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ABSTRACT: A judicious structural modification of molecular building units imparts significant variation in the evolution
dynamics of supramolecular self-assembled architectures and their functional properties. The incorporation of alkyl chains
into the rigid and m-conjugated molecular backbone not only directs the self-assembly but also enhances the hydrophobicity
of the probe, facilitating specific interactions with hydrophobic organelle like lipid droplets (LDs). Such a fluorescent
molecular probe is ideally suited for elucidation of complex self-assembly processes and to decipher the intracellular
dynamics of LDs. Invoking the concept, the main skeleton of 1,4-bis(1H-phenanthro[9,10-d]imidazol-2-yl)benzene
abbreviated as BPIB, was functionalized with a varying number of octyl chains to obtain BPIB1 and BPIB2. The alkyl chains
were crucial to circumvent the m-m stacking leading to the strong fluorescence in aggregates and solid-state. Contrary to BPIB
and BPIB2, intermolecular interactions-driven spontaneous self-association of BPIB1 having an amine nitrogen center and a
long alkyl chain resulted in a stimuli-responsive fluorescent organogel. We deciphered the reversible morphological
transformation between supramolecular fibers and spherical nanoaggregates using fluorescence lifetime imaging
microscopy. The gradual progression in the fluorescence lifetime provides a unique strategy in exploring the dynamics of the
self-assembly process. Furthermore, BPIB1 was found to be a specific marker for LDs in multiple cell lines. The fluorescence
correlation spectroscopy revealed the microenvironments near LDs. Highly photostable BPIB1 was employed for the real-
time tracking of the LDs dynamics in live cells. Thus, a combined microscopic and spectroscopic approach demonstrated in
the present study opens up new avenues for further exploration of intriguing molecular aggregation and intracellular
dynamics.

INTRODUCTION

Intermolecular interactions-driven spontaneous self-
association of molecular building units leads to diverse
nano and microarchitectures.3 In this context, a small
change in molecular structure profoundly impacts
supramolecular self-assembly.*#7 As an example, a small
modification in amino acid residues plays a crucial role in
regulating the self-assembly and functional miscellany of
natural macromolecules like peptides and proteins.??
Inspired by natural systems, researchers have been
exploring the delicate relationship of artificial self-
assembled aggregates and their diverse physical, chemical,
and biological properties.?10-18 A range of materials has
been developed through the tiny change in molecular
structures like single atom alteration, side-chain
modifications, etc.192* However, the fundamental
understanding of the dynamics of self-assembly to tune the
task-specific functions of molecular materials remains a
challenge.

The molecular assembly process has a great impact on the
size and shape of the aggregate structures and can be tuned
through the variation of the local environments like
polarity, the viscosity of the medium, and external stimuli
like pH, temperature, and light.”2>31 In addition to the
morphology, the optical properties of the self-assembled

systems can be altered by engineering the specific
functional units in m-conjugated small organic
molecules.?>32-3%  Such morphology-dependent emissive
organic aggregates receive a vital consideration owing to
their applications in optoelectronic devices, sensors, and
switches.3443 However, small strategic perturbations in the
molecular structures for multifaceted function are
intriguing. In this context, the integration of long alkyl
chains into the rigid and m-conjugated molecular backbone
prevents the m-t stacking in the aggregated state, resulting
in enhanced fluorescence.*3-46 Additionally, the tuning of
intermolecular interactions through the variation of alkyl
chains may govern the nature of self-assembly, leading to
various structures like particles, tubes, fibers, etc.47-50
Moreover, the hydrophobicity of the alkyl chains improves
the propensity of the probe to target the hydrophobic
dynamic organelle like lipid droplets (LDs).#34651

The dynamics of LDs play a crucial role in diverse cellular
activities, including protein sequestration and degradation
and fatty acid trafficking.525% Thus, the design and
development of LD-markers have emerged as an exciting
topic in current research.>*5¢ The low photostability, less
signal-to-noise ratio, and the tedious synthetic procedures
of the commercial LD tracker dyes like Nile red, BODIPY
493/503 often pose a bottleneck in bioimaging.>7>8 Herein,
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Figure 1. Schematic illustration depicting the strategic
approach to achieve the multifunctional molecular materials
through a small change in the chemical structure of BPIB [1,4-
bis(1H-phenanthro[9,10-d]imidazol-2-yl)benzene]. The
contrasting materials properties through tailoring the
molecular structure: BPIB1: monoalkylated derivative, and
BPIB2: dialkylated derivative compared to BPIB. The presence
of both octyl chain and nitrogen centers in BPIB1 leads to solid-
state optical switching, stimuli-responsive gelation, and lipid
droplets (LDs) imaging.

we varied the number of octyl chains to develop m-
conjugated substituted  phenanthroimidazole-based
multifunctional molecular materials (BPIB1: one octyl
chain, and BPIB2: two octyl chains) exhibiting strong
stimuli-responsive fluorescence in solution, aggregated,
solid states and specific tracking of LDs. Unlike BPIB (no
alkyl chains) and BPIB2, BPIB1 having an octyl chain and an
amine nitrogen center formed an emissive organogel.
Intriguing stimuli-responsive reversible morphological
transformation of molecular aggregates was probed
through fluorescence lifetime imaging microscopy (FLIM), a
non-invasive  technique,’®-¢?  allowing the precise
description of the dynamics and the subtle changes of the
microenvironment during the self-assembly process. The
thermo-responsive gel-sol transformation was further
explored for the white light emission. In addition, to direct
the self-assembly, the hydrophobic octyl chain was found to
be the key for targeting LDs. The highly photostable BPIB1
was employed in real-time tracking the dynamics of LDs in
live cells.

RESULTS AND DISCUSSION

Blue fluorescent phenanthroimidazole derivative, 1,4-
bis(1H-phenanthro[9,10-d]imidazol-2-yl)benzene (BPIB),
is known to show high luminescence efficiency in solution
due to the rigid and m-conjugated molecular structure.6263
However, fluorescence is completely diminished in the
aggregated or solid-state. The optimized structure of BPIB
showed the planar geometry, which could lead to the m-nt
stacking interactions in the aggregated state, quenching the
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Figure 2. (a) Normalized absorption, emission (Aex = 375 nm)
and excitation (Aem = 450 nm) spectra of BPIB1 (5 uM) in
toluene. (b) Comparative emission (Aex = 375 nm) profiles of
BPIB, BPIB1 and BPIBZ in toluene (5 pM); insets: digital
photographs of BPIB, BPIB1, and BPIB2 solutions in toluene
under the illumination at 365 nm, fluorescence quantum yields
(Q.Y.) are indicated. Solid-state emission spectra of (c) BPIB1
(Aex = 400 nm) and (d) BPIB2 (Aex = 400 nm) powder; inset:
respective digital photographs of BPIB1, BPIB2 powder under
the illumination at 365 nm, bright green (Q.Y. =7 * 0.5%) and
blue (Q.Y. = 15 * 3%) emission are observed from BPIB1 and
BPIB2, respectively.

fluorescence. On the other hand, the presence of flexible
octyl groups was the key reason to achieve the non-planar
geometry for both BPIB1 and BPIB2. We anticipated that
such angular geometry would reduce the m-m stacking in the
aggregated state leading to the solid-state emission. Taking
the inputs from the computational investigations, we
synthesized a series of phenanthroimidazole-based
derivatives (BPIB, BPIB1, and BPIB2) to elucidate the solid-
state emission properties. 1,4-bis(1H-phenanthro[9,10-
d]imidazol-2-yl)benzene (BPIB) was obtained through the
condensation reaction between phenanthrene-9,10-
quinone and terephthalaldehyde via a reported procedure
with minor modifications.®? BPIB1 and BPIB2 were
synthesized through the substitution reaction of BPIB with
1-bromooctane in the presence of 1 and 2 equivalents of
sodium hydride (NaH), respectively (Figure 1).

BPIB, BPIB1, and BPIB2 showed featured absorption and
emission bands, typical for phenanthroimidazole-based
chromophores (Figure 2a, 2b). The absorption peak
maxima around 375 nm were due to the m-1* transition,
resulting in the emission bands around 450 nm. The
excitation spectrum was found to be similar to that of the
absorption spectrum (Figure 2a). The increasing number of
octyl chains decreased the fluorescence quantum yield in
solution from 79% to 53% and 27% for BPIB to BPIB1 and
BPIB2, respectively (Figure 2b), due to the activation of the
nonradiative decay channels.>?

Solid-state fluorescence and stimuli-responsive optical
properties.
On the contrary to the trend of fluorescence quantum yield

in solution, the presence of octyl chains was crucial for
solid-state emission of BPIB1 and BPIB2 exhibiting



quantum yield of 7 £ 0.5% and 15 * 3%, respectively (Figure
2¢, 2d). As anticipated, BPIB was almost nonfluorescent in
the solid-state due to the facile m-m stacking interactions.
The non-planar geometry due to the presence of two octyl
chains could reduce the m-m stacking interactions in BPIB2
more effectively, leading to the strongest emission among
the three derivatives in the solid-state.

The lone pair of electrons on the nitrogen centers in BPIB,
BPIB1, and BPIB2, are involved in conjugation and play a
significant role in the stimuli-responsive optical properties.
The protonation and deprotonation of the nitrogen centers
of the BPIB series of molecules led to a reversible
fluorescence switching (Figure 3a). The strong cyan
emission from the BPIB1 (5 pM, toluene) coated
nonfluorescent silica plate under the illumination at 365 nm
was changed to yellowish-green upon exposing to the
saturated trifluoroacetic acid (TFA) vapor for 10 s due to
the protonation (Figure 3b). The gradual fluorescence color
change could be due to the sequential protonation of imine
nitrogen centers in BPIB1. The highest occupied and lowest
unoccupied molecular orbitals (HOMO and LUMO)
distributions in the mono and di-protonated forms of BPIB1
showed the possibility of intramolecular charge transfer
(ICT). Evidently, a red shift with reduced intensity in the
emission spectra was noticeable when the protonation was
carried out in DMSO as compared to toluene, indicating the
ICT behaviour in protonated BPIB1. The reversible
switching between cyan and yellowish-green fluorescence
of BPIB1-silica plate upon consecutive exposure to TFA (10
s) and triethylamine (TEA, 10 s) vapor was found to be
fatigue-resistant and repeatable for multiple cycles (Figure
3b).
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Figure 3. (a) Fluorescence spectra of BPIB1 in dimethyl
sulfoxide (5 pM) and with the addition of trifluoroacetic acid
(TFA, pH ~ 2); inset: respective digital photographs of BPIB1
solution upon addition of TFA and triethylamine (TEA) under
illumination at 365 nm. (b) Nonfluorescent silica-coated thin
layer chromatography plates were dipped into BPIB1 solution
in dimethyl sulfoxide (5 pM) and consecutively exposed (Exp.)
to TFA and TEA vapor (10 s), reversible fluorescence switching
for multiple cycles was noticeable through the digital
photographs obtained under the illumination of UV light at 365
nm. Solid-state emission spectra (Aex = 390 nm) and
fluorescence quantum yields (Q.Y.) of the drop-casted thin film
of BPIB2 on quartz plate (50 pL, 5 pM chloroform solution,
dried under vacuum): (c) pristine film, (d) film exposed to TFA
vapor for 60 s; insets: respective digital photographs under the
illumination at 365 nm.
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20% CHCI3- 80% MeOH

Figure 4. (a) The field emission scanning electron microscopy (FESEM), and (b) confocal laser scanning microscopy (CLSM) images
of BPIB1 (10 uM) in the THF-water mixture having a water content of 80% illustrating the formation of anisotropic nanofibers.
FESEM images of (c) BPIB (10 uM), (d) BPIB2 (10 uM) in THF-water mixture having the water content of 80%. (e) FESEM, and (f)
CLSM images of BPIB1 gel (1 mM, 20% CHCl3 and 80% MeOH). FESEM images of (g) BPIB (1 mM), and (h) BPIB2 (1 mM) in 20%
CHCI3 and 80% MeOH mixture. 10 pL respective dispersion were drop-casted on Si wafer and dried under vacuum to prepare the

samples for FESEM.
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Figure 5. (a) Fourier transform infrared spectroscopy of BPIB1 powder (blue) and BPIB1 xerogel (red). (b) Molecular packing
showing the - interactions (3.46 A) between two BPIB1 molecules of adjacent unit cells. The unit cell was obtained through the
Pawley refinement of powder X-ray diffraction data using Materials Studio 6.1. (c) The representation of the three-dimensional
supramolecular assembly of BPIB1 through CPK (Corey-Pauling-Koltun) space-filling model; the void space facilitates the
intermolecular hydrogen bonding with low molecular weight alcohols leading to the formation of a supramolecular gel. Color code:
C = grey, H = white, and N = blue. (d) Comparative emission profiles of BPIB1 in the form of solution (CHCl3: 5 pM; Lex = 375 nm) and
gel (1 mM, 20% CHCls and 80% MeOH; Lex = 450 nm). Inset: the digital photographs of green-emissive BPIB1 gel (Q.Y. = 38%) under
visible light and the illumination at 365 nm. (e) Emission spectra of the thin film made by BPIB1 gel (Aex = 450 nm) and the film
exposed to TFA vapor for 10 s (Aex = 490 nm). The gel to sol transformation is due to the protonation of the amine nitrogen center.
(f) Digital photographs of the native thin film made by BPIB1 gel and the same film was exposed to trifluoroacetic acid (TFA) and

triethylamine (TEA) vapor for 10 s under illumination at 365 nm.

On the other hand, the high fluorescence quantum yield of
BPIB2 prompted us to check the optical switchability in the
drop-casted thin film on a quartz plate. The pristine film
showed a blue emission with a peak maximum of 475 nm
(Figure 3c). A redshift in the emission spectra was
noticeable while exposing the film to TFA vapor for 15 s. A
new emission band at 550 nm was observed due to the
protonation of BPIB2 upon 30 s exposure to TFA vapor. The
550 nm peak was further intensified with respect to the
peak at 475 nm (neutral BPIB2) and reached saturation at
60 s (Figure 3d). On deprotonation, green to blue
fluorescence switching was affected by exposing the
acidified thin film to TEA vapor for 60 s.

Probing the dynamics of supramolecular gel formation.

Strong emission of BPIB1 and BPIB2 in solution and solid-
state impelled us to explore their emission in the binary
solvent mixture. A systematic study in the THF-water
mixture revealed the formation of green and blue emissive
aggregates for BPIB1 and BPIB2, respectively, with
increasing water fractions. The field emission scanning
electron microscopy (FESEM) images showed the formation
of nanofibers of BPIB1 in the THF- water mixture having a
water content of > 80% (Figure 4a). Figure 4b shows the
confocal laser scanning microscopy (CLSM) image of BPIB1
in the THF-water mixture with a water content of 80%. In
contrast, BPIB and BPIB2 mostly formed irregular-shaped
particles in THF-water (20%-80%) mixture (Figure 4c, 4d).

The supramolecular gelation was observed
serendipitously in 20% CHClz and 80% MeOH at a specific
concentration (1 mM) while exploring the intriguing self-
assembly behavior of BPIB1. The FESEM and CLSM images
of BPIB1 gel showed a network of intensely green
fluorescent nanofibers (Figure 4e, 4f). The gel formation
was only possible in the presence of a polar protic solvent,
mostly with lower aliphatic alcohols. On the contrary, BPIB
(no octyl chain) and BPIB2 (no amine nitrogen centers)
were found to be aggregated in the form of nanoparticles in
20% CHCl3 and 80% MeOH (Figure 4g, 4h). Further, the
monosubstitution of BPIB with smaller alkyl chains like
butyl [BPIB1 (4)] or hexyl [BPIB1 (6)] did not yield gelation.
Thus, the results suggested the role of both octyl chain and
amine ‘N’ center for the formation of BPIB1 gel. Fourier
transform infrared (FTIR) spectra showed a weak band at ~
3395 cm'! compared to an intense band at ~ 3440 cm! for
xerogel and pristine BPIB1 powder, respectively (Figure
5a). The shift of -NH stretching frequency and a lower
intensity indicated the presence of intermolecular
interactions through amine nitrogen in the supramolecular
gel matrix.

Further, noncovalent interactions-driven supramolecular
gel formation was explored through molecular modeling
studies. The unit cell parameters of BPIB1 (a = 15.07 A, b =
7.40 A, ¢ = 14.02 A, and a = 90°, B = 106.6°, y = 90°) and
BPIB2 (a=17.0A, b=7234,¢c=14.69 A and a=90°, 8 =
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Figure 6. Fluorescence lifetime imaging (FLIM) of (a) pristine BPIB1 gel (1 mM, 20% CHCl3 and 80% MeOH), (b) BPIB1 gel with the
addition of trifluoroacetic acid (TFA; 1 pL; acid was added during the image capturing process, the middle region of the image
signifies the auto adjustment of the focus due to the spontaneous transformation of emissive gel to sol), (c) complete formation of
BPIB1 sol, and (d) BPIB1 gel after addition of triethylamine (TEA; 1 pL) to the acidified sol; inset: corresponding fluorescence
lifetime histograms demonstrating reversible gel-sol-gel transformation; the average lifetime of gel (~ 6 ns), sol (~ 2 ns), and the
mixture of sol-gel are indicated. (e¢) Morphological transformation during sol to gel transformation upon addition of 1 pL of TEA in
an acidified sol of BPIB1 elucidated through real-time FLIM images. The green and blue colors in the images refer to fluorescence

lifetime distribution. Scale = 10 um.

129.6° y = 90°) were obtained through the experimental
powder X-ray diffraction (PXRD) pattern corroborating
with the Pawley refined profile using Materials Studio 6.1
package.” The unit cell packing showed the m-m stacking
interactions between two BPIB1 molecules of the adjacent
unit cells (Figure 5b). Figure 5c represents the m-t stacking
interactions-driven three-dimensional supramolecular
array formation of BPIB1. The void space in such a self-
assembled structure could accommodate the low molecular
weight alcohols like methanol, ethanol through the
hydrogen bonding interactions with the basic nitrogen
centers of BPIB1, leading to the formation of the gel. On the
contrary, no gel formation was observed under similar
conditions for BPIB2 having two long alkyl chains,
preventing T-m stacking interactions.

The supramolecular self-assembly led to a red shift in the
emission spectra for the BPIB1 gel compared to the
solution (Figure 5d). The fluorescence quantum yield of the
green emissive gel was found to be 38% (Figure 5d; inset).
The similar emission spectra with A§%, = 530-550 nm
indicated the comparable nature of supramolecular
assembly in solid, dispersion, and gel matrices. As the
amine ‘N’ would take part in the gel formation, the
protonation or deprotonation could disrupt the 3D
network. Evidently, the gel-coated thin film on a quartz
plate, upon exposure to TFA vapor for 10 s, transformed to
sol due to the protonation of BPIB1. The emission spectrum
of the sol was found to be red-shifted as compared to that
of the BPIB1 gel (Figure 5e). A reversible sol to gel
transformation was noticeable due to the deprotonation

upon exposing the quartz plate to TEA vapor for 10 s
(Figure  5f). The stimuli-responsive reversible
transformation between gel and sol was found to be
repeatable for multiple cycles (Figure 5f). On the contrary,
a blue emission was noticed for the gel to sol
transformation upon exposure of TEA vapor to gel-coated
thin film for 10 s due to the deprotonation of amine
nitrogen of BPIB1 (Figure 5f). The blue emission quite
resembled the spectrum of BPIB1 in the presence of TEA in
the solution. Such blue emission was due to the twisting in
the molecular structure, which reduced the m-electron
communication in the deprotonated form of BPIB1.

We carried out fluorescence lifetime imaging microscopy
(FLIM) to obtain temporally and spatially resolved
fluorescence profiles in order to gain more insight into the
molecular self-assembly processes during the reversible
sol-gel transformation (Figure 6). The spontaneous
transformation of gel to sol with distinct morphological
variation was observed in the FLIM images upon addition
of TFA (1 uM, 1 pL) to the pristine BPIB1 gel (Figure 6a-d).
The broad feature in the fluorescence lifetime histogram
for pristine gel indicated the heterogeneity in the system
(Figure 6a, inset). On the other hand, the fluorescence
lifetime histogram exhibited two distinct peaks with
maxima at ~ 6 and ~ 2.5 ns due to the gel and the sol,
respectively, for the acidified sample indicating a phase
transition (Figure 6b, inset). The complete conversion of
gel to sol led to a distinct variation of morphology from
connected fibers to segregated near-spherical particles, as
revealed through the FLIM images (Figure 6a and 6c). The
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Figure 7. (a) Emission spectra of the white light emitting BPIB1+Nile red (NR) gel at 323 K. The Commission Internationale de
I'Eclairage (CIE) value is mentioned. Insets: the digital photographs of BPIB1 gel and BPIB1+NR gel with the variation of the
temperature (303 K to 333 K). (b) The relative contribution of the emission decay times monitored at 530 nm with the variation of
temperature from 303 K to 333 K depicting gel to sol transformation. The digital photographs of fluorescent patterns fabricated
using (c) BPIB1 gel, (d) BPIB1+NR gel at 303 K, and (e) BPIB1+NR gel at 323 K under the illumination of UV light (Aex = 365 nm).

morphological transformation due to the sol formation was
corroborated with a sharp feature band in the lifetime
histogram with a maximum at 2 ns (Figure 6c, inset).

The reverse phenomenon of a sol to gel transformation
upon addition of TEA (1 uM, 1 pL) to the acidified sol was
also probed through FLIM images (Figure 6d). The lifetime
histogram reflected a similar result, like in the case of
pristine gel with a fluorescence lifetime of 6 ns (Figure 6d,
inset). However, the variation of the width of lifetime
histograms of the pristine gel and the resultant gel after
acid-base  treatment suggested a difference in
microheterogeneity also reflected through the difference in
morphology (Figure 6a and 6d). We further monitored the
fluorescence decay profiles during the FLIM measurements.
The average decay time obtained from both FLIM and
macroscopic cuvette-based experiments was corroborated
well with that obtained from the fluorescence lifetime
histograms. Further, the intriguing morphological evolution
and the step-wise aggregation process leading to the
supramolecular gelation was deciphered through FLIM
(Figure 6e), which has rarely been explored so far in the
context of dynamic self-assembly.

The new physical insights behind the contrasting stimuli-
responsive fluorescence encouraged us to explore the
BPIB1 gel matrix as a versatile platform for temperature-
dependent tunable fluorescence, including white light
emission. The green emission of the pristine BPIB1 gel was
found to be shifted in the blue region (Aem ~ 450 nm, similar
to BPIB1 solution) with increasing temperature. The
encapsulation of Nile red led to the change in fluorescence
of BPIB1 gel from green to yellow at room temperature. The
gradual formation of blue emissive sol upon increasing the
temperature of Nile red embedded BPIB1 gel resulted in a
nearly pure white light emission at 323 K with Commission
Internationale de I'Eclairage (CIE) coordinates (0.32, 0.35)
due to the additive mixing of three primary colors (Figure
7a). A further increase in temperature caused a

predominant bluish-white emission, leading to cool white
light (CIE: 0.28, 0.32).

Further, the fluorescence lifetime decay measurements at
530 nm (gel emission) revealed the dynamics of gel to sol
transformation with increasing temperature (Figure 7b). A
gradual decrease in the relative contribution for the gel
decay time and a concomitant increase of the same for the
sol indicated the disruption of the gel network with
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Figure 8. Microscopy images of Saccharomyces cerevisiae
(budding yeast) incubated with BPIB1 and BPIB2 at 30 °C for
30 mins: panel A: wild-type yeast cells (SCY62) incubated with
BPIB1, panel B: lipid droplets (LDs)-deficient yeast cells
(H1246) incubated with BPIB1, panel C: wild-type yeast cells
(SCY62) incubated with BPIB2, and panel D: LD-deficient yeast
cells (H1246) incubated with BPIB2; (a, d, g, j) differential
interference contrast (DIC) images, (b, e, h, k) fluorescent
images with the DAPI filter (blue channel, Aex = 335-383 nm,
Aem = 420-470 nm, BPIB1 or BPIB2 emission), and (g, f, i, 1)
merged fluorescent images. Scale = 2 um.
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Figure 9. Microscopy images of HeLa cells costained with BPIB1 and Nile red. (a) DIC image, (b) fluorescent image obtained with a
DAPI filter (blue channel, Aex = 335-383 nm, Aem = 420-470 nm), (c) enlarge view depicting punctate dot-like pattern of LD-staining,
(d) fluorescent image obtained with a DsReD filter (red channel, Aex = 538-562 nm, Aem = 570-640 nm), (e) merged fluorescent image
of BPIB1 and Nile red depicting colocalization in LDs, and (f) Pearson’s correlation of BPIB1 and Nile red intensities (correlation
coefficient: 0.93). (g) FCS traces of BPIB1 (5 nM) in DMSO and BPIB1 (50 nM) inside the LDs in Hela cells. (g) Fluorescence lifetime
decay profiles of BPIB1 (5 nM) in DMSO and BPIB1 (50 nM) inside the LDs in Hela cells. Fluorescence lifetime imaging (FLIM) of live
(i) HeLa, (j) A549, (k) CHO, and (1) HEK293 cells stained with BPIB1 (50 nM) at 30 °C for 10 mins, Aex = 405 nm, Aem = 427-488 nm.
Inset: corresponding fluorescence lifetime histograms demonstrating the versatility of BPIB1 for the imaging of LDs in multiple cell

lines. Scale = 10 pm.

increasing temperature (Figure 7b). Additionally, the
temperature-dependent emission switching was invoked
for the fabrication of different fluorescent patterns (Figure
7c-¢). The heating of the ‘311’ pattern at 323 K led to white
light emission (Figure 7e).

Imaging and tracking of lipid droplets (LDs).

The long octyl chain in BPIB1 and BPIB2 makes both the
dyes hydrophobic in nature.*¢ Hence, it was anticipated that
both the dyes could localize to lipid-enriched subcellular
organelles, like lipid droplets (LDs), through hydrophobic
interactions.*34451 [n this context, we explored BPIB1 and
BPIB2 as LD-specific probes in Saccharomyces cerevisiae
(budding yeast) and mammalian cell lines. An amenable yet
powerful model system, budding yeast provides an easy
platform for genetic manipulation. Owing to high
conservation between yeast and mammalian cells in the
lipolytic process, studies on the LDs in yeast may share a
direct relevance with the mammalian system. Spot test
assay and growth curve analysis of yeast cells suggested
BPIB1 and BPIB2 as suitable nontoxic probes for subcellular
imaging. Fluorescence microscopy images of BPIB1 and
BPIB2-stained yeast cells revealed a punctate dot-like
pattern (Figure 8, panels A, C). Further, staining of LD-
deficient quadruple mutant (Adgal, Alrol, Aarel, and
Aare2) yeast cells indicated the punctate structures only in

wild type (Figure 8, panel A, C), but not in the mutant cells
(Figure 8, panel B, D). Additionally, the costaining of LDs
extracted from yeast cells suggested the specificity of BPIB1
and BPIB2 towards LDs. The colocalization studies
employing the Nile red (a commercial LD tracker),
MitoTracker Red, and LysoTracker Red unambiguously
ascertained the specific localization of BPIB1 and BPIB2 in
LDs.

We further employed BPIB1 for mammalian cell imaging
due to its better solubility in polar solvents like dimethyl
sulfoxide and higher fluorescent quantum yield compared
to BPIB2. MTT assay of HeLa cells indicated 80% viability
for BPIB1 at 90 nM. The fluorescence microscopy images
showed a punctate dot-like pattern in the cytoplasm due to
the staining of LDs by BPIB1 (Figure 9a-c). The
colocalization studies with Nile red revealed the Pearson’s
coefficient of colocalization (PCC) of 0.93 (Figure 9d-f).
Further, the spectroscopic features of BPIB1 in live cells
were probed using fluorescence correlation spectroscopy
(FCS) and fluorescence lifetime imaging (FLIM) through a
time-resolved confocal microscope. The FCS traces showed
an increase in the diffusion time (ta) of BPIB1 in LDs as
compared to that in solution (Figure 9g). The local viscosity
in LDs was calculated through ta4 values using the equation
S3 and was found to be ~ 37 cP. Similarly, the average
fluorescence decay time of BPIB1 was found to be 4.5 ns in
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Figure 10. Confocal laser scanning microscopy (CLSM) images of live HeLa cells costained with BPIB1 (50 nM) and Nile red (50 nM)
at 30 °C for 10 mins with increasing scanning time under constant laser irradiation. Images of HeLa cells stained with (a-e) BPIB1 (
Aex = 405 nm, Aem = 428-488 nm), and (f-j) Nile red (Aex = 540 nm, Lem = 580-670 nm) suggesting greater photostability of BPIB1;
Scale = 10 um. All the images were captured for 30 s scanning time. (k-0) Comparative intracellular intensity plots of BPIB1 and Nile
red with increasing scanning time, k: 1 min, I: 4 min, m: 6 min, n: 8 min, o: 12 min; the mean fluorescence intensity (MFI) with
photoirradiation time is indicated. (p-s) Real-time tracking of LDs dynamics using BPIB1 as a marker; different pseudo-colors used
to display the movement of LDs at different time points (Lex = 405 nm; Aem = 428-488 nm); insets (p-s): zoomed view of specific
regions. (t-w) The merged images at two different time points confirming the dynamics of LDs. Scale = 10 pm.

the HeLa cells (Figure 9h). The diffusion time and average
fluorescence decay time increased due to the
internalization of BPIB1 in LDs through hydrophobic
interactions.

We further employed multiple cancerous cell lines for LD
imaging as the abundance of LDs is significantly higher in
cancer cells due to a faster lipid metabolism compared to
normal cells.525364 The fluorescence lifetime images
ascertained BPIB1 as an LD marker for HeLa, A549, CHO,
and HEK293 cells (Figure 9i-1). The diverse distribution and
heterogeneity of LDs in different cell lines were reflected by
the difference in the width of the lifetime histograms. The
variation of lifetime distribution could be due to the
difference in the interactions of BPIB1 with LDs in multiple
cell lines (inset; Figure 9i-1).

The dynamic nature of the LDs has a great impact on
several biological functions like cellular metabolism.5265

Thus, the tracking of the LDs is crucial, albeit challenging,
and only a few reports are available to date.6466-68 A highly
photostable LD tracker dye is desirable to monitor the
dynamics of the LDs over time. The intracellular
photostability of BPIB1 was studied using confocal laser
scanning microscopy and was compared with Nile red
(Figure 10a-0). The HeLa cells, costained with BPIB1 and
Nile red, were exposed to continuous irradiation at 405 nm
and 540 nm, respectively, under identical conditions. The
higher photostability of BPIB1 over Nile red was evident
(Figure 10a-o0). The gradual decrease of fluorescence
intensity was observed from 6 min onwards for Nile red
(Figure 10f-j). On the contrary, an appreciable signal was
obtained using BPIB1 even at 12 min of continuous laser
irradiation (Figure 10e). Additionally, the plot of
intracellular fluorescence intensity vs. distance with the
laser irradiation time and the mean fluorescence intensity



(MFT) values also showed the high photostability of BPIB1,
desirable for real-time bioimaging (Figure 10k-o).

The low cytotoxicity, high specificity, and enhanced
photostability encouraged us to employ BPIB1 for tracking
the LDs dynamics in live HeLa cells. The spatial distribution
of LDs over time could be easily identified through a close
inspection of Figure 10p-s. Additionally, a Movie, compiled
of a series of fluorescent images of LDs with different time
intervals for 30 minutes, depicted the dynamics of LDs in
HeLa cells. Further, we represented the CLSM images with
different pseudocolors of blue (3 min), green (6 min),
yellow (9 min), and red (12 min) to distinguish the spatial
distribution of LDs (Figure 10p-s). The merged images at
two different time points [(3+6 min), (6+9 min), (9+12
min), and (3+12 min)] ascertained the movement of the LDs
over time (Figure 10t-w). Moreover, the close inspection of
Figure 10p-s distinctly shows the dynamic motion,
including fission, fusion processes, and the changes in the
size of LDs over time.

CONCLUSION

In conclusion, we demonstrated the impact of small
strategic perturbations in the molecular structures to tune
the morphology of the self-assembled aggregates and their
diverse physical, chemical, and biological properties. The
intermolecular interactions-driven self-assembly pathways
leading to stimuli-responsive reversible BPIB1 gel (fibers)
to sol (spherical nanoaggregates) with contrasting

morphological evolution were explored through
fluorescence lifetime  imaging microscopy. The
spectroscopic, microscopic, and computational

investigations implied the influence of both the amine
nitrogen and the long octyl chain towards the formation of
a supramolecular gel. Further, fine-tuning of the gelation
process resulted in temperature-dependent white light
emission. The presence of the hydrophobic octyl chains led
to BPIB1 and BPIB2 as specific markers for lipid droplets.
Additionally, the microenvironment near lipid droplets was
probed through fluorescence correlation spectroscopy and
fluorescence lifetime imaging microscopy, revealing the
diverse distribution and heterogeneity of lipid droplets in
different cell lines. The highly photostable BPIB1 was
employed to track the dynamics of lipid droplets. Thus,
exploring  stimuli-responsive reversible = molecular
assembly and intracellular dynamics by time-resolved
spectroscopic and microscopic approaches provides further
avenues for deciphering the evolution process and
regulating the functions of a diverse range of biologically
relevant supramolecular self-assembled structures.
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