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This work explores the development, photophysical study, and application of a new fluorescent molecule based
on BODIPY for sensing intracellular polarity which behaves as an unimolecular ratiometric probe. The experi-
mental data show that the emission spectra of this molecule feature two distinct peaks in different solvents: one
stable at 525 nm and another that shifts between 656 nm and 690 nm depending on the solvent polarity.
Theoretical calculations using Density Functional Theory (DFT) and Time-Dependent DFT confirm the nature of
these dual emission from the Sy and S; excited states, respectively, and their sensitivity to solvent polarity. The
study demonstrates that this molecule exhibits anti-Kasha fluorescence, which can be tuned by the surrounding
environment, making it a potential tool for polarity sensing. The application of this compound in live cells shows
its rapid uptake and ability to differentiate between various cellular compartments based on different polarity,
using the S1/S2 ratio from the two emission channels. This research provides valuable insights into the devel-
opment of efficient and specific fluorescent probes for visualizing and monitoring intra-cellular polarity
contributing to advancements in cellular biology and medicine.

1. Introduction

Fluorescence-based techniques are widely recognized as a powerful
approach for investigating the structure and functionality of biological
materials [1]. These methods enable researchers to visualize physio-
logical processes with high temporal and spatial resolution [2,3], detect
multiple signals simultaneously, track single molecules in vivo [4,5],
and study various pathological processes that would otherwise be
challenging to observe [3,6,7]. Fluorescent probes are essential tools for
studying biological systems. Their effectiveness relies on features such
as low toxicity, strong detection capability, and excellent sensitivity,
making them widely used in various applications today [8-10]. In
contrast to non-fluorescent dyes, fluorescent probes exhibit high selec-
tivity, as their activation or deactivation often depends on the sur-
rounding biological environment [11,12]. Additionally, they can be
excited at specific wavelengths and emit at wavelengths distinct from
those of naturally fluorescent biomolecules, such as aromatic amino
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acids and NADH, minimizing background interference and enhancing
detection sensitivity [13]. Fluorescent probes are widely employed to
study membrane morphology by selectively binding to cellular mem-
branes [14]. They are also used to label specific ligands, facilitating the
investigation of conformational changes in proteins [13] and cellular
signaling pathways [1]. Nevertheless, the development of fluorescent
probes is challenging due to the structural complexity required to
optimize key factors such as excitation wavelength, image resolution,
bio-stability, and photo-stability. Despite these limitations, fluorescent
probes continue to show great potential for future advancements in the
field [15,16].

Polarity is a fundamental property of intracellular environments [17]
and has been recognized as a key factor in various pathological pro-
cesses, such as diabetes [18] and carcinogenesis [19]. Consequently, the
ability to monitor and quantify polarity in real time within living cells is
highly valuable, providing new opportunities to advance biomedical
research. Although several fluorescent molecules currently function as
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polarity sensors [11,20-25], there is a continuous demand for the
development of more efficient, sensitive, and selective probes. In this
context, polarity-sensitive ratiometric fluorescence probes have been
designed in which the donor-acceptor structure allows ratiometric
fluorescence emission dependent polarity [26]. Furthermore, the pres-
ence of both Kasha and anti-Kasha emission from a single fluorophore
has opened the possibility to develop new ratiometric analysis strategies
and there are still few studies in the literature that have addressed such
unique emissive systems [27,28]. This methodology has been applied in
the ratiometric quantification of cysteine and glutathione in living cells
using the ratio between the S; and S; emission (Sy/S;) taking the S;
emission as internal reference signal [29]. While some fluorophores
exhibiting anti-Kasha emission have been explored for polarity sensing,
they either rely on variations in excitation and emission wavelengths
[27] or do not exhibit a linear response to polarity [30]. To the best of
our knowledge, no previous study has described a system utilizing linear
polarity emission ratiometry, where a single excitation wavelength is
used to obtain a polarity-sensitive Kasha emission band from the S;
excited state alongside an invariant anti-Kasha emission band from the
S, excited state.

In this context, we designed and synthesized a new fluorescent
molecule based on 4-bora-3a,4a-diaza-s-indacene, commonly known as
BODIPY (Boron-Dipyrromethene). BODIPYs represent an important
family of organic dyes [31,32], characterized by excellent optical
properties [33], including broad absorption across the visible spectrum,
high molar extinction coefficients, high quantum yields, low cytotox-
icity in the absence of irradiation (except for iodinated derivatives),
remarkable resistance to oxidation, exceptional photostability, strong
resistance to acidic and basic conditions, ease of synthesis, and struc-
tural tunability [34,35]. As a result, they have found applications in
various fields, particularly in the life sciences [32,36].

Building on the aforementioned background, the main objective of
this study is to investigate the photophysical properties of the new
fluorescent molecule N-(2-((tert-butildimethylsiloxy)ethyl)-4-((E)-2-
((E)-3-((E)-3-(5,5-difluoro-3,7-dimethyl-5H-4|4,5|4-dipyrrolo[1,2-
2,1 [1-3]diazaborin-10-yl)allyliden)-5,5-dimethylcyclohex-1--
en-1-yl)vinyl)-N-ethylaniline, (Compound 1) shown in Scheme 1, and
assess its suitability as an intracellular polarity sensor. Time-Dependent
Density Functional Theory (TD-DFT) calculations have been key to
interpreting the photophysical properties of this intriguing system and
have allowed us to interpret the dual emission from two excited elec-
tronic states depending on the polarity of the solvent. By doing so, this
work aims to contribute to the development of more efficient and spe-
cific tools for visualizing and monitoring intracellular polarity, which
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could, in turn, facilitate advancements in cellular biology and medicine.
2. Experimental section
2.1. Synthesis of compound 1

Compound 1 were obtained by the knovenagel reaction between
aldehyde [37,38] and BODIPY [39], synthesized following known pro-
cedures, in 10 % yield as is presented in Scheme 1.

2.2. Sample preparation and spectroscopic measurements

All solvents were obtained from Sigma-Aldrich (Madrid, Spain).
Stock solutions of compound 1 (3 x 10~* M) were prepared in DMSO
and 1,4-dioxane, then aliquoted and diluted in various solvents or sol-
vent mixtures (DMSO, 1,4-dioxane, and water) to achieve the desired
final concentration.

Fluorescence emission spectra under steady-state conditions were
recorded using a Jasco FP-8300 spectrofluorometer (Jasco, Tokyo,
Japan). UV-visible absorption measurements were performed with a
Cary 60 UV-visible spectrophotometer (Agilent, Santa Clara, CA). Both
instruments were equipped with a temperature control system to ensure
stable experimental conditions (25 °C).

Fluorescence lifetime measurements were carried out using time-
correlated single-photon counting (TCSPC) on a FluoTime 200 system
(PicoQuant GmbH, Berlin, Germany). Excitation was provided by a
pulsed diode laser (LDH-470, Aex = 470 nm) operating at a repetition
rate of 20 MHz. Three emission decays were collected at 520—530 nm
and 640-660 nm range for the Anti-Kasha and Kasha bands respectively
for each solvent, using 1320 channels with a resolution of 37 ps per
channel. Instrument response functions (IRFs) were recorded using a
LUDOX scatterer, and both IRFs and sample decays were acquired until
the peak channel reached 20,000 counts. The decay curves were
analyzed globally using iterative reconvolution with multi-exponential
fitting models implemented in the FluoFit software package
(PicoQuant).

2.3. Microscopy measurements and image analysis

Live-cell microscopy imaging of compound 1 was performed using
an Abberior scanning microscope (Abberior Instruments GmbH,
Gottingen, Germany) equipped with a 485 nm pulsed excitation laser
(40 MHz). A 100X UPlanSApo oil immersion objective (1.4 NA) was
employed for image acquisition. The pinhole diameter was consistently
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Scheme 1. Synthesis of compound 1.
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adjusted to 1 Airy unit (AU) across all measurements. Fluorescence
emission was separated by a 560LP dichroic mirror and directed toward
two detection systems: an avalanche photodiode (APD) and a hybrid
photomultiplier tube (HPMT). Before reaching the detectors, the
emitted fluorescence was filtered through 509/11 nm (Green channel)
and 685/75 nm (Red channel) bandpass filters into the APD and HPMT,
respectively.

Cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10 %
heat-inactivated fetal bovine serum (FBS) (BioWhittaker, Lonza, Basel,
Switzerland), 1 % t-glutamine, 2.7 % sodium bicarbonate, 1 % Hepes
buffer, and 1 % penicillin/streptomycin solution (10,000 U mL ™! peni-
cillin G and 10 mg mL™! streptomycin; Sigma-Aldrich, St. Louis, MO,
USA). The cultures were incubated at 37 °C in a humidified environment
containing 5 % CO,. For microscopy studies, cells were seeded onto
p-slide 8-well IbiTreat plates at a density of 5-11 x 10* cells per well.
Prior to imaging, cultures were rinsed twice with PBS, followed by the
addition of an aliquot of the stock solution in DMSO to PBS. The work
solutions have a final DMSO concentration of 1.3 %

Image analysis was performed using Fiji (ImageJ) software with
custom macros [40]. Initially, raw images were imported, and a
Gaussian smoothing filter with a standard deviation of 0.5 pixels was
applied. The entire cell was selected as the region of interest (ROI) and
semi-automatically defined to generate binary masks, assigning a value
of 0 to the background and 1 to the entire cell bodies. The images from
both fluorescence channels were subsequently multiplied by the ROI,
ensuring that only cellular regions remained in the processed images. To
assess intracellular polarity, a ratiometric image was generated by
dividing the red and green fluorescence intensities. Additionally, spe-
cific intracellular compartments were manually selected based on in-
tensity thresholding, resulting in the analysis of five distinct internal
structures.

2.4. Computational details

Density Functional Theory (DFT) calculations were performed to
tackle full geometry optimization of the molecular geometry of the
ground state and excited state was performed using the Gaussian 16
(revision A.03) suite of programs [41]. Since there is no data on the
experimental geometry of compound 1, two global hybrids functionals
and two range-separated hybrids functionals were used with different
fraction of Hartree-Fock exchange (HF), PBEO (25 % HF) [42], M06-2X
(54 % HF) [43], CAM-B3LYP (19 % at the short range and 65 % at the
long range) [44] and ®B97XD (22 % at the short range and 100 % at long
range) [45] in combination with 6-31+G** basis set. The vibrational
frequencies were computed in the ground state and excited states being
all real. The solvent was treated implicitly using the Polarizable Con-
tinuum Model (PCM) [43,46-48]. Time-Dependent DFT calculations
(TD-DFT) using TD-PBEO, TD-M06-2X, CAM-B3LYP and ®B97XD func-
tionals and 6-31+G** basis set were performed to calculate the vertical
electronic transitions. The theoretical emission in solution was calcu-
lated as the difference E(S1/S1) - E(So/S1) where E(S1/S1) is the energy of
the S; excited state at its equilibrium geometry (using both state-specific
solvation approach (SS) [49] and E(Sy/S1) is the energy of the Sy ground
state at the S; excited state geometry and with the static solvation from
the excited state [50].

3. Results and discussion
3.1. Photophysical study in solution

Fig. 1 presents the absorption spectrum of compound 1, which ex-
hibits a broad band in the 540-750 nm range across the studied solvents:
1,4-dioxane, DMSO, and water. In both DMSO and water, this band
extends further, featuring a shoulder that approaches 800 nm. Addi-
tionally, multiple absorption peaks appear at shorter wavelengths in all
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Fig. 1. Experimental absorption spectra of compound 1 (4 x 10> M) in
dioxane, DMSO and water solution.

solvents, corresponding to the complex absorption band between 300
and 450 nm. The absorption maxima are summarized in Table 1: 310,
360, and 560 nm in water; 310, 354, and 550 nm in DMSO; and 305,
384, and 540 nm in 1,4-dioxane. Notably, the lowest-energy (540-750
nm) band undergoes a bathochromic shift with increasing solvent po-
larity, whereas the higher-energy bands exhibit a negligible shift under
the same conditions.

Next, the excitation and emission fluorescence spectra of compound
1 were recorded in the three selected solvents, as shown in Fig. 2A and B.
The emission spectra exhibit two distinct peaks: one centered at 525 nm
(green emission), which remains consistent across all solvents, and a
second peak (red emission) that is clearly observed only in 1,4-dioxane.
In DMSO, this second peak undergoes a blue shift and appears as a
shoulder of the primary emission peak, whereas in water, it is entirely
absent.

To elucidate the absorption transition bands, excitation spectra
measurements were performed at two emission wavelengths (655 nm
and 560 nm). This approach allows the identification of the absorption
bands responsible for these distinct emissions.

The excitation spectra corresponding to the first emission band
(centered at 525 nm) in the three solvents are presented in Fig. 2C. As
shown, the spectra exhibit an intense excitation band at 514 nm in 1,4-
dioxane, 513 nm in DMSO, and 508 nm in water. Conversely, excitation
of the emission centered at 655 nm reveals excitation bands at 446 nm in
1,4-dioxane and 528 nm in DMSO. However, in water, this band is ab-
sent, rendering the fluorescence of compound 1 almost negligible (see
Fig. 2D).

Our results indicate that compound 1 exhibits two distinct pairs of
excitation-emission bands. The first pair, centered around 510/525 nm,
remains relatively stable across all three solvents. In contrast, the second
pair varies significantly, with excitation-emission bands at 447-650 nm
in 1,4-dioxane, 527-615 nm in DMSO, and negligible emission in water.

Using an excitation wavelength of 470 nm, we excited both emission
bands, resulting in a double-band emission in 1,4-dioxane (see Fig. 2A)
and DMSO. However, since the red emission is negligible in water, only
the green emission band is observed in this solvent. The selecion of this
excitation wavelenght provides a strategic balance: it efficiently excites

Table 1

UV/vis and photoluminescence data (PL) of compound 1.
Solvent, dielectric constant (¢) EghP/nm EaP/eV(nm) Dp (%)
1,4-Dioxane, ¢ = 2.2 305, 384, 540 525, 655 44.42
DMSO, ¢ = 46.826 310, 354, 550 525, 620, 670 37.84
Water, ¢ = 78.3553 310, 360, 560 525 18.09
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Fig. 2. Experimental fluorescence emission and excitation spectra of compound 1 (4 x 10~® M) in dioxane, DMSO and water solution at the wavelength of A)
emission spectra (Aex = 470 nm), B) emission spectra (Aex = 560 nm), C) excitation spectra (Aem = 540 nm) and D) excitation spectra (hey = 655 nm).

both excitation bands, ensuring a simultaneous double emission bands
for accurate ratiometric analysis.

Conversely, excitation at 560 nm preferentially excites the red
emission band (see Fig. 2D), as the green emission band exhibits mini-
mal excitation at this wavelength. The spectra in Fig. 2B indicate that
compound 1 is nearly non-fluorescent in water. In 1,4-dioxane, the most
apolar solvent tested, fluorescence intensity is high, whereas in DMSO,
the emission undergoes a blue shift and exhibits reduced intensity
compared to 1,4-dioxane. Notably, the solvent effect on the red emission
band (650 nm in 1,4-dioxane, 615 nm in DMSO, and negligible in water)
is significantly stronger than on the green emission band (514 nm in 1,4-
dioxane, 513 nm in DMSO, and 508 nm in water), which remains largely
unaffected by solvent polarity. This differential solvent effect on emis-
sion properties suggests the potential application of compound 1 as a
solvent polarity sensor.

The apparent quantum yields of compound 1 in the three solvents at
three excitacion wavelenght (350, 470 and 560) are shown in Tables S1
and S2 (see SI-Quantum Yield Calculation). Our data show that quantum
yields is dependent of the excitation wavelenght. The calculated values
of compound 1 at the wavelenght of 470 nm were 0.444 + 0.008 in 1,4-
dioxane, 0.378 + 0.007 in DMSO, and 0.18 + 0.002 in water.

Fluorescence lifetime measurements were performed for compound
1 in the three solvents: DMSO, 1,4-dioxane, and water. The decay pro-
files were fitted using a triexponential model for DMSO and 1,4-dioxane
and biexponential model for water, and average lifetimes were calcu-
lated for both emission bands. In DMSO, the average lifetimes were 5.18
+ 0.03 ns for the green band and 1.44 + 0.07 ns for the red band. In 1,4-
dioxane, the lifetimes were 4.83 + 0.02 ns (green) and 2.81 + 0.04 ns
(red), while in water, the values were 6.43 + 0.12 ns and 5.79 + 0.05 ns,
for the green and red emission, respectively. The lifetimes and their
fractional contributions for each model is provided in the Supplemen-
tary Information (see Fig. S1 and Table S3). These results indicate that
the green emission exhibits consistently longer lifetimes across all sol-
vents, and its sensitivity to the solvent environment is reflected in the
pronounced variation observed. The contrast in kinetic complexity
(biexponential in water vs. triexponential in DMSO/Dioxane) is ratio-
nalized by the calculated adiabatic S2-S1 energy gap. In water, since

anti-Kasha behavior is favored when this gap is greater than 0.5 eV, a
large S2-S1 energy gap effectively suppresses the non-radiative S2 \to
S1 internal conversion. This suppression minimizes the intermediate
kinetic pathways, leading to a simplified decay dominated primarily by
the two radiative channels (S2 — SO and S1 — S0), which can be satis-
factorily modeled with a biexponential fit. However, in DMSO and 1,4-
dioxane, a smaller energy gap means that the S2 — S1 internal con-
version pathway becomes more significant. The involvement of this
third, competing kinetic process (IC) introduces greater complexity into
the overall relaxation dynamics of the excited states, thereby necessi-
tating a third component for an accurate triexponential fit.

To gain deeper insight into the nature of both emission bands and
absorption peaks, we conducted theoretical calculations to elucidate the
underlying mechanisms.

3.2. Theoretical insights

DFT and TD-DFT calculations were performed in 1,4-dioxane, DMSO
and water solution to rationalize the absorption and photoluminescence
spectra of compound 1. The solvent was treated implicitly using the
Polarizable Continuum Model (PCM). The molecular geometry of the
ground state (Sp) and two excited states (S; and S;) were optimized at
the PBE0/6-314+G**, M06-2X/6-31+G**, CAM-B3LYP6-31+G** and
®B97xD/6-31+G** levels of theory in dioxane, DMSO and water with
the aim to characterize the nature of the electronic transitions involved
in the excitation and relaxation processes. We tried four different
functionals to check the consistency of our theoretical results. The best
results in the calculation of the photophysical properties (absorption and
emission) were obtained with M06-2X, so the discussion will focus on
this functional.

Fig. 3 shows the optimized geometry for the ground state Sy in 1,4-
dioxane using M06-2X/6-31+G** (see Figs. S2 and S3 in the Support-
ing Information for geometries in water and DMSO). The central carbon
skeleton shows almost planar geometry with dihedral angles in the
range 1.3-2.4°. The BODIPY platform presents a deviation around 34°
from the central skeleton and decreases up to 17° in the first excited state
S; and 11° in in the second excited state Sy. As regards the dihedral angle
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Fig. 3. Selected dihedral angles for (A) ground state Sy, (B) excited state S; and (C) excited state S, of compound 1 calculated at the M06-2X/6-31+G** level of

theory in dioxane solution.

between the donor amine group and the central skeleton, it takes a value
of 9.7° in the ground state and decreases up to 6.3° after excitation in S;
paving the way to the intramolecular charge transfer. However, it hardly
deviates from the value in the fundamental state when the molecule
reaches the S, excited state.

Table 2 lists the predicted dipole moments for compound 1 in
different solvents for the ground state S and excited states S; and Ss.
Taking as reference the ground state (i), the dipole moment doubles
after excitation in S; while it takes a similar value in Sy predicting the
same trend in the three solvents. In addition, pg and pg; increases with
the polarity of the solvent being this effect is more pronounced in S;
from 20 D in 1,4-dioxane up to 31 D in DMSO and water. These results

Table 2
Dipole moments (in Debye) of the compound 1 in Sp (pg), S1 (ps1) and Sz (ps2)
states calculated at the M062X/6-31+G** level of theory in solution.

Solvent It Ps1 Hs2 Bs1 -Ho Hs2 -Pe
Dioxane 12.13 20.19 16.72 8.06 4.59
DMSO 14.42 31.23 16.73 16.81 2.31
Water 14.47 31.54 16.74 17.07 2.27

help explain the greater solvatochromism observed for the more red-
shifted emission at 650-670 nm, as well as the weaker solvent effect
on the emission at 525 nm, as discussed later.
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Table 3 lists the vertical electronic transitions calculated for com-
pound 1 in 1,4-dioxane, DMSO and water solution, along with the
experimental data for comparison. TD-DFT calculations are in good
agreement with the experimental absorption wavelengths with de-
viations lower than 0.04 eV for M06-2X, followed by CAM-B3LYP (~0.1
eV) while ®B97xD and PBEO yield larger deviations, 0.3 and 0.5 eV,
respectively. According to the M06-2X theoretical calculations, the main
band observed around 540-560 nm could be assigned to the lowest
Sp—$S; transition with high oscillator strength values (f~1.9), showing a
high HOMO—LUMO contribution (>82 %) and a low contribution of
HOMO-2—LUMO (12 %). A second transition Sy—S; is predicted at 462
nm with high contribution of HOMO-1-LUMO (~90 %) and f~0.48.
This transition could be below the broadband envelope at 540-560 nm.

The frontier molecular orbitals are represented in Fig. S4. HOMO is
delocalized from the donor amine group along the carbon skeleton,
while LUMO and HOMO-1 are localized mainly in the BODIPY platform.

Since HOMO and LUMO are involved in the So—S; transition, this
transition presents intramolecular charge transfer character and makes
it sensitive to the polarity of the surrounding medium. However, the
electronic transition Sy—Sy from HOMO-1 to LUMO only involves the
BODIPY platform. These results are consistent with experimental ob-
servations concerning the different nature of the two observed absorp-
tion and emission bands and their dependence on solvent polarity.

A simpler view of electron excitation than shown by canonical or-
bitals can be obtained by expressing the electronic transition using
Natural Transition Orbitals (NTOs) called hole and particle. The hole NTO
represents the electron that leaves the occupied orbital upon excitation,
while the particle NTO represents the excited electron that moves to an
unoccupied orbital. A quantifies the contribution of each specific hole-
particle NTO pair to the overall electronic transition. Fig. 4 and Fig. S5
show the NTO analysis for the Syp—S; and Sp—S; transitions. For the
So—S; excitation, the hole NTO is placed over the molecular platform
involving the amino group, while the particle NTO is more localized over
the BODIPY moiety with eigenvalues of A = 0.97 in water and dioxane.
However, for the Sy—S, transition, hole-particle NTO pair is almost

Table 3
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exclusively localized over the BODIPY platform with A = 0.99.

The molecular geometry of the first S; and second S; excited states
was optimized in solution. Table 4 shows the calculated emission using
state-specific solvation approach along with the experimental emission
wavelengths for comparison. The M06-2X functional matches well the
experimental observations with energy differences of less than 0.2 eV.
The results from PBEO, CAM-B3LYP and ®B97xD functionals are shown
in Tables S4 and S5. The lowest energy emission band observed at
655nm/670 nm in dioxane/DMSO solution has been assigned to the
S1—8p transition, with calculated emission wavelengths of 684 nm
(dioxane) and 734 nm (DMSO), confirming the red shift with increasing
solvent polarity. Regarding the second emission band observed at 525
nm, it is assigned to the S,— Sy relaxation, which exclusively involves the
BODIPY platform. Although the explicit solvation model considering
solvent molecules interacting with the fluorophore may be a more
realistic solvation model, the good agreement between the experimental
and theoretical data shown in Table 4 leads us to conclude that the
implicit solvation model using the Polarizable Continuum Model (PCM)
works reasonably well in the system studied in this work.

Therefore, the theoretical calculations confirm the two emission
bands observed for compound 1, the distinct electronic nature of the
transitions involved, and their dependence on solvent polarity. Addi-
tionally, the emission from S, excited state would give compound 1 anti-
Kasha character which could be tuned with the solvent polarity.

The Anti-Kasha emission refers to luminescence that occurs from an
excited state higher than the first excited state. As discussed in previous
works [27,51], in general for fluorophores with an adiabatic energy gap
between the excited states S; and Sy greater than 0.5 eV, non-radiative
deactivation through internal conversion can be suppressed or mini-
mized, allowing radiative relaxation of Sp. Table S6 shows that the
calculated values for AE(S;— S3) are 0.9 eV in water and 0.5 eV in
dioxane and then Anti-Kasha behavior would be more favored in water
than in dioxane. In addition, the reorganization energy, A, has been
calculated to estimate the internal conversion in S; and S, (see Table S6
and Fig. S6). The predicted values for A are 0.9 eV (water) and 0.6 eV

calc

Experimental maximum absorption wavelengths (AgtP) and calculated vertical electronic transitions (Aert.ab) (in nm and eV in parenthesis), oscillator strength (f), and
main components of the Sy—S,, transitions (% contribution) at the TD-CAM-B3LYP/6-31+G** and M06-2X/6-31+G** levels of theory in solution.

Solvent ASEP aale b Transition f % Contribution
CAM-B3LYP/6-31+G**
Dioxane 540 (2.30) 515 (2.41) So—S1 2.03 H - L(77),H-2 - L (16)
456 (2.72) So—S2 0.50 H-1 - L (92)
384 353 (3.52) So—S3 0.21 H-2 - L (48), H » L+1 (36)
305 326 (3.81) So—S4 0.56 H - L+1 (50), H-2 - L (22)
DMSO 550 (2.25) 545 (2.28) So—S1 2.03 H - L (77), H-2 - L (15)
451 (2.75) So—S2 0.49 H-1 - L (86)
354 362 (3.42) So—S3 0.13 H-2 - L (54), H - L+1 (22)
310 333 (3.72) So—S4 0.66 H- L+1(65),H—-L12)
Water 560 (2.21) 542 (2.29) So—S1 2.01 H- L (77),H-2 - L(15)
448 (2.77) So—S2 0.47 H-1 - L (85)
360 361 (3.43) So—S3 0.12 H-2 - L (55), H - L+1 (19)
310 333 (3.73) So—S4 0.68 H-L+1(67),H—-L(11)
MO06-2X/6-31+G**
Dioxane 540 (2.30) 530 (2.34) So—S1 1.95 H-L(82),H2-L(12)
462 (2.68) So—S2 0.48 H-1 > L (94)
378 361 (3.43) So—S3 0.09 H-2 - L (64), H - L+1 (21)
344 336 (3.69) So—S4 0.72 H - L+1 (68), H-2 - L (14)
DMSO 550 (2.25) 561 (2.21) So—S1 1.94 H-L(82),H2—-L(12)
458 (2.71) So—So 0.47 H-1 - L 91)
354 374 (3.32) So—S3 0.05 H-2 - L (70), H - L+1 (10)
306 343 (3.62) So—S4 0.77 H - L+1 (80)
Water 560 (2.21) 558 (2.22) So—S1 1.92 H-L(83),H2—-L(11)
454 (2.73) So—So 0.46 H-1 - L 91)
364 373 (3.33) So—Ss3 0.05 H-2 - L (71)
306 342 (3.63) So—S4 0.78 H - L+1 (81)
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Table 4

Experimental (\&P) and calculated (A3 ..,,) maximum emission wavelength (in
nm and eV in parenthesis) for the S; Sy and Sy— Sy transitions at the M06-2X/6-
31+G** level of theory in solution.

Solvent hen? (o Transition A% em f % Contr.
(%)
Dioxane 655(1.89) 44.42 S1—-So 684 (1.81) 2.55 H-L
(95)
525(2.36) S»—So 541 (2.29) 0.39 H-1-L
(92)
DMSO 670(1.85) 37.84 S1—-So 734 (1.69) 2.80 H-L
(96)
525(2.36) So—So 500 (2.48) 0.53 H-1-L
94)
Water - S1—So 734 (1.69) 2.80 H-L
(96)
525(2.36) 18.09 So—So 493 (2.51) 0.54 H-1-L
94)

(dioxane) in S1, while similar values were found in S,, 0.4 eV and 0.5 eV,
in water and dioxane, respectively. Therefore, the larger reorganization
energy in water solution in S; could justify the lower quantum yield
experimentally measured for compound 1 in aqueous solution due to a
larger internal conversion through non-radiative vibrational relaxation.

3.3. Solvent polarity effects on fluorescence

The theoretical approach has elucidated the mechanisms underlying
both emission bands and confirmed that solvent polarity affects the two
transitions differently. To further investigate the influence of solvent
polarity on the fluorescence signal, we selected 1,4-dioxane and water as
cosolvents due to their significant difference in polarity, which allows
for a wide range of polarity values in the study. We measured fluores-
cence emission at various proportions of 1,4-dioxane and water using an
excitation wavelength of 560 nm (see Fig. 5A) to preferentially excite
the Sy—S; transition, and an excitation wavelength of 470 nm (see
Fig. 5B and C) to preferentially excite the BODIPY platform, which is
involved in the Sy—S, transition.

As observed in Fig. 5A, in the 1,4-dioxane:water solvent system, the
band corresponding to the S;—Sy transition exhibits almost negligible
fluorescence at 0 %-20 % (v:v) 1,4-dioxane. Between 40 % and 60 %
1,4-dioxane, an emission band centered around 620 nm appears,
accompanied by a shoulder around 690 nm. At 80 %-90 % 1,4-dioxane,
the shoulder increases in intensity, becoming a distinct peak (\™*
690 nm at 80 % dioxane). Finally, at 95 %-100 % dioxane, the band at

620 nm disappears, and the band at 690 nm increases in intensity,
shifting to a blue-shifted position at 656 nm. Similar trends are observed
for the S;—Sy transition under excitation at 470 nm (see Fig. 5B and C).

Regarding the Sy;—Sy transition, the emission band is centered at 525
nm with small variations in the wavelength maximum at different pro-
portions of 1,4-dioxane, as predicted by the theoretical calculations.
From 0 % to 20 % 1,4-dioxane, the intensity remains almost constant.
However, with the addition of more dioxane (starting at 40 %), the in-
tensity reaches a maximum and then decreases until 95 % 1,4-dioxane.
From 95 % to 100 % 1,4-dioxane, the fluorescence intensity of the So—Sy
transition increases again alongside with the S;—Sp band in the
650-670 nm range.

Interestingly, excitation at 470 nm reveals both emission bands
(Kasha at ~660 nm and anti-Kasha at ~525 nm). As the intensities of
these bands are highly dependent on the surrounding environment, we
studied the variation in the emission bands through a ratiometric mea-
surement between the wavelengths of 660 nm and 525 nm. The results
of this calculation are shown in Fig. 5D. The data indicate that the ratio
remains nearly constant from 0 % to 40 % 1,4-dioxane. Beyond this
point, the anti-Kasha emission becomes more pronounced, and the ratio
begins to increase linearly from 40 % to 95 % dioxane. From 95 % to
100 % dioxane, the ratio value exhibits an exponential increase.
Therefore, from 40 % dioxane onward, the ratiometric calculation be-
tween the two bands is influenced by the hydrophobicity of the sur-
rounding environment, highlighting compound 1’s potential as a
polarity sensor. The probe’s sensitivity is specifically adequate for the
biological environment, transforming an apparently narrow ratiometric
range into an operational advantage. Since the internal compartments of
living cells operate within a critical and limited physiological polarity
range, the precise tuning of the linear segment maximizes resolution for
detecting subtle variations between distinct cellular, ensuring reliable
and specific ratiometric readings for assessing subtle polarity shifts in
heterogeneous cellular settings.

To ensure the reliability of Compound 1 for sustained live-cell im-
aging and dynamic monitoring, its resistance to photobleaching was
systematically assayed. The probe demonstrated strong resistance to
photobleaching under continuous irradiation over a 30-min period (see
Fig. S7). We observed that in water solution, the initial signal decreased
by only approximately 15 % after 10 min of continuous exposure.
Resistance was even higher in the organic solvents, where the decrease
in initial signal was limited to around 5 % in both DMSO and 1,4-
dioxane. Crucially, as the dual emission bands (short-wave and long-
wave) were affected similarly by the irradiation, the calculated ratio-
metric values remained almost constant during the entire assay. This
high photostability ensures the probe’s suitability for reliable and long-
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Fig. 5. Experimental fluorescence emission spectra of compound 1 (4 x 107 M) in different volume ratios (v:v) of 1,4-dioxane:water at excitation wavelengths of
(A) Lex = 560 nm, and (B, C) Aex = 470 nm. Panel (B) displays the emission spectra for 1,4-dioxane concentrations ranging from 0 % to 90 % (v:v), while panel (C)
covers the range from 95 % to 100 % (v:v). (D) Ratiometric calculations at 655 nm and 525 nm for different 1,4-dioxane:water proportions.

term ratiometric measurements.

3.4. Application in live cells

To evaluate the potential biological application of compound 1, we
introduced it to live HeLa cells. Fluorescence intensity was monitored
after the addition of compound 1 (see Fig. S8). The fluorescence reached
its maximum intensity spontaneously within 10 min, indicating a rapid
uptake of compound 1 by the live cells and distinguishing it clearly from
the autofluorescence (see Fig. S9). After 10 min of incubation, we
measured the fluorescence in two distinct detection channels: the green
channel, which captures the emission from the anti-Kasha transition,
and the red channel, which detects the emission from the Kasha tran-
sition. Cytotoxicity was evaluated after 24 h of incubation. The results
revealed a very low toxicity (around 5 %) compared to the control
samples (Fig. S10), confirming the biocompatibility of compound 1
under the tested conditions.

Fig. 6 and S10 show representative images from both channels. As
observed, compound 1 exhibits differences in fluorescence intensity
across various internal structures, with the intensity being stronger in
the red channel. In contrast, the green channel displays more homoge-
neous fluorescence, although the internal structures remain clearly
visible. While the intensity differences may be attributed to varying
accumulation of compound 1 in different intracellular compartments,
the ratiometric measurements between both channels (see Fig. 6A and
S10) help eliminate artifacts caused by concentration differences of
compound 1. As previously demonstrated, the ratio value depends on
the polarity of the surrounding environment. Therefore, the ratio maps
shown in Fig. 6A and S10 provide information on the polarity of the
internal structures within the cells. In these images, a false-color rep-
resentation is used, where blue indicates low ratio values (associated
with higher polarity regions) and red indicates high ratio values (cor-
responding to lower polarity regions).

As the fluorescence intensity varies significantly across different
intracellular compartments, these regions can be easily analyzed

separately by isolating them. We selected five regions inside the cell: the
nucleus, cytosol, nuclear membrane, and two distinct internal struc-
tures/organelles differentiated by their fluorescence intensity (internal
structures 1 exhibit higher intensity compared to internal structures 2.).
In Fig. S11, we show the different regions of interest studied. We then
calculated the ratio values in each region and present the histograms in
Fig. 6B. The data show that the nucleus exhibits the highest polarity
among the regions studied. The second highest polarity is found in the
internal regions with homogeneous fluorescence, which we have asso-
ciated with the cytosol. We also found that the nuclear membrane and
internal structures 2 (those with the lowest intensity) present a similar
polarity. Finally, the internal structures with higher intensity corre-
spond to the lower polarity observed. These findings demonstrate that
the ratio between the two emission bands of this compound can be used
to study polarity differences in live cells and present a sensitivity that
can distinguish the polarity between cellular compartments. The probe’s
temporal efficiency is dictated by its inherent photophysical mechanism,
where the ratiometric signal relies on the internal competition between
the anti-Kasha and Kasha emission pathways, coupled by internal con-
version (IC). Polarity shifts instantaneously alter the relative population
of S_1 and S_2. The measured fluorescence lifetimes (\tau), determined
via TCSPC, exist entirely on the nanosecond (ns) timescale. Because the
total process—from excitation to subsequent dual emission—is
completed within nanoseconds, the ratiometric signal stabilizes nearly
instantaneously following an environmental polarity change, ensuring
the probe is highly efficient and sufficiently rapid for real-time moni-
toring of dynamic biological events, which typically occur on the
microsecond [52], millisecond [53], or second scale [54].

4. Conclusion

The experimental and theoretical study of compound 1 in different
solvents (1,4-dioxane, DMSO, and water) reveals that its emission and
excitation spectra are highly sensitive to solvent polarity. Two distinct
emission peaks are observed: one stable at 525 nm across all solvents,
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Fig. 6. (A) Fluorescence and ratio images of HeLa cells incubated with 4 x 107°M of compound 1. The left panel shows the red channel (Aep, = 685/75), the middle
panel displays the green channel (A, = 509/11), and the right panel represents the ratio image. Scale bars represent 10 pm. (B) Histograms of the ratio values for the
five regions of interest. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

and another that shifts between 656 nm and 690 nm depending on the
solvent. TD-DFT calculations confirm that these two emission bands
correspond to Kasha (red emission) and anti-Kasha (green emission)
transitions, respectively.

In biological applications, compound 1 demonstrates rapid uptake
by live HeLa cells and the ability to distinguish between different
cellular compartments, indicating its potential as a polarity sensor.
Ratiometric analysis of the emission bands (Kasha and anti-Kasha) al-
lows for the elimination of concentration-dependent artifacts, providing
reliable data on the polarity of intracellular structures. Ratio maps
generated from these measurements offer valuable insights into the
polarity of various cellular compartments.

In conclusion, compound 1 proves to be an effective tool for studying
polarity variations in live cells, making it a promising candidate for
probing the cellular microenvironment and understanding intracellular
polarity differences.
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