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ABSTRACT: Unraveling cellular physiological processes via luminescent probes that
target specific cellular microenvironments is quite challenging due to the uneven
distribution of probes. Herein, we designed a new dynamic excimer (DYNEX) imaging
method that involves the sensitive detection of nanosecond-scale dynamic molecular
contacts of a fluorescent acridone derivative and reveals the cell microenvironment
polarity. Using our method, we specifically tracked cell lipid droplets in fibroblast colon
carcinoma cells. These organelles play a central role in metabolic pathways, acting as
energy reservoirs in regulatory processes. DYNEX imaging provides the inner polarity of
cell lipid droplets, which can be related to lipid contents and metabolic dysfunctions.
This new methodology will inspire development of novel multidimensional fluorescent
sensors that are able to provide target-specific and orthogonal information at the nanosecond scale.
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Fluorescence microscopy is an extensively used platform to
characterize membrane and membraneless organelles due

to its high sensitivity, accuracy, and noninvasiveness. Specific
chemically driven targeting of these cell organelles is based on
their cellular microenvironment, which is defined by different
parameters, such as macromolecules, salt types and concen-
tration, temperature, pH, viscosity, and polarity.1 Thus, the
development of new sensors to monitor the dynamics of these
parameters is key to understanding many cellular physiological
processes and diseases in biology. In this work, we employed a
chemically simple, fluorescent probe,N-(3-(benzyloxy)propyl)-
2-methoxy-acridin-9-one (1, Figure 1), to study the polarity of
lipid droplets. These organelles act as lipid storage units and are
involved in prominent trafficking pathways, dynamically
interacting with practically all subcellular structures. Impor-
tantly, dysregulation of lipid droplets has been associated with
several diseases, such as lipodystrophies, fatty liver disease, or
atherosclerosis.2,3 Therefore, lipid droplets are interesting target
organelles in the study of altered metabolic states, such as highly
proliferative tumor cells.2 Additionally, microenvironment
polarity is an intrinsically complex parameter involving the
medium acting as a continuous phase and specific molecular
interactions of dispersion forces, dipole-dipole interactions, and
hydrogen bonds, affecting enzymatic activity, membrane
transport, and cellular proliferation.4 Thus, microenvironment
polarity inside lipid droplets reveals different cellular metabolic
states, either physiological or pathological.5−9

In a previous work, we designed a robust and quantitative
methodology to obtain intracellular polarity in terms of the ET30
parameter by multiparametric microscopy and simultaneously
employing two orthogonal imaging approaches, namely, time-

gated ratiometric and fluorescence lifetime imaging.10 The ET30
parameter, defined as the difference in energy between the
excited state and the ground state of the pyridinium-N-
phenolate of betaine, has an advantage over other polarity
parameters combining general solvent effects and hydrogen-
bonding interactions.11 Our method employs acridone deriva-
tives as fluorescent reporters because of their excellent
photophysical properties, which include long lifetimes (7−22
ns), high quantum yields (>0.6), and great pH stability at
physiological levels. Importantly, the long fluorescence lifetime
of these probes overcomes the problems of interferences caused
by cellular autofluorescence by applying suitable time gates to
filter out short-lived, interfering photons after excitation.12

Moreover, the subcellular localization of acridones can be finely
tailored by incorporating directing molecules into the structural
groups that do not alter the photophysical properties or
performance of the dyes.13 Another interesting and distinctive
feature of these acridone derivatives is their excited-state
dynamics, including the excited-state formation of an excimer
in solution.14

Taking advantage of this property, herein, we propose a new
approach to organelle-specific tracking using a new layer of
information based on the kinetics of the acridone excited state.
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This segmentation approach is subsequently combined with a
previously validated method to probe polarity microenviron-
ments,10 resulting in a novel imaging approach. The novelty of
this DYNamic EXcimer (DYNEX) imagingmethod relies on the
sensitive and specific detection of the dynamic excited-state
formation of excimers of acridone 1 inside live cells. We used this
feature as a tool to clearly identify, track, and specifically segment
lipid droplets, the organelles in which we detected such
dynamics. This adds a new and complementary layer of
information to conventional fluorescence intensity and lifetime
imaging.

■ RESULTS AND DISCUSSION

Excited-State Dynamics. To develop the DYNEXmethod,
we first thoroughly investigated the excimer formation dynamics
of compound 1 in different solvents using a combination of
spectroscopic and computational tools. Time-dependent
density functional theory (TD-DFT) calculations, using the
TD-CAM-B3LYP/6-31+G** level of theory (see the Support-
ing Information, SI, for details), were performed to understand
excimer formation at a molecular level, taking into account
dispersion interactions in the dimer by including an empirical
dispersion correction (GD3).15 Since 1 has a bulky N-
substituent in the acridone core, we also studied unsubstituted
4-methoxyacridone and other simple derivatives (Chart S1 in
the Supporting Information, SI). Modeling of such simpler
molecular systems helped to optimize the different config-

urations of the dimers in excited states as well as to investigate
whether the hydrophobicity of the benzyl radical in 1 is involved
in the excimer stability. Four different excimer arrangements
were found in both water and cyclohexane (Figure S1 and Table
S1 in the SI), with the structure with antiparallel packing being
the most stable. Importantly, the lowest unoccupied molecular
orbital (LUMO) wavefunction presented a clear overlap
delocalized between the two acridone monomers, while in the
highest occupied molecular orbital (HOMO), the molecular
orbitals were isolated on the individual molecules (Figure 1).
This result is a clear indication of the formation of excited-state
π−π interactions and, hence, of excimer formation. Some
interatomic distances between carbon atoms are shown in
Figure 1, which are within the interval of previous studies for
aromatic compounds, 3.1−3.4 Å.16
We also investigated excimer formation using absorption,

fluorescence (Figure S2), and time-resolved emission spectros-
copy (TRES). TRES is an extremely valuable tool that allows
following the nanosecond-scale temporal evolution of the
emission spectrum, identifying excited-state dynamics, such as
solvent relaxation or excited-state reactions.14,17,18 Although the
formation of excimers of 4-methoxyacridone derivatives in
aqueous solution has been previously established,14 it was not
confirmed for acridone 1 due to its low solubility in water. This is
an important feature since the formation of excimers will be
favored in nonaqueous environments. Therefore, we first
studied the excited-state dynamics of acridone 1 in acetonitrile

Figure 1. TD-CAM-B3LYP-D3/6-31+G** calculation results of the molecular geometry and HOMO and LUMO (isocontour plots 0.02 au) of an
antiparallel excimer of acridone 1 in water solution.
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(ET30 = 45.6 kcal mol−1) and methanol (ET30 = 55.4 kcal
mol−1). In acetonitrile, acridone 1 presented two decay times: a
long lifetime of 10.26 ns and a short lifetime of 0.98 ns. The
TRES spectra (Figure 2A) exhibited an isoemissive point at 467

nm in the initial 1.5 ns, which indicated the excited-state
transformation of the initially excited species into a different
product. The species-associated emission spectra (SAEMS), as
obtained from TRES measurements, represent the emission
profiles linked to each one of the detected decay times. In a
mixture of emissive dyes with different fluorescence lifetimes,
the SAEMS would represent the spectrum of each form.
However, in the presence of an excited-state reaction, the
SAEMS provide information on the spectral distribution of the
reagent, or directly excited species, and the final product arising
during the excited-state reaction.17 The analysis of SAEMS
clearly showed negative pre-exponential factors associated with
the short decay time (rise time) from 460 to 500 nm (Figure
2B), indicating that the excited-state product has preferential
emission in this spectral range. Similar results, confirming the
formation of excimers, were found for acridone 1 dissolved in
other solvents (Figures S3 and S4). The photophysical
properties of acridone 1 responded mainly to microenviroment
polarity, also including acidity or basicity of the solvent.19 In
contrast, the emission features of the dye are almost invariable
with other factors, such as pH (in the near-neutral range),14

viscosity (since the fluorophore does not have a rotorlike
structure, see Figure S5), or the presence of typical biologically

relevant species, such as metal ions, peroxide, sulfides, and
sulfites (Figure S6).

DYNEX Imaging of Cellular Lipid Droplets. Next, we
aimed to actively seek direct evidence of dynamic excimer
formation of acridone 1 inside the fibroblast colon cell line
CCD-18Co.
The formation of excited-state emissive species, such as an

excimer, is unequivocally characterized by the appearance of
short rise times in the emission kinetics, i.e., a negative pre-
exponential factor associated with the short decay time in the
fluorescence decay trace.14 This type of fluorophore dynamics
has not yet been detected inside live cells. To do so, only time-
resolved fluorimetry, working in single photon timing (SPT)
mode, is capable of reliably detecting the rise time; hence,
fluorescence lifetime imaging microscopy (FLIM) is the tool of
choice. For the unprecedented detection of photophysical
nanosecond kinetics of acridone 1 in live cells, we analyzed
FLIM images, adjusting the fluorescence decays to a
biexponential model. Importantly, we found specific subcellular
areas in which the pre-exponential (amplitude) associated with
the short decay time, termed as A2, was consistently negative
(Figure 3A,B). This is an unequivocal feature of nanosecond
excited-state dynamics,14,20 as explained earlier.
The DYNEX imaging approach consists of an image

segmentation procedure, which selects only pixels with negative
amplitude of the short decay time. When the DYNEX criterion
was applied to the collected FLIM images of 1 in live cells, it
highlighted specifically spherical organelles, whereas the dye that
had spread through the cytosol and other organelles was mostly
monomeric and was thus filtered out by DYNEX. Figure 3A
shows the segmentation of lipid droplets using DYNEX, whereas
Figure 3B shows the distribution of amplitude values of the short
decay time (A2) from the whole image in Figure 3A. Additional
videos and animations illustrating the DYNEX segmentation
method can be found as Supporting Videos S1−S4. The
organelles selected by DYNEX imaging were morphologically
spherical, and we identified them as lipid droplets through
colocalization experiments with different organelle trackers
(Figures 3C,D, S7−S10, and Table S2 in the SI). Therefore,
using DYNEX, we were capable of specifically identifying lipid
droplets within the cytoplasm.
It is important to note that for this approach to work properly,

the long decay time of the fluorophore must be as large as
possible. Hence, acridone derivatives are especially interesting
candidates.14 Nevertheless, among the different tested N-
substituted-4-methoxyacridone derivatives as intracellular
probes,19 strikingly, we unequivocally detected intracellular
dynamic excimer formation in acridone 1 bearing an N-(3-
(benzyloxy)propyl) radical. We did not find evidence of
dynamic excimers in live-cell imaging using N-(3-(hydroxy)-
propyl)- or N-(3-(methoxy)propyl)-4-methoxyacridones. Im-
portantly, the fact that the detection of an acridone excimer in
cellular lipid droplets is specific to dye 1 confirms that it is not an
instrumental artifact due to detector jitter. We hypothesized that
the higher hydrophobicity of the benzyl radical promoted
accumulation of the dye in lipid droplets, thus facilitating the
formation of the excimer. These results can be reconciled by
comparing the lipophilicity of these three dyes. The consensus,
simulated log P value (partition coefficient octanol/water) is
4.24 for acridone 1, whereas it is 2.67 and 3.01 for N-(3-
(hydroxy)propyl)- and N-(3-(methoxy)propyl)-4-methoxyacri-
done, respectively, as obtained using the SwissADME tool.21

Therefore, the larger log P value of acridone 1 supports further

Figure 2. (A) TRES spectra of 1 dissolved in acetonitrile (λex = 375 nm)
at 0, 0.5, 0.8, 1, 1.2, 1.5, 3, 5, 8, 10, 15, 20, and 25 ns after the excitation
pulse. (B) SAEMS of 1 in acetonitrile, associated with the longest
lifetime (blue) and the shortest lifetime (red).
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accumulation in lipid droplets compared to the other studied
dyes. The higher local concentration of the dye in these lipid
droplets allows nanosecond, excited-state encounters between
differentmolecules of the dye and, hence, the formation of actual
dynamic excimers. Excimer formation, as a second-order
reaction, is a concentration-dependent process. However, we
did not find variations in the application of the DYNEX
segmentation criterion with typical dye concentrations used for
cell imaging in the sub-μM range. The negative amplitude values
for A2 detected were high (Figure 3B), thus supporting that the
methodology could be safely applied at much lower concen-
trations of dye 1.
Next, we employed DYNEX imaging, combined with a

validated multiparametric microscopy approach for determining
microenvironment polarity,10 to compare the polarity inside
lipid droplets in the human colon cell line CCD-18Co and the
mouse colon carcinoma cell line CT26.WT. The polarity in lipid
droplets is an indirect estimation of the lipid content and
composition and can be related to alteredmetabolic states.22 For
these measurements, once lipid droplet pixels were segmented
using DYNEX, we extracted polarity ET30 values (Figure 4) via
multiparametric microscopy by combining the time-gated
intensity ratio and fluorescence lifetime information10 (see the
SI for experimental details and Figures S11−S13). Heretofore,
there have been some efforts to characterize intracellular polarity
employing fluorescence microscopy techniques using emission
spectra,23 fluorescence intensity,24 and ratiometric meas-
ures.25−27 Nevertheless, biological samples present important
difficulties for quantitative imaging that are overcome by our
methodology.10 Table 1 and Figure S14 show the ET30 values
recovered from lipid droplets of CCD-18Co and CT26.WT
cells. The average ET30 values were 46.1 ± 0.1 and 45.6 ± 0.2
kcal mol−1 for CCD-18Co and CT26.WT cells, respectively.
These values are consistent with droplets formed with neutral
lipids surrounded by polar phospholipids. A close inspection of
the droplet images (Figures 4B,C and S15) clearly exhibited
lower polarity in the inner core of the droplets, in agreement

with the aforementioned arrangement.26 Interestingly, com-
pared with the CCD-18Co line, the tumoral CT26.WT cell line
exhibited lipid droplets with slightly lower polarity, consistent
with previous works.8,24,26−29 This observation supports the idea
of a higher lipid content in the tumoral line due to altered,
proliferative metabolism.
Although many different alternatives for fluorescently tagging

lipid droplets are available,30 few probes are capable of
quantitatively reporting lipid content and polarity. During the
production phase of our work, several polarity probes specific for
lipid droplets have been reported.31−33 In these recent works,
the polarity of lipid droplets is quantified through conventional
ratiometric imaging based on the spectral shift of solvatochromic
probes. Klymchenko and colleagues further defined an arbitrary
lipid order parameter to scale relative polarity changes,31 but
absolute quantitative polarity values were not reported. In other
cases, polarity changes in lipid droplets were only visualized but
not quantified using fluorogenic reactions of solvatochromic
probes.32 Interestingly, a coumarin−quinolinium dyad has been
recently reported to respond to polarity changes using
ratiometric and FLIM imaging.33 The response of this dye
toward polarity was calibrated in terms of the dielectric constant,
ε; however, when used in live cells, the detected intensity ratio
values were out of the calibration values, making it impossible to
quantify polarity. These recent reports illustrate the far
superiority and advantages of our approach for in cellulo
quantification of absolute polarity. First, DYNEX imaging allows
specific filtering of pixels in lipid droplets without the need for an
additional organelle tracker. A second important advantage of
our method is that the simultaneous use of multidimensional
information, lifetime, and time-gated intensity ratio provides
robust and absolute determination of the polarity, in terms of the
ET30 parameter, free from potential interferences from cellular
autofluorescence and other sources of light, such as scatter. For
comparison purposes, Table S3 in the SI gathers other
fluorescent polarity probes for lipid droplets, the basis of the

Figure 3. (A) FLIM image of dye 1 in CCD-18Co cells and segmentation procedure using DYNEX. Pixels with negative A2 amplitude are represented
in blue. (B) Distribution of amplitudes of the short decay time (A2) of the image in panel (A). (C) Representative colocalization imaging of 1 (green
channel) with LipidTOX (red channel). Scale bar of 10 μm. (D) Correlation plot (left) and intensity profiles of lines 1, 2, and 3 (right) from the green
and red channels of panel (C).
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imaging approach employed, and whether the sensor is capable
of reporting absolute polarity values.

We further exploited the potential of DYNEX tomeasure how
the polarity of lipid droplets was altered upon treatment with
sucrose and chloroquine. Sucrose is known to increase
membrane stability, interacting through hydroxyl groups and
hence altering the polarity of intracellular compartments.34,35

On the other hand, chloroquine causes enhanced lipid
production, potentially decreasing the polarity of lipid
droplets.22,34 After confirming that sucrose did not have any
adverse effect on the photophysical properties of dye 1 (Figure
S16), our results show that treatment with sucrose resulted in a
significant increase in the polarity of lipid droplets (p < 0.001)
for treatments with 50 and 100 mM sucrose in both CCD-18Co
and tumoral CT26.WT cells (Table 1, Figures 5, S17, and S18).
Being a disaccharide, the internalization of sucrose strongly
depends on the cellular type, usually running via endocytosis to
lysosomes. For instance, the polarity of lysosomes has been
shown to notably change upon sucrose treatment in MCF-7
breast cancer cells,34 but the effect was less noticeable in 293T
cells and even lower in HepG2 cells,35 using 80 mM sucrose in
either case. The two cell lines that we used in our work are colon
cells, with sufficient disaccharide receptors for endocytosis, and

Figure 4. (A) Schematic of the DYNEX concept: selective formation of dynamic excimers of dye 1 in lipid droplets. (B, C) FLIM image (left panels),
DYNEX segmentation of lipid droplets (central panels), and ET30 imaging (right panels) of 1 in CCD-18Co cells (B) and tumor CT26.WT cells (C).
Scale bars represent 10 μm for full images and 2 μm for zoomed images.

Table 1. ET30 Values in Lipid Droplets

cell line treatment ET30
a (kcal mol−1)

CCD-18Co 46.1 ± 0.1
sucrose 50 mM 46.8 ± 0.1c

100 mM 47.1 ± 0.2c

chloroquine 25−100 μM 43.70 ± 0.09d

CT26.WT 45.6 ± 0.2e

sucrose 50 mM 46.9 ± 0.1c

100 mM 46.7 ± 0.2c

chloroquine 25−100 μM 42.3 ± 0.1d

aErrors are indicated as the standard error of the mean, s.e.m.
bStatistical comparison of populations was performed using the
Mann−Whitney, Holm−Bonferroni, and Holm−Sidak statistical tests.
cSignificantly different from the untreated control (p < 0.001).
dSignificantly different from the untreated control (p < 10−25).
eSignificantly different from untreated CCD-18Co cells (p < 0.15).
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the increase in polarity of lipid droplets that we have detected is
then in line with previous results, considering the metabolic role
of such organelles.
In contrast, treatment with chloroquine resulted in signifi-

cantly more hydrophobic lipid droplets in both CCD-18Co and
CT26.WT cell lines (Table 1, Figures 5 and S19). This result
indicated a higher production of lipids stored in the
corresponding organelles.22

■ CONCLUSIONS
In this work, we have demonstrated that segmentation by novel
DYNEX imaging is a powerful approach for quantifying
microenvironment polarity in cellular lipid droplets. The
detection of an actual dynamic excimer inside live cells, as
photophysically characterized by negative amplitudes on a decay
time, i.e., a rise time, has not been previously reported. The fact
that we detected a rise time is an unequivocal demonstration of
such excited-state dynamics, as is well known in the photo-
physics field.14,36 For this advance, the extraordinary behavior of
acridone dyes was a turning point in terms of both a well-defined
excimer reaction, as evidenced in our computational and
experimental studies, and a long decay time, leaving enough
time, on the nanosecond timescale, to detect the formation of

excited-state interactions using FLIMmicroscopy in SPT mode.
In this design, the solvatochromism of the acridone core is able
to resolve the microenvironment polarity, while the N-
substituent allows convenient placement of the probe in the
correct organelle and facilitates excimer formation.
In the past, changes in fluorescence associated with the

formation of excimers, such as quenching of monomer emission
or red-shifted excimer emission, have been exploited for some
time in imaging for sensing purposes,37−40 for instance, of
metallic ions, such as Al3+,38 Zn2+,40 and Hg2+,39 and
biomolecules, such as heparin,37 cysteine,40 and phosphate.40

Most of these works employed common dyes with well-known
excimer emission, such as pyrene38−40 or perylene.37 However,
all of these works were based on the usual red-shifted emission of
the excimers and used ratiometric intensity approaches37,38 or
off/on behavior39,40 to illustrate the detection of a different
emissive species. Since these works used steady-state intensity,
one cannot provide kinetic information on the dynamics of the
dye nor unequivocally confirm whether the red-shifted emissive
species was dynamically formed in the excited state (an actual
excimer) or was preformed in the ground state (static
aggregates). The detection of red-shifted, enhanced emission
upon dimerization or aggregation of certain dyes is well known
and has given rise to widespread studies on aggregation-induced
emission (AIE).41 To the best of our knowledge, direct
measurement of environment-dependent excited-state excimer
kinetics inside live cells has not been previously employed in
fluorescence imaging. Therefore, our observations are important
not only from the point of view of the photophysics of a dye
detected intracellularly but also because they allowed us to
develop a novel segmentation procedure via DYNEX imaging,
an approach that exploits the use of time-resolved excited-state
kinetic information to gain a new layer for image filtering in
fluorescence microscopy, complementary to other common
fluorescence parameters.
In this regard, similar methodologies of imaging analysis and

filtering based on excited-state kinetics of the fluorescent probe
can be foreseen. In the past, we successfully developed
fluorescent sensors for phosphate imaging, based on excited-
state proton transfer reactions of xanthene derivatives.42,43

Therefore, we envisage that the appropriate combination of rich
dye’s photophysics and time-resolved fluorescence imaging
tools, such as FLIMmicroscopy, will pave the way for the design
of new multidimensional fluorescent sensors able to provide
target-specific and orthogonal information, including spectral,
intensity, lifetime, and excited-state kinetic changes, among
others.
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Figure 5. ET30 values in lipid droplets of CCD-18Co cells (A) and
tumor CT26.WT cells (B) upon treatment with sucrose and
chloroquine. Each individual value corresponds to lipid droplet regions
from different cells from >10 different images.
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