectively. Temperature dependence of
the emission spectra recorded in the 299-328 K range for (c) btfa- and (d) DNPD-
based polymeric micelles. In (b), (c) and (d) the excitation wavelengths used are 373
nm and 436 nm for btfa- and DNPD-based micelles, respectively.
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Figure 3. Temperature dependence of the integrated areas of the Sm3* 4Gs;,—%Hgy2 (11)
and the Eu®* Do—"F; (l,) transitions in the Ln3*-bearing (a) btfa- and (b) DNPD-based
polymeric micelles. (c) Simplified energy level diagram for Sm3*, Eu®*, and ligands. The
upwards arrow represents the initial absorptions by the ligands and ISC the
intersystem crossing. For DNPD ligand, the forward intramolecular energy transfer
rates (Wer) are predominant via the T1—*Gs;z (Sm?*) and T1—°Do (Eu®*) pathways. The
backward energy transfer rates (Wyer) have a linear dependence with the temperature
(Figure S6 in Supporting Information). For the btfa ligand, the forward intramolecular
energy transfer rates (WJ,) occur essentially via the S;—*Fs, (Sm3*) and S;1—5G,
(Eu®) pathways. In this case, the luminescence quenching depends on the energy
balance between the transfer processes (W*), because the energy turns back to the
ligand via the acceptor state T;.
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Figure 4. Room temperature microscopy images of MDA-MB-468 cells incubated with
DNPD-based polymeric micelles under white-light illumination in (a) phase-contrast
mode recorded with the color camera and (b) reflection mode recorded with the CMOS
camera. Emission in the (c) Eu®* and (d) Sm3*channels recorded with the CMOS
camera and illuminating the cultures with a 365 nm LED The yellow arrows sign
illustrative brighter regions of the cells. Calculated 2D (e) A (using |1 and I, channel
images) and (f) temperature maps. All the scale bars correspond to 10 um.

-18 -



submitted to NANO. ..,

296.45 K

| FE N PN LD RN P R R R |

Relative Frequency

0.10

0.00

0.50 f

Relative Frequency

Relative Frequency

0.50 —

0.40

0.30

0.20

Relative Frequency

0.10

0.00 I

270 280 290 300 310 320
Temperature (K)

¥ i

310
308
306
304
302
300
298
296

294 1 | L | L | 1 | L | 1 | 1 | 1
294 296 298 300 302 304 306 308 310

Culture Medium Temperature (K)

LA LI L L L L L B
O

Intracellular
Temperature (K)

Figure 5. (a-d) Microscopy images (recorded in the Eu®* channel) of the MDA-MB-468
cells incubated with DNPD-based polymeric micelles. The blue and red points mark,
respectively, the locations used for temperature determination of the darker and
brighter regions. The culture medium temperature values are indicated and The scale
bars correspond to 10 um. (e-h) Temperature histograms obtained from the selected
points indicated in (a-d). The blue and red colors correspond to the blue (dark regions)
and red (bright regions) points, respectively and the solid lines represent the best fits to
Gaussian functions (r>>0.90). (i) Temperature determined using the intracellular
thermometer (y) versus culture medium temperature (x) for the dark (blue) and bright
(red) regions (e-h histograms). The blue line corresponds to y=x and the red one is
shifted by 5 degrees (guides for the eyes).
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