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1. Introduction

Fluorescence-based imaging using fluorescent probes has

n-Spacer modulation unlocking tunable
photophysics and organelle-specificity in 2,6
disubstituted BODIPY-cyanostilbene fluorophores

Charutha Kalarikkal,® Sarbani Bhattacharjee,”
Koyeli Mapa*® and Chinna Ayya Swamy P @ *2

Simultaneous visualization of two distinct organelles using a single fluorescent probe offers powerful
opportunities for unravelling cellular signalling pathways and inter-organelle interactions. However, this
goal remains challenging due to the complex microenvironment of subcellular compartments and the
absence of robust design principles. In this study, we designed and synthesized two new donor-acceptor
(D-A) BODIPY-cyanostilbene fluorophores, functionalized at the 2,6-positions with tailored n-spacers:
phenyl (compound 7) and thiophene (compound 8) units. Strategic n-spacer engineering enabled precise
control over both optical behavior and organelle-targeting selectivity. The thiophene analogue (compound
8) exhibited a remarkable Stokes shift (~112 nm) and far-red/NIR emission (600-800 nm), overcoming two
key limitations of conventional BODIPYs, particularly visible-range emission (490-510 nm) that restricts
deep-tissue imaging, and narrow Stokes shifts that lead to spectral overlap and self-quenching. In contrast,
the phenyl analogue (compound 7) emitted at 570 nm with a moderate 35 nm Stokes shift, primarily due
to the extended n-conjugation framework. The photophysical properties were supported by DFT
calculations (B3LYP/6-31G(d), Gaussian 09W). Both probes showed excellent photostability, minimal
cytotoxicity, high chemical and pH stability, and non-interference from competitive species, making them
highly suitable for cellular studies. Interestingly, both probes achieved dual-targeting of lipid droplets (LDs)
and lysosomes, enabling real-time monitoring of dynamic changes in these organelles. This work highlights
n-spacer engineering as a powerful strategy to unlock far-red/NIR dual-organelle probes, paving the way
for advanced organelle-targeting imaging, and early-stage disease diagnostics.

necessitating higher doses and intensify the risk of damage to
healthy tissues during surgery. Among several classes of
organic fluorophores, BODIPY (4,4'-difluoro-4-bora-3a,4a-

become a powerful platform for early disease diagnosis and
surgical navigation, owing to its ability to offer real-time, non-
invasive visualization of molecular interactions with high
specificity and spatial resolution."”* However, the clinical
translation of many fluorescent biomarkers, including several
commercially available probes, remains limited due to their
low signal-to-background ratios, poor biocompatibility, low
fluorescence quantum yields, restricted structural tunability,
short-wavelength emission, and inadequate photo, chemical,
and thermal stability.* Such drawbacks hinder precise drug
delivery to target sites, reduce therapeutic efficacy,
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diaza-s-indacene) dyes have attracted great attention due to
their excellent structural versatility, high fluorescence
quantum yields, excellent photostability, sharp emission
profiles, and tunable optical properties.®® Consequently, they
have been widely utilized in diverse research domains,
including photosensitizers, lasers, optoelectronics,
chemosensors, and bioimaging applications.”®  Yet,
conventional BODIPY derivatives suffer from two major
limitations: emission predominantly in the visible range
(490-510 nm), which restricts deep-tissue imaging, and a
typically narrow Stokes shift. The rigidity of the BODIPY
framework suppresses non-radiative decay, favoring locally
excited (LE) states over charge-transfer (CT) interactions,
which yields a minimal Stokes shift.®>”® As a result, spectral
overlap and self-quenching significantly reduce their
effectiveness in biological imaging applications.

To overcome these drawbacks, extensive research has
focused on molecular engineering strategies aimed at
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extending absorption and emission toward longer
wavelengths, particularly into the near-infrared (NIR-I/NIR-II)
regions, while achieving larger Stokes shifts. This facilitates
deeper tissue penetration, reduced scattering, and minimal
interference from biological autofluorescence, all of which
are crucial for accurate and efficient fluorescence
bioimaging."”” Among various approaches, the design of
donor-acceptor (D-A), D-n-A, or D-A-D systems has proven
especially effective. This strategy involves the incorporation
of electron-donating and electron-withdrawing substituents,
typically aromatic or heteroaromatic rings at different
positions within the BODIPY framework."® Such structural
modulations enhance intramolecular charge transfer (ICT)
interactions, leading to enlarged Stokes shifts, tunable
excitation/emission characteristics through m-conjugation
extension, and the ability to tailor organelle specificity
through rational molecular design.'*?*

While most studies have focused on substitutions at the
meso, 1,7; 3,5; or 1,3,5,7-positions of the BODIPY core, only a
limited number have explored donor substitution at the
2,6-positions, a promising yet unexplored strategy for
improving BODIPY photophysical performance. Building on
our previous work on lipid droplet (LD)-targeting BODIPY-
cyanostilbene probes, where meso-substitution yielded
minimal influence on optical behavior, we extended this
concept by developing D-A conjugated BODIPY-cyanostilbene
fluorophores featuring m-spacer substitution at the
2,6-positions.**** By introducing phenyl or thiophene
spacers, we effectively tuned the photophysical characteristics
and organelle-targeting behavior of these probes. As
anticipated, the stronger electron-donating nature of the
thiophene wunit enhanced ICT effects, resulting in a
remarkable red shift and a substantially increased Stokes
shift. Notably, the thiophene-based derivative (compound 8)
achieved a large Stokes shift (~112 nm) and far-red/NIR
emission (600-800 nm), ideal for bioimaging, while the
phenyl analogue (compound 7) emitted at 570 nm with a
Stokes shift of 35 nm. Both probes exhibited excellent
stability, high photostability, and negligible cytotoxicity. They
effectively enabled dual-targeting of LDs and lysosomes,
organelles with distinct yet interrelated roles in cellular
homeostasis.>*>” Additionally, their dual functionality
enables tracking of dynamic changes in these organelles,
providing valuable insight into organelle behavior under
various physiological conditions.*® Overall, these findings
underscore the role of n-spacer engineering in tuning BODIPY
photophysics and biological performance, offering valuable
design principles for next-generation far-red/NIR dual-
organelle probes with potential applications in early disease
diagnosis, mechanistic cell biology, and targeted theranostics.

2. Results and discussion
2.1 Synthesis and spectroscopic analysis

In the present work, we developed two target fluorophores (7
and 8) by fine tuning the 2,6 positions of the BODIPY core by
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introducing different n spacer units especially phenyl and
thienyl moieties and tried to investigate the effect of different
donor moieties on the optical characteristics of our target
fluorophores. The synthetic protocol followed to synthesize
the target fluorophores is outlined in Scheme 1 and the
detailed synthetic procedures are provided in the
experimental section (SI). Initially, a Knoevenagel
condensation reaction between benzyl cyanide and 4-bromo
benzaldehyde as well as 5-bromothiophene-2-carbaldehyde
resulted in intermediates 1 and 3 in excellent yields.**>>*°
Further, they underwent a palladium-catalyzed Suzuki-
Miyaura cross-coupling reaction yielding compounds 2 and 4
in moderate yields. The BODIPY core (compound 5) was
synthesized according to previous literature reports, ie.
anisaldehyde was subjected to a trifluoroacetic acid (TFA)-
catalyzed condensation reaction with 2,4 dimethyl pyrroles
resulting in a dipyrromethane intermediate, followed by
oxidation with DDQ (2,3-dichloro-5,6-dicyano-1,4-
benzoquinone) and complexation with BF;Et,0 in
dichloromethane (DCM), resulting in the formation of the
stable compound 5.*° Next, compound 5 was reacted with
N-iodo succinimide (NIS) yielding 2,6-diiodo BODIPY
(compound 6).*" Finally, compound 6 underwent palladium-
catalyzed Suzuki-Miyaura cross-coupling reactions with the
intermediates 2 and 4, resulting in the synthesis of our target
2,6-di-substituted BODIPY fluorophores 7 and 8. The newly
synthesized compounds were well characterized using various
analytical techniques such as '"H NMR, "*C NMR, 'B NMR,
and '’F NMR spectroscopy, as well as high-resolution mass
spectrometry (HRMS).

2.2 Photophysical studies

The photophysical properties of the target fluorophores
(Chart 1) were initially studied by using UV-vis and
fluorescence spectroscopic techniques in a DCM solvent
system and the corresponding spectra are shown in Fig. 1.
The summary of the spectral data is included in Table 1. The
UV-vis absorption spectra (10 pM) of the control and
compounds 7 and 8 exhibit two prominent bands in which
the lower energy band corresponds to the S, — S; transition
of the BODIPY core, while the higher energy band is in the
range 300 to 460 nm. The maximum absorption of the
control and compounds 7 and 8 were at 500 nm, 535 nm,
and 543 nm, respectively. Compared to the unsubstituted
BODIPY (control), the absorption maxima (n,y) of our target
fluorophores are red shifted, i.e. probe 7 exhibits a 35 nm red
shift while probe 8 exhibits 43 nm. This might be due to the
extended n-conjugation framework of the target fluorophores.
In order to further understand the optical properties, we
studied the emission characteristics of our target molecules
by exciting at 530 nm in DCM solvent (1.6 uM) as shown in
Fig. 1 and S16. For the control, a typical small Stokes shift
(11 nm) was observed, with the excitation and emission
maxima at 485 and 512 nm, respectively. Meanwhile,
compound 7, i.e. the phenyl-substituted derivative, exhibited

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic scheme adopted for the target molecules.

Control

Chart 1 Chemical structures of the control and compounds 7 and 8.

emission maxima at 570 nm with a Stokes shift of 35 nm.
This might be due to the efficient conjugation between the
phenyl group and the BODIPY core.”” Interestingly, a much
larger Stokes shift nearly 112 nm was observed for compound
8 with the thiophene-cyanostilbene functionalization at the
2,6-position of the BODIPY core, with emission maxima at
655 nm. The large Stokes shift observed in compound 8 may
result from a de novo mechanism, as reported previously for
BODIPY fluorophores with thienyl substituents at the 2,6- or
3,5-positions.****  Upon photoexcitation, the thienyl
substituted derivatives likely experience a substantial

© 2025 The Author(s). Published by the Royal Society of Chemistry

OMe

Pd(PPh3),, K,CO3 (2 M),
THF, 75 °C, 24 hr
~51%

geometric relaxation in the S; excited state following vertical
excitation from the ground S, state, leading to a smaller
emission energy and thus a larger Stokes shift.** In contrast,
8-thienyl substitution often results in a smaller Stokes shift
due to the rigidity of the BODIPY core, which suppresses
non-radiative decay and favors locally excited (LE) transitions
over charge-transfer (CT) states.>® Weak electronic coupling
between the meso substituent and the BODIPY core further
limits spectral shifts, underscoring the critical role of
substituent position. Additionally, strong electron-donating
thienyl groups can enhance intramolecular charge transfer

Sens. Diagn.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sd00155b

Open Access Article. Published on 03 December 2025. Downloaded on 1/13/2026 10:52:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Sensors & Diagnostics
A) B)
— [ — R

] 8 ==

g Control = Control

© =

& 2

<] [

2 =

< °

° [

] N

N =

% ©

£ £

S 2

P4

T T ) T T T 1 T
300 400 500 600 700 500 600 700 800 900

Wavelength (nm)

Wavelength (nm)

Fig. 1 A) UV-vis absorption (10 uM) and B) emission spectra of compounds 7 and 8 (1.6 uM, ¢, = 530 nm), and the control (1.6 uM, e, = 485 nm)

in DCM.

Table 1 Optical properties of the control and compounds 7 and 8

S no Compounds Absorbance /s (nm)/e (x 10%) Emission Aepy, (nm) Dt Stokes shift (cm™)
1 Control 350 (0.4), 501 (5.4) 512 0.43 429
2 7 329 (2.0), 535 (4.9) 570 0.19 1148
3 8 361 (1.7), 543 (3.1) 655 0.04 3149

¢ Quantum yields were determined using rhodamine B in ethanol as a standard (@ = 0.49 in ethanol) and using the following formula @y = &y,
X I/l x Ap/A x n?/ng”> where @y = quantum yield, I = integral area of the emission peak, A = absorbance at ., 5 = refractive index of the solvent.

(ICT) through n-conjugation extension, leading to both
bathochromic emission and a large Stokes shift.*> Upon
photoexcitation to the Franck-Condon state, structural
relaxation and solvation favor electron transfer from donor to
acceptor regions, reducing the HOMO-LUMO energy gap and
resulting in longer-wavelength emission.'®?"*> The low-lying
CT state is also more sensitive to environmental polarity,
which can account for the reduced fluorescence quantum
yield observed for compound 8 compared to the phenyl
analogue (compound 7), as shown in Table 1. This is
consistent with previous reports showing that greater
molecular flexibility and enhanced ICT promote non-
radiative decay and decrease fluorescence efficiency in the
case of thienyl derivatives.**** The increased dipole moment
in the excited state also enhances solute-solvent interactions,
stabilizing the CT state in polar environments. This further
lowers the excited-state energy, leading to red-shifted
emission and a larger Stokes shift, while decreasing
fluorescence quantum yield in polar solvents, as evidenced in
Table S1 for compound 8 relative to the phenyl derivative.
Moreover, DFT calculations further support these
observations: in compound 7, both the HOMO and LUMO
are localized predominantly on the BODIPY core, consistent
with LE-type transitions and a small Stokes shift, whereas in
compound 8, the HOMO is localized on the donor thienyl
group and the LUMO on the BODIPY acceptor core. This

Sens. Diagn.

spatial separation generates a polarized ICT state with a
significant dipole moment, promoting charge separation and
excited-state relaxation, consistent with the experimentally
observed polarity-sensitivity and large Stokes shift.*!
Additionally, the HOMO energy of the thienyl-substituted
derivative is higher than that of the phenyl analogue,
reflecting stronger electron-donating character, which
contributes to a reduced HOMO-LUMO gap (2.61 eV for
compound 8 vs. 2.80 eV for compound 7) due to enhanced
ICT and improved coplanarity with extended conjugation.®>*
In contrast, compound 7 may also undergo geometric
relaxation but the extent of this relaxation may not
significantly impact the energy levels, resulting in a
comparatively smaller Stokes shift. For the control
compound, the rigid molecular framework ensures minimal
structural changes between the ground and excited states,
leading to limited geometry relaxation and a correspondingly
small Stokes shift.*®* Further, the unsubstituted BODIPY
exhibits green colour emission, while compounds 7 and 8
exhibit orangish red and purple colour emission, respectively,
as shown in Fig. S17. This clearly demonstrates that
extension of conjugation through substitution at the
2,6-positions of the BODIPY core leads to a pronounced
bathochromic shift in the emission profile, effectively tuning
the fluorescence from green to deep red. The red-shifted
absorption and emission of the target fluorophores

© 2025 The Author(s). Published by the Royal Society of Chemistry
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particularly compound 8, which exhibits a large Stokes shift,
make them highly promising for bioimaging applications, as
such features minimize self-absorption and suppress the
inner-filter effect commonly observed in fluorophores with
small Stokes shifts.

2.3 Solvent-dependent studies

To gain deeper insight into the D-A characteristics and the
ICT behavior of the synthesized fluorophores, we examined
their solvatochromic responses. The results are summarized
in Table S1. For compound 7, the absorption and emission
spectra were mostly insensitive to solvent polarity, showing
a variation of less than 5 nm when moving from non-polar
hexane to polar DMF (Fig. 2, S18 and S19). This observation
indicates that both the ground and excited states of
compound 7 are relatively unaffected by the surrounding
medium, suggesting minimal ICT contribution in its
photophysical behavior. In contrast, compound 8 exhibited
a clearly different response. While its absorption profile
remained nearly unchanged across solvents of varying
polarity (Fig. S18), its emission spectra displayed a
substantial red shift of ~39 nm, accompanied by a
significant reduction in fluorescence intensity, broader band
shapes, and diminished vibronic features as solvent polarity
increased (Fig. 2 and S19). These findings strongly suggest
stabilization of charge-transfer excited states in polar
solvents, consistent with a pronounced ICT character for
compound 8. To further explore their photophysical
behavior, we investigated the aggregation properties of
compounds 7 and 8 in THF/water mixed solvent systems
(Fig. S20). For compound 7, fluorescence intensity remained
largely unchanged up to a water fraction (fy,) of 50%,
beyond which it dramatically decreased. This quenching can
be attributed to aggregation-caused quenching (ACQ) effects,
likely arising from intermolecular n-n stacking interactions
and enhanced non-radiative decay pathways. Similarly,
compound 8 also exhibited a sharp reduction in emission
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intensity with increasing f, values, again consistent with
ACQ behavior.

2.4 Competitive and stability studies

Next, we evaluated the stability and performance of our target
fluorophores in the presence of biologically relevant factors,
including physiologically important metal ions, amino acids,
reactive oxygen species, varying pH conditions, and common
anions. As shown in Fig. 3 and S21, both compounds
exhibited negligible variations in fluorescence intensity under
these conditions. Such excellent tolerance towards external
perturbations underscores their strong anti-interference
nature, a critical prerequisite for reliable use in complex
biological systems and bioimaging applications. Since
different  cellular organelles maintain distinct pH
environments, we further examined the effect of pH
fluctuations on the emission characteristics of our probes. As
depicted in Fig. 3 and S22, the fluorescence of both
compounds remained essentially unaltered across a wide pH
range (4-10), demonstrating their excellent pH stability. This
property is particularly advantageous, as it enables consistent
fluorescence signals irrespective of intracellular localization
or pH microenvironments. Given that conventional BODIPY
dyes are often susceptible to nucleophilic attack, leading to
core instability, we also assessed the chemical robustness of
our probes towards strong anionic species. Specifically,
compounds 7 and 8 were dissolved in DMSO with 10
equivalents of TFA for 24 h. Remarkably, their emission
spectra (Fig. S23) remained unchanged, confirming that the
BODIPY scaffold preserved its structural integrity even under
acidic conditions, without undergoing BF, dissociation or
pyrrolic core degradation.*® Collectively, these results
highlight the superior chemical and photophysical stability
of compounds 7 and 8. Their resistance to environmental
factors such as solvent polarityy, pH fluctuations,
nucleophiles, and biologically relevant species establishes
them as robust fluorophores with significant potential for
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Fig. 2 Emission spectra of compounds 7 (A) and 8 (B) in solvents of different polarity (1.6 uM, Jox = 530 nm).
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Fig. 3 Emission spectra of compounds (A) 7 and (B) 8, in a mixture of THF/PBS (pH 7.4, 1 mM) (1:4 ratio) with various competitive species
(100 uM) (blank, Zn(OAc),, FeCls, Cu(OAc), NaCl, KCl, CaCl, K,COsz;, NaHCOs;, NaNO,, Ser, Asn, Thr, Tyr, GSH, Cys, OCLl, and H,0,). (C)
Emission studies of compounds 7 and 8 at different pH values in DMSO solvent (1.6 pM, e = 530 nm).

bioimaging applications, where maintaining signal integrity
and environmental resilience is crucial.

2.5 Theoretical calculations

Furthermore, to correlate the photophysical properties with
the electronic and structural factors, we have carried out
density functional theory (DFT) calculations using the
Gaussian 09W suite without any symmetry constraints at the
B3LYP/6-31G(d) level of theory in the gas phase. In order to
understand the extent of electronic coupling or
communications between the donor and acceptor
chromophores, we have calculated the dihedral angle between
the BODIPY core and the aryl/thienyl moiety. As shown in Fig.
S24, the dihedral angle between the BODIPY and the phenyl
ring is around ~51° while in the case of BODIPY and the
thienyl moiety it is around ~44°. The data suggest that
compound 8 with a more electron rich thienyl group acts as a
better conjugation linker as compared to phenyl because of
the smaller torsional angle which results in better coplanarity

Sens. Diagn.

between the two chromophores and large Stokes shift.** This
is further supported by the analysis of electronic distributions
in the frontier molecular orbitals (FMOs), as illustrated in
Fig. 4 and S25. In the ground state, both the HOMO and
LUMO of compound 7 are predominantly localized on the
BODIPY core, consistent with LE-type transitions and a small
Stokes shift. In contrast, for compound 8, the HOMO is
concentrated across the entire molecule with significant
contributions from the thienyl donor groups, while the LUMO
remains confined to the BODIPY acceptor core. This spatial
separation leads to a polarized ICT state with a pronounced
dipole moment, facilitating charge separation and excited-
state relaxation, in line with the experimentally observed
polarity sensitivity and large Stokes shift.”! Additionally, the
HOMO energy level of the thienyl-substituted derivative is
higher than that of the phenyl analogue, reflecting the
stronger electron-donating nature of the thienyl units at the
2,6-positions. This results in a reduced HOMO-LUMO energy
gap (Eg) for compound 8 (2.61 eV) compared to compound 7
(2.80 eV), which arises from enhanced ICT and improved

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Confocal fluorescence microscopy images showing intracellular co-localization in Hela cells. Cells were stained with 200 nM commercially
available trackers such as LD-targeting BODIPY 493/503 (Ex: 488 nm, Em: 503-551 nm), lysosome-targeting Lysotracker-Green (Ex: 488 nm, Em:
503-551 nm), and nucleus-staining DAPI (Ex: 405 nm, Em: 420-488 nm) (left), 500 nM compounds 7 (A) and 8 (B) (Ex: 561 nm, Em: 585-628 nm)
(middle), and the merged images (right). (C) Pearson correlation coefficient quantifying the extent of co-localization between compounds 7 and 8
with BODIPY 493/503. (D) Pearson correlation coefficient quantifying the extent of co-localization between compounds 7 and 8 with Lysotracker-
Green. Scale bar, 10 um and 3% laser power.
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coplanarity with extended conjugation.’** These theoretical
findings are in excellent agreement with experimental data,
highlighting the critical role of m-spacer modification in
tuning the photophysical properties of the designed probes.

2.6 Co-localization imaging

To assess the biological applicability of our target molecules,
we first evaluated their cytotoxicity using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. HeLa cells (5 x 10> cells per well) were seeded in 96-well
plates. After 24 h, the cells were treated with varying
concentrations of the target probes and incubated for 16 h
under controlled conditions. After incubation, the cells were
washed three times with PBS, treated with MTT solution (0.5
mg mL ) for 2 h, and the resulting absorbance was recorded at
590 nm. As shown in Fig. S26, the cell viability remained above
50% up to 5 uM for both target probes, indicating low
cytotoxicity at imaging concentrations. Although a gradual
decline in viability was observed at higher concentrations, it is
noteworthy that effective cellular imaging was achieved at 500
nM, well within the biocompatible range. We then explored the
intracellular distribution of the probes via confocal laser

s
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scanning microscopy (CLSM). After 30 min of incubation in
HelLa cells, both probes displayed distinct red-fluorescent spots
dispersed throughout the cytoplasm, similar to LD targeting.
To verify this, we performed co-localization experiments with
commercial LD-specific tracker BODIPY 493/503 (LDs), as
shown in Fig. 5 and S27. The red fluorescence signals from the
probes exhibited excellent overlap with the green fluorescence
of BODIPY 493/503, with Pearson correlation coefficients (PCC)
of approximately 0.91 for compound 7 and 0.86 for compound
8, confirming their LD-targeting behavior. To further evaluate
specificity,  additional
experiments were conducted using commercial Lysotracker-
Green (lysosomes) and DAPI (nucleus). No overlap with DAPI
was observed, indicating that both compounds were excluded

the organelle co-localization

from the nucleus. In contrast, partial overlap with Lysotracker-
Green was detected, with PCC values of 0.70 and 0.67 for
compounds 7 and 8, respectively. These observations suggest
that the probes possess dual-organelle targeting characteristics
toward LDs and lysosomes. These findings demonstrate that
the m-spacer unit not only influences photophysical properties
but also governs organelle-targeting behavior. Furthermore, we
have conducted a detailed evaluation of the photostability of
the target probes under continuous laser irradiation for up to
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Fig. 6 Fluorescence images of Hela cells co-stained with probes 7 (A) and 8 (B) (500 nM). (a) Control group treated with the probe alone for
30 min. (b) Cells were treated with CQ (50 uM) for 30 min and then followed by the probe for 30 min. Bar graph depicting the mean
fluorescence intensity of probe 7 (C) and probe 8 (D) in the control versus CQ-treated Hela cells, with error bars representing mean + SEM,
statistical significance annotations (p < 0.0001), and a note about sample sizes (n = 40 untreated, n = 45 treated) and the image scale bar (10 um).

Statistical significance was determined by unpaired two-tailed t-test.
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100 minutes, until cell rupture occurred as illustrated in Fig.
S28. HeLa cells stained with the target probes (500 nM) and the
reference dye BODIPY 493/503 (200 nM) were continuously
excited at 568 nm, and the fluorescence intensity was recorded
exhibited high
photostability, with minimal changes in fluorescence intensity
for more than 60 minutes. A subsequent decrease in
fluorescence intensity observed after this period was attributed

at 5-minute intervals. Both probes

to cell bursting rather than photodegradation. Collectively,
these results highlight that rational m-spacer engineering
enables photophysical
characteristics and bioimaging performance, providing a
strategic foundation for the development of next-generation
organelle-specific fluorescent probes.

simultaneous  fine-tuning  of

2.7 Tracking changes of LDs and lysosomes during cellular
dysregulation

Next, we investigated the dynamic changes of LDs and
lysosomes in living HeLa cells using our target probes under

BODIPY 493/503

a) Control 3
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oleic acid (OA) and chloroquine (CQ) treatments. CQ, a
lysosomotropic weak base, is known to elevate the lysosomal
pH from approximately 4.5 to 6.5. By accumulating within
lysosomes, CQ neutralizes their acidic environment and
disrupts the autophagy-lysosomal pathway, leading to a
marked reduction in lysosomal numbers.”” In this
experiment, HeLa cells were pretreated with CQ (50 pM) for
30 minutes, followed by incubation with the target probes for
an additional 30 minutes. As shown in Fig. 6, CQ treatment
led to a pronounced reduction in fluorescence intensity,
which can be attributed to the decreased number of
lysosomes in comparison with the untreated control group.
Further, the dynamic behavior of LDs was evaluated under
OA treatment. As a nutrient-rich fatty acid, OA is known to
stimulate lipid droplet biogenesis and promote lipid
storage.*® HeLa cells were pretreated with OA (100 uM) for 30
minutes and then incubated with the probes (500 nM) for
another 30 minutes. As illustrated in Fig. 7, OA-treated cells
exhibited intense red fluorescence signals, indicating a
pronounced increase in LD formation compared to the
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Fig. 7 Fluorescence images of Hela cells co-stained with probes 7 (A) and 8 (B) (500 nM). (a) Control group treated with the probe alone for 30
min. (b) Cells were treated with OA (100 uM) for 30 min and then followed by the probe for 30 min. Bar graph depicting the mean fluorescence
intensity of probe 7 (C) and probe 8 (D) in the control versus OA-treated Hela cells, with error bars representing mean + SEM, statistical
significance annotations (p < 0.0001), and a note about sample sizes (n = 40 untreated, n = 45 treated) and the image scale bar (10 pm). Statistical

significance was determined by unpaired two-tailed t-test.
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control group (cells incubated with probes alone).>
Collectively, these findings demonstrate that the developed
probes can effectively visualize both the CQ-induced
reduction of lysosomes and the OA-induced accumulation of
LDs. This dual functionality highlights their potential as

versatile fluorescent tools for real-time monitoring of
dynamic organelle changes associated with cellular
homeostasis.

Conclusions

In summary, we have successfully developed two 2,6-di-
substituted BODIPY-cyanostilbene fluorophores through
strategic modulation of m-spacer linkages with phenyl and
thiophene units, in order to study how spacer selection
influences photophysical behavior and biological applicability.
The thiophene-based derivative (compound 8) displayed a
remarkably large Stokes shift (~112 nm) and far-red/NIR
emission (600-800 nm). These features can be attributed to
the enhanced conjugation and intrinsic molecular flexibility
of the thienyl spacer, which facilitate substantial geometric
relaxation in the excited state and ICT characteristics, ideal for
high-contrast bioimaging. In comparison, the phenyl
analogue (compound 7) exhibited emission at 570 nm with a
smaller Stokes shift of 35 nm, consistent with its more rigid
n-conjugated framework and reduced capacity for structural
relaxation. Furthermore, both target probes demonstrated
dual localization toward LDs and lysosomes, enabling tracking
of the dynamic changes of these organelles upon CQ and OA
treatment. This dual-targeting property, coupled with its far-
red/NIR emission, highlights compound 8 as a promising
candidate for multiplexed imaging and monitoring of
subcellular processes. DFT calculations matches well with the
experimental observations, revealing distinct conformational
geometries and electronic distributions that emphasize the
influence of structural rigidity on fluorescence behaviour.
Importantly, both fluorophores exhibited high photostability,
negligible cytotoxicity, robust chemical and pH stability, and
strong resistance to interference from competing biological
species. These features ensure reliable fluorescence signals in
complex cellular environments a prerequisite for practical
bioimaging applications. Overall, this work demonstrates that
n-spacer engineering is a powerful strategy to fine-tune the
optoelectronic properties of BODIPY-based fluorophores. This
study not only enriches the design principles of functional
BODIPY fluorophores but also paves the way for next-
generation molecular probes with tailored photophysical and
biological performance.
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