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Unveiling autophagy and aging through time-resolved imaging of
lysosomal polarity with a delayed fluorescent emitter

A lysosome-specific coumarin-diphenylamine-based thermally
activated delayed fluorescent probe, DC-Lyso, exhibiting a polarity-
sensitive fluorescence lifetime has been developed. It was employed
for the specific long-term tracking of lysosomal dynamics, including
lysosome-mitochondrion and lysosome-lipid droplet interactions
under physiological conditions. The microsecond timescale imaging
using the delayed fluorescence of DC-Lyso nanoparticles in water
further reveals the distribution of lysosomal polarity in various
cancerous cell lines and a model organism, Caenorhabditis elegans.
The lysosomal polarity has been elucidated as an indicator of the
complex aging process in a multicellular organism, C. elegans.
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Detecting the lysosomal microenvironmental changes like viscosity, pH, and polarity during their dynamic
interorganelle interactions remains an intriguing area that facilitates the elucidation of cellular homeostasis.
The subtle variation of physiological conditions can be assessed by deciphering the lysosomal
microenvironments during lysosome-organelle interactions, closely related to autophagic pathways
leading to various cellular disorders. Herein, we shed light on the dynamic lysosomal polarity in live cells
and a multicellular model organism, Caenorhabditis elegans (C. elegans), through time-resolved imaging
employing a thermally activated delayed fluorescent probe, DC-Lyso. The highly photostable and
cytocompatible DC-Lyso rapidly labels the lysosomes (within 1 min of incubation) and exhibits red
luminescence and polarity-sensitive long lifetime under the cellular environment. The distinct variation in
the fluorescence lifetime of DC-Lyso suggests an increase in local polarity during the lysosomal
dynamics and interorganelle interactions, including lipophagy and mitophagy. The lifetime imaging
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Introduction

Lysosomes are one of the most acidic organelles of cells, con-
taining various hydrolase enzymes that play pivotal roles in the
degradation of damaged proteins, organelles, and macromole-
cules during autophagy."” Lysosomal functioning requires an
optimum balance of their microenvironments like viscosity, pH,
and polarity of the medium.>” Under physiological conditions,
these highly dynamic lysosomes maintain organelle interac-
tions among themselves as well as with lipid droplets and
mitochondria, to regulate cellular homeostasis, which may
result in significant lysosomal microenvironmental changes.>*>
Moreover, abnormal lysosomal functionality can cause unusual
micropolarity changes, leading to the initiation of lysosomal
storage disorders, cardiovascular diseases, neurodegeneration,
and various types of cancers.”*" Thus, the quantitative
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visualization of lysosomal microenvironment variation is
crucial for the early-stage detection of any cellular disorder.>***#
The unique spatial distribution of sub-cellular microenviron-
ments during autophagic pathways can be assessed quantita-
tively using time-resolved fluorescence imaging (TRFI).***>* In
this context, molecular probes with long lifetimes are promising
for fluorescence lifetime imaging microscopy (FLIM), effectively
eliminating the short-lived signals arising from the cellular
environment and providing a better signal-to-noise ratio.'®**>®

Triplet harvesting materials,>* specially, all-organic ther-
mally activated delayed fluorescence (TADF) emitters, are
emerging candidates for various optoelectronic and
biomedical applications, including micro-to-millisecond
TRFL>* TADF probes with donor-acceptor (D-A) or donor—
m-acceptor (D-m-A) linkages with twisted molecular structures

34-39

enable intramolecular charge transfer (ICT).***” The localized
frontier molecular orbitals in such systems lower the energy of
the excited singlet (S,) state leading to a decrease in the singlet—
triplet energy gap (AEst).**® The low AEgy facilitates the triplet
(T,) harvesting via S, to T; intersystem crossing (ISC), followed
by the thermally controlled reverse intersystem crossing (RISC,
T, — S;) and subsequently resulting in delayed
fluorescence.*** Nevertheless, the O,-mediated quenching of
the triplet state, hydrophobicity, and longer incubation time of
the TADF emitters restrict their use for monitoring real-time

© 2024 The Author(s). Published by the Royal Society of Chemistry
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organelle dynamics under diverse physiological
conditions.'**** Moreover, the nonspecific staining and lack of
environment-sensitive emission properties under biological
conditions remain a substantial challenge in tracking organelle
dynamics and associated micropolarity changes using TADF
emitters.'*?%*

Linking organelle targeting units to the TADF-core without
affecting the D-A electronic communication could be an effec-
tive strategy to target subcellular organelles.””** Herein, a mor-
pholine-functionalized coumarin-diphenylamine-based TADF-
probe, DC-Lyso, was synthesized for the specific imaging of
lysosomes. DC-Lyso displayed polarity-dependent transient
decay properties along with low cytotoxicity and rapid cellular
internalization (1 min incubation). The large Stokes shift, red
emission under cellular environment, long lifetime, photo-
stability, and cytocompatibility of the probe make it suitable for
background-free tracking of lysosomal dynamics. The FLIM
images revealed the fluorescence lifetime variations during
lysosomal dynamics, including lipophagy and mitophagy,
signifying the real-time lysosomal polarity changes. Moreover,
lysosomal polarity variations were probed as an indicator of
a complex biological process, aging, in soil nematodes Caeno-
rhabditis elegans (C. elegans). Employing the stable delayed
fluorescence properties at ambient aqueous conditions, the
distribution of lysosomal polarity was also shown at the
microsecond time domain in different cancerous cell lines
(HeLa, A549, and CHO) and C. elegans using DC-Lyso nano-
particles. The current study, thus, introduces a new strategy to
employ a lysosome-specific TADF probe for deciphering the
subtle cellular microenvironments during interorganelle inter-
actions and aging.

Results and discussion

Considering our target of probing lysosomal polarity under
diverse physiological conditions, DC-Lyso was designed and
synthesized by fine-tuning the donor-acceptor (D-A) architec-
ture, resulting in solvent-specific intramolecular charge transfer
(Scheme 1). The coumarin backbone was chosen due to its
electron-deficient nature and availability of different substitu-
tion sites, whereas the diphenylamine (DPA) unit was consid-
ered for its electron-rich nature and donor ability. We
anticipated that the donor (DPA) substitution at the C-7 posi-
tion of the acceptor coumarin ring might result in a twisted
geometry around the D-A linkage and electronically decoupled
frontier molecular orbitals (Fig. S11). Moreover, the weakly
basic morpholine unit (pK, = 5-6) covalently linked to the D-A
unit could be attributed to the specific lysosome targeting
ability of the probe without altering the electronic communi-
cation between the donor and the acceptor.® DC-Lyso was
synthesized starting from 4-bromo salicylaldehyde and diethyl
malonate in a four-step process involving Claisen-
condensation, hydrolysis, amidation, and subsequently Buch-
wald-Hartwig coupling between the resultant precursor and
diphenylamine (Schemes S1-S4, Fig. S54-S65%).

The optimized molecular structure of DC-Lyso demonstrated
a dihedral angle of ~35° between the donor and acceptor units

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Salient features of lysosome-targeting thermally acti-
vated delayed fluorescent (TADF) probe, DC-Lyso. The intramolecular
charge transfer (ICT) from the donor (D, diphenylamine, blue) to the
acceptor (A, coumarin, red) results in a low singlet—triplet energy gap
(AEst) and polarity sensitive fluorescence lifetime (t,,g). (b) Illustration
depicting the relative variation of average fluorescence lifetime of DC-
Lyso as a function of solvent polarity. (c) Pictorial depiction of the new
findings of the current study towards the elucidation of dynamic
lysosomal polarity as an indicator of complex biological processes like
autophagy and aging through the polarity-sensitive lifetime of DC-
Lyso using fluorescence lifetime imaging microscopy.

(Fig. S1bt). The HOMO (—5.33 eV) was predominantly localized
on the donor DPA with a relatively small distribution over the
benzene ring of the coumarin moiety (Fig. S1ct). However, the
LUMO (—1.98 eV) was solely located on the acceptor coumarin
unit (Fig. Sict). The small overlap of the HOMO and LUMO
suggests the possibility of ICT characteristics. The time-
dependent density functional theory (TDDFT) calculations
revealed a low AEgr value of 0.21 eV, indicating the possibility of
facile ISC and RISC pathways (Fig. S2at).

DC-Lyso showed two distinct absorption bands located at
~300 nm (7.4 x 10* M™" ecm™") and ~400 nm (9.6 X
10* M~ em ™', Fig. 1a, S4 and Table S11). The absorption band
located at ~300 nm was ascribed to the m—mt* transitions of the
donor and acceptor cores (Fig. S4at), whereas the broad,
featureless, red-shifted band at ~400 nm suggested an ICT
absorption due to the charge separation in the ground state
(Fig. 1a and S4b¥).**¢ DC-Lyso showed a featureless emission
band with a large Stokes shift, typically associated with excited-
state charge transfer (Fig. 1a). Moreover, the emission maxima
gradually red shifted as the polarity of the medium increased
from hexane (Ae;, = 458 nm) to dimethyl sulfoxide (DMSO, A,
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Fig.1 (a) Normalized absorption (blue), emission (red, Aex = 408 nm),
and excitation spectra (green, Aex = 640 nm) of DC-Lyso in dimethyl
sulfoxide (DMSO); inset: digital photograph of DC-Lyso in DMSO
under daylight and UV-irradiation at 365 nm. (b) Normalized emission
spectra, and (c) photoluminescence (PL) decay of DC-Lyso at nano-
second timescale in organic solvents of varying polarity. (d) Reichardt's
plot depicting the linear dependence of fluorescence lifetime and
emission wavelength of DC-Lyso with normalized solvent polarity
parameter, EY. For (b—d): (i) hexane, (ii) toluene, (iii) tetrahydrofuran, (iv)
chloroform, (v) dichloromethane, and (vi) DMSO; concentration: 2 pM.

= 640 nm, Fig. 1b). The large bathochromic shifts, increasing
full width of half maxima (FWHMpeyane = 67 nm to FWHMpyso
= 127 nm), and decreasing quantum yield in polar solvents
suggested the stabilization of the excited ICT state leading to
the facile nonradiative deactivations (Fig. 1b, S6 and Table
S21).* In accordance with these observations, the average
fluorescence lifetime of DC-Lyso decreased gradually at the
nanosecond timescale with increasing solvent polarity due to
the enhanced nonradiative (k) relaxations in polar solvents
(Fig. 1c and Table S3t).°**° Interestingly, the average fluores-
cence lifetime showed a linear relation with the Reichardt's
normalized solvent polarity parameter (EY, Fig. 1c, d and
S67).*7** The linear dependence of fluorescence lifetime on the
solvent polarity parameter could be beneficial for the accurate
detection of micropolarity changes in biological systems. The
polarity sensing ability of DC-Lyso was further probed in
complex environments like doped polymer films (Fig. S7+).

TADF properties of DC-Lyso in vitro

To check the long-lived emission properties of DC-Lyso, we first
recorded its emission under oxygenated and N,-purged condi-
tions (Fig. 2a). The transient photoluminescence measurements
indicated the presence of microsecond time decay (ayg = 1.1 ps)
of the probe in deoxygenated DMSO solution at 298 K (Fig. 2a
and S8at). Moreover, the emission intensity (Aem max ~ 640 nm,
DMSO) of DC-Lyso was enhanced upon prolonged N,-purging
(quantum yield, Q.Y. ~8%, Fig. 2a, inset) than under aerated
conditions. The microsecond timescale decay was also observed
in toluene (7o, = 2 us, Fig. S8bt). Time-resolved transient
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Fig. 2 (a) Microsecond timescale photoluminescence (PL) decay of

DC-Lyso in deoxygenated DMSO; inset: enhancement of emission
intensity in prolonged N, purged deoxygenated DMSO solution (red,
Aex =408 nm, T =298 K) in comparison to the aerated solution (blue).
(b) Time-resolved emission spectra (TRES) of DC-Lyso (Aex = 408 nm)
in deoxygenated toluene sliced at 5 ns (black) and 1 us (red) ascer-
taining the microsecond timescale emission as delayed fluorescence;
inset: TRES analysis of DC-Lyso at different timescales (0.5 — 2 ps) in
deoxygenated toluene recorded with an intensified charge-coupled
device (iCCD) camera. (c) Normalized steady-state emission (SS, black
line, Aex =470 nm, T = 298 K), TRES recorded at 10 ns (green line) and
10 ps (red dots) time delays of the aqueous dispersion of DCL-NPs,
ascertaining the delayed fluorescence; inset: a digital photograph of
DCL-NPs in water under UV-irradiation at 365 nm, and transmission
electron microscopy (TEM) image of DCL-NPs, scale = 100 nm. (d)
Laser fluence-dependent delayed emission spectra (time delay = 1 ps)
of the aqueous dispersion of DCL-NPs; inset: linear fitting of the
delayed emission intensity of DCL-NPs as a function of laser power
suggesting the unimolecular dependency of the emission intensity (Aex
=470 nm, T =298 K). For (a—d), the concentration of DC-Lyso =2 uM.

difference absorption spectra analysis of DC-Lyso in N,-purged
toluene solution upon 355 nm pulsed laser excitation revealed
the presence of two distinct peaks at ~400 and 500 nm, refer-
ring to the ground state bleaching and excited state absorption,
respectively (Fig. S91). Similar excited state absorption peaks at
the nanosecond and microsecond timescale suggest the
involvement of the singlet excited state for the long-lived
emission (Fig. S97).>

Time-resolved emission spectra (TRES) measurements at 298
K also showed that the emission band originating at the
nanosecond timescale (time delay: 5 ns) resembled the micro-
second timescale (time delay: 1 us) spectrum (Fig. 2b). Thus, the
TRES measurements unambiguously ascertained a delayed
fluorescence phenomenon in DC-Lyso either due to TADF or
triplet-triplet annihilation (Fig. 2b, inset). The temperature-
dependent emission spectra and decay analysis of DC-Lyso in
toluene further demonstrated the thermal activation of the
microsecond timescale emission (Fig. S10a-c).t The emission
intensity gradually enhanced as the temperature was increased
from 273 K to 333 K, a typical feature of TADF materials

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S10at).>*** Moreover, the laser power-dependent emission
study revealed unimolecular dependence of the delayed fluo-
rescence emission (time delay = 1 ps),***” confirming the TADF
in DC-Lyso (Fig. S10d¥).

The low-temperature measurements at 77 K further showed
a red shift (Aem,max = 570 nm) as compared to the steady-state
spectrum in toluene obtained at room temperature (Aem,max ~
500 nm, Fig. 1b, S5a and S11af). Photoluminescence decay
analysis indicated the presence of a longer component at the
millisecond time domain with an average lifetime (z,y,) of 181
mS (Aem,max = 570 nm, Fig. S11b¥), suggesting a phosphores-
cence emission. Further, time-resolved emission spectra (TRES)
analysis at 298 K and 77 K was performed to reconstruct the
onsets of fluorescence (time delay: 5 ns) and phosphorescence
bands (time delay: 180 ms), respectively, which revealed a small
AEgsrof 0.21 eV (Fig. S12 and Table S67), corroborating well with
the theoretically obtained data (Fig. S2af).

To overcome the air-sensitive nature of the delayed fluores-
cence emission of DC-Lyso and to enhance its suitability for
time-resolved imaging, the water-dispersible nanoaggregates
(DCL-NPs) were prepared in 90% water-DMSO binary solvent
mixture (Fig. 2¢). DCL-NPs exhibited an absorption spectrum
similar to that of DC-Lyso in the solution state (Fig. S13at); the
emission maximum of DCL-NPs centered at ~600 nm (Q.Y. ~ 10
=+ 0.3%, Fig. 2c). The morphology of the nanoaggregates was
visualized using transmission electron microscopy (TEM),
revealing the distribution of spherical particles (diameter ~90 +
20 nm, Fig. 2c, inset, Fig. $147). The aqueous dispersion of the
nanoaggregates showed an average prompt and delayed decay
times of 15 ns and 20 ps, respectively (Fig. S13b and Table S77).
TRES measurements at the nanosecond and microsecond
timescale suggested delayed fluorescence in DCL-NPs (Fig. 2c).
Further, the delayed emission intensity (time delay = 1 us) of
DCL-NPs increased linearly with laser power (slope = 1.13,
Fig. 2d, inset),***” confirming it as TADF (Fig. 2d).

Cytotoxicity assay and cellular internalization

In order to evaluate the suitability of DC-Lyso for probing
lysosomal polarity, the stability of the probe was verified under
the lysosomal pH range (pH = 4.5-5.5, Fig. S187). Furthermore,
the exposure of DC-Lyso to different possible interfering agents
like biologically relevant ions only resulted in negligible spec-
troscopic changes (Fig. S20t). MTT assay employing HeLa cells
revealed no apparent cytotoxicity even after 24 h of incubation
with DC-Lyso (1-40 uM, Fig. S21at). Moreover, MTT assay sug-
gested high cell viability (~80 £ 5%) at a working concentration
of 2 uM after DC-Lyso incubation for 5 days (Fig. S21ct). The
lower cytotoxicity was further verified using a more sensitive JC-
1 assay based on the mitochondrial membrane potential,*
demonstrating ~83% of healthy cells even after 24 h incubation
with 10 pM DC-Lyso (Fig. S22f). Further, SYBR Green I-
propidium iodide (PI) assay using HeLa cells under 405 nm
laser irradiation (20 mW cm™?) signified the low-phototoxicity
effect of DC-Lyso (Fig. S231). Thus, DC-Lyso is highly suitable
for long-term lysosomal imaging due to its low cyto- and
phototoxicity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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DC-Lyso exhibited fast cell-membrane permeability for live
cells, as bright fluorescence signals were observed from HeLa
cells incubated with the probe only for 1-10 min at 37 °C
(Fig. 3a, S24 and S277). The fast cell-membrane permeability of
DC-Lyso encouraged us to investigate its cellular internalization
mechanism (Fig. 3b-d). A small molecular probe like DC-Lyso
could internalize within the cells following (i) passive diffu-
sion across the cell membrane (dependent on the lipophilicity
of the probe and driven by concentration and electric gradient),
(ii) active transport (dependent on adenosine triphosphate
consumption), or (iii) endocytic pathway (formation of specific
compartments, energy-dependent and mostly inactivated at
lower temperature). In the present case, significant fluorescence
signals were observed from HeLa cells incubated at lower
temperatures like 20 °C and 4 °C (Fig. 3¢ and S251).°® Further,
similar  fluorescence intensities in amiloride and
chlorpromazine-treated cells, as compared to the control set of
HeLa cells, ruled out the possibility of macropinocytosis and
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Fig. 3 (a) Time-dependent incubation studies of DC-Lyso (lex =

405 nm, Aem = 488-800 nm) stained Hela cells depict the fast cell
membrane permeability of the probe. (b) Confocal laser scanning
microscopy (CLSM) images of DC-Lyso (10 min incubation, Aex =
405 nm, Aem = 488-800 nm) in Hela cells incubated with (i) complete
growth media, considered as control, (ii) amiloride (AMR), (iii) chlor-
promazine (CPZ), and (iv) deoxy p-glucose (DeoxyG) indicating similar
intracellular fluorescence intensities. For (a, b) scale = 10 um. Intra-
cellular fluorescence intensity variation of DC-Lyso in Hela cells
incubated (c) at different temperatures, 4, 20, and 37 °C, and (d) in
complete growth media (control), in the presence of macro-
pinocytosis inhibitor amiloride (AMR), clathrin-mediated endocytosis
inhibitor chlorpromazine (CPZ), and metabolic inhibitor deoxy b-
glucose (DeoxyG) in fetal bovine serum (FBS)-free growth media at 37 °
C and 5% CO, environment; error bars are plotted with respect to
three independent measurements (n = 3).
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clathrin-mediated endocytosis, respectively (Fig. 3b, d and
S267). Incubation of DC-Lyso in adenosine triphosphate (ATP)
depleted cells (deoxy p-glucose incubation) revealed negligible
intracellular fluorescence intensity variations as compared to
the control cells, excluding the possibility of active transport
(Fig. 3d and S26%).%° Thus, passive diffusion is considered as the
dominant cellular internalization mechanism for DC-Lyso.

Dynamic lysosomal polarity through lifetime imaging

The colocalization experiments were performed using HeLa
cells stained with DC-Lyso along with the commercially avail-
able organelle tracker dyes (Fig. 4a, S27 and S28%). The intra-
cellular fluorescence signals of DC-Lyso overlapped well with
LysoTracker™ Green (LTG) for different incubation periods,
suggesting the fast and specific lysosome targeting ability of DC-
Lyso (Fig. 4a and S277). The excellent lysosome selectivity of DC-
Lyso was attributed to the weakly basic morpholine unit cova-
lently linked to the TADF core.>'* DC-Lyso showed a higher
intracellular photostability compared to commercial lysosome-
specific probes like LTG and LysoTracker™ Red (LTR) under
continuous laser irradiation of constant power (laser power =
10 uW, power density = 2 uW cm™?, Fig. $31 and S32%) for
30 min. In addition to the high intracellular photostability,
FLIM images of DC-Lyso revealed the diverse lifetime distribu-
tion in lysosomes, suggesting a promising scope for real-time
tracking of lysosomal polarity (Fig. S347).

To date, very few reports have demonstrated the long-term
imaging of lysosomal dynamics and lysosome-organelle inter-
actions.”**”%® DC-Lyso could retain in lysosomes for multiple
days after single-time incubation (Fig. 4b and S35f). Such
retention ability of DC-Lyso could be beneficial to monitor
lysosomal function during physiological processes like cell
division and migration. Pseudo-colored confocal laser scanning
microscopy (CLSM) images at different time points, 4-24 min,
ascertained the diverse spatial distribution of lysosomes within
the cytoplasm (Fig. S36 and S37, Movie S1f). Lysosomal
dynamics were also confirmed by merging the images obtained
at different time points: 4 + 8, 8 + 12, 12 + 16, 16 + 24, and 4 to
24 min (Fig. S361). FLIM images recorded during the lysosomal
motions further displayed the subtle fluorescence lifetime
variation of DC-Lyso (Fig. 4c, Movie S27). The metabolite
transfer during the lysosomal motions like fusion-fission and
kiss-and-run presumably impart lysosomal microenviron-
mental changes leading to the subsequent polarity and lifetime
variation." The linear dependence of fluorescence lifetime on
Reichardt's normalized solvent polarity parameter (EY) thus
provides new insights into lysosomal polarity fluctuations
under physiological conditions (Fig. 4c and S6bt).

Real-time imaging of lysosomal polarity during autophagy

To decipher interorganelle interactions involving lysosomes, we
monitored the lysosome-lipid droplet and lysosome-mito-
chondria interaction during autophagy.'**® The occurrence of
lipophagy and mitophagy was confirmed by performing an
autophagy assay in the presence of selective autophagy inducers
like lipopolysaccharide (LPS) and carbonyl cyanide m-
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Fig. 4 (a) Colocalization study using confocal laser scanning
microscopy (CLSM) of Hela cells coincubated with (i) DC-Lyso (Aex =
405 nm, Aem = 620-660 nm), (ii) LysoTracker™ Green (LTG, Aoy =
470 nm, Aem = 520-540 nm), and (iii) the merged image of (i) and (ii);
inset: scatter plot of channel 1 (Ch-1) and channel 2 (Ch-2) depicts
a high Pearson's coefficient of colocalization (PCC) value of 0.93,
indicating lysosome targeting ability of the probe; scale = 10 um. (iv)
Intracellular intensity profiles of DC-Lyso and LTG for the dotted white
line depicted in the image (iii) ascertaining colocalization of DC-Lyso
with LTG in living cells. (b) Long-term imaging of Hela cells employing
DC-Lyso (Aex = 405 nm, Aemy = 620-660 nm) for single-time incu-
bation; images of Hela cells taken at (i) 1 day, (i) 2 days, and (iii) 4 days
after staining. The intracellular fluorescence intensity scale of DC-Lyso
is also shown. Nucleus staining performed with 4’,6-diamidino-2-
phenylindole (DAPI, Aex = 405 nm, Aem = 400-445 nm) prior to
imaging; scale = 10 um. (c) Time-lapse fluorescence lifetime imaging
microscopy (FLIM) images of Hela cells stained with DC-Lyso (Aex =
405 nm and Aem = 425-800 nm) highlighting the change in polarity
during lysosomal dynamics at (i) 3, (ii) 9, and (iii) 18 min; scale = 4 um;
(iv, v) a clear variation of the lifetime and hence polarity during lyso-
somal dynamics represented by the normalized Reichardt's polarity
parameter (EY) of the corresponding zoomed portions (region A and B)
of (i—iii); scale =1 um.

chlorophenyl hydrazone (CCCP), respectively (Fig. S38t).°>%°
HeLa cells costained with DC-Lyso and commercial lipid-
droplet tracker dye BODIPY 493/503 were treated with LPS to
induce lipophagy (Fig. 5). A significant enhancement in the
Pearson's colocalization coefficient (PCC) values were observed
in the LPS-treated cells (PCC: 0.62) than the control set of cells
(PCC: 0.29, Fig. 5iv, ix, xiv, xix, $39-541%). Moreover, PCC values
increased from 0.43 (¢ = 10 min) to 0.62 (¢ = 60 min) in the LPS-
treated cells (Fig. 5ix, xiv, xix). The FLIM images demonstrated
that the average lifetime of DC-Lyso in the lysosomes first

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Time-lapse confocal laser scanning microscopy (CLSM) imaging of lysosome-lipid droplet interactions in (i—v) control set (t = 60 min) and
(vi—xx) lipopolysaccharide (LPS)-treated (to induce lipophagy) Hela cells; (i, vi, xi, xvi) bright field images, cells incubated with (ii, vii, xii, xvii) DC-
Lyso (Aex = 405 nM, Aem = 620-660 nm), (iii, viii, xiii, xviii) commercial lipid droplet tracker dye, BODIPY 493/503 (BODIPY, Aex = 470 NM, Aern =
520-540 nm), and (iv, ix, xiv, xix) corresponding merged images depict the gradual rise of Pearson's correlation coefficient (PCC = 0.43, t =
10 min; PCC = 0.55, t = 30 min; PCC = 0.62, t = 60 min after incubation with LPS) as compared to the control set of cells (without LPS treatment,
PCC =0.29, t =60 min). (v, x, xv, xx) Corresponding FLIM images of DC-Lyso channel depicting the fluorescence lifetime variations in lysosomes
during the lipid droplet—lysosome interaction (zoomed images shown in Fig. S407); for (i-v) scale = 10 um, (vi—xx) scale = 9 um. A common
intensity scale and lifetime scale, respectively, for CLSM and FLIM images are shown.

increased from 1.3 ns (control cells) to 2.9 ns (¢ = 10 min) and
then decreased to 2.5 ns (¢t = 30 min) to 1.8 ns (¢ = 60 min) upon
LPS treatment (Fig. 5v, x, xv, xx, and S40t). Consequently, an
initial drop and the subsequent enhancement of the lysosomal
polarity were observed (Fig. 5, S6 and S407). The initial decrease
in polarity, hence the increase in lifetime (Fig. 5v, x), was
attributed to the interaction between hydrophobic (low polar)
lipid droplets and high polar lysosomes.® The release of
hydrolase enzymes, responsible for the degradation of the
metabolites, was attributed to the recovery in the local polarity
manifested by the decrease in the fluorescence lifetime from 30
to 60 min."*'* However, no visible changes in the fluorescence
lifetime were observed in the cells without LPS treatment
(Fig. S397).

Further, we probed the lysosomal polarity variation during
mitophagy, i.e., lysosome-mediated mitochondrial disruption,
one of the vital interorganelle interactions.”*“*> HeLa cells

© 2024 The Author(s). Published by the Royal Society of Chemistry

costained with DC-Lyso and commercial mitochondria tracker
dye MitoTracker™ Green (MTG) were treated with a mitophagy
inducer carbonyl cyanide m-chlorophenyl hydrazone (CCCP,
Fig. 6a). Time-lapse images recorded at green and red channels
indicated dynamics of mitochondria and lysosomes, respec-
tively, in the control and CCCP-treated cells (Fig. 6a, S42 and
S43t). Disruption to the long fibril-like structure of mitochon-
dria was noticeable only upon CCCP treatment (Fig. 6a, i-iv and
S437). Moreover, the merged images of green and red channels
showed a higher Pearson's coefficient for the CCCP-treated cells
(PCC = 0.60, t = 60 min, Fig. 6a, vi and S437) as compared to the
CCCP-untreated cells (PCC = 0.41, ¢t = 60 min, Fig. 6a, iii and
S421).

Time-lapse FLIM imaging revealed a longer lifetime
component (t;, ~ 4 ns, ¢t = 10 min) in the lifetime histogram of
DC-Lyso after CCCP treatment, along with the shorter lifetime
component (ts ~ 1.3 ns, Fig. 6a and b) observed in normal

Chem. Sci., 2024, 15, 102-112 | 107
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Fig. 6 (a) CLSM images of Hela cells stained with (i, iv) commercial mitochondria tracker dye, MitoTracker™ Green (MTG, Aex = 470 NM, Aem =
520-540 nm), (i, v) DC-Lyso (Aex = 405 nm, Ay = 620-660 nm), and merged images of (iii) i and ii, and (vi) iv and v, indicating mitochondria—
lysosome interaction (mitophagy) only after (iv—vi) carbonyl cyanide m-chlorophenyl hydrazone (CCCP) treatment. Corresponding FLIM images
of Hela cells stained with (vii, ix) MTG and (viii, x) DC-Lyso portray the variation of fluorescence lifetime after CCCP treatment only in the DC-Lyso
channel; scale = 7 um. The images (i—x) are recorded after 60 min from the incubation (5 min). (b) Representative lifetime histograms of Hela
cells stained with DC-Lyso without CCCP treatment (control) and with CCCP treatment (mitophagy) over gradual time intervals, suggesting the
generation of a longer lifetime component (t ~ 4 ns) along with the shorter lifetime component (5 ~ 1.3 ns). (c) Time-dependent variation of
fluorescence lifetime in control and CCCP-treated Hela cells stained with DC-Lyso. A relative decrease in the longer fluorescence lifetime
component (z;, red) and an increase in the shorter fluorescence lifetime component (zs, blue) from the CCCP-treated Hela cells indicate the
increase in lysosomal polarity during mitophagy. The bar diagrams are plotted as mean =+ standard deviation (three independent measurements).

lysosomes. This implied a relative decrease in lysosomal
polarity during the initial interaction period with mitochondria.
A close inspection of the lifetime histograms suggests an
increase in the shorter decay component compared to the
longer one over time (¢ = 10 to 60 min, Fig. 6b and c). Conse-
quently, the initial decrease, followed by the recovery in the
local polarity, was due to the release of hydrolytic enzymes upon
lysosome-mitochondrion interaction.**® The corresponding
FLIM images of the control set of cells without CCCP treatment
indicated no significant change in the fluorescence lifetime of
DC-Lyso (Fig. S42 and S43t). The current results thus unam-
biguously demonstrate the time-resolved detection of subtle
lysosomal polarity variation for the first time during lipophagy
and mitophagy.

Lysosomal polarity as an indicator of aging

The potential of DC-Lyso to monitor subcellular polarity was
further explored to decipher the aging process in the

108 | Chem. Sci, 2024, 15, 102-112

multicellular organism C. elegans (Fig. 7). It serves as a suitable
model for elucidating the polarity-based changes in different
organelles with aging due to the resemblance of age-related
human orthologous gene sequences.®® The gut granules of
C. elegans have been classified as lysosome-related organelles
(LRO) due to the presence of lysosomal proteins and staining
with lysosome-specific fluorescent dyes like LysoTracker™.
CLSM imaging of C. elegans incubated with DC-Lyso for 2 h
displayed distinct fluorescence signals from the worm body
(Fig. 7b, S47 and S48t). Colocalization studies using DC-Lyso
and LysoTracker™ Green confirmed the LRO targeting ability
of DC-Lyso (Fig. S49t). We explored the inherent variations in
lysosomal polarity with aging by staining wild-type C. elegans
(N2 strain) at different developmental stages (L2, L3, and day-1
adult) of their lifespan (Fig. 7c, S50 and S517). The FLIM images
showed a sharp fluorescence lifetime distribution of ~3-5 ns of
the probe in lysosome-related organelles of wild-type L2 stage
worms (Fig. 7c, iii, and d). In contrast, the FLIM images of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 (a) Schematic illustration depicting the polarity changes in lysosome-related organelles of Caenorhabditis elegans (C. elegans) at different
developmental stages of their lifespan employing DC-Lyso. (b) CLSM imaging of DC-Lyso stained C. elegans: (i) bright field and (ii) red channel
(Aex = 405 nm, Aepy = 570-660 nm) images; scale = 100 um, inset: zoomed images of the selected portion shown in the white box; scale = 50
um. (c) Intestinal lysosomal imaging of DC-Lyso stained (i—vi) wild-type (N2) and (vii—xii) short-lived mutant (daf-16, fast aging) strains. Images
represent (i—iii, vii—ix) L2 and (iv—vi, x—xii) day-1 adult stages of the worms: (i, iv, vii, x) bright field, (ii, v, viii, xi) CLSM images, and (iii, vi, ix, xii) FLIM
images (Aex = 405 NM, Acm = 425-800 nm). The lower fluorescence lifetime of the probe indicates the high lysosomal polarity in adult worms in
comparison to the L2 stage worms, and this difference is even more noticeable for the short-lived mutant (daf-16, fast aging). Fluorescence
lifetime histograms of DC-Lyso revealed the lysosomal polarity changes represented by the normalized Reichardt's polarity parameter EY)incC
elegans: (d) L2 stage, and (e) day-1 adult; the histograms of wild-type (N2, red), and mutant (daf-16, green) worms are indicated. (f) Bar diagrams
representing the lysosomal polarity variations in wild-type (N2) and fast-aging mutant (daf-16) C. elegans at different developmental stages of
their lifespan [L2 and day-1 adult (D-1 A)]; the bar diagrams are plotted as mean =+ standard deviation (n = 3) from the average lifetime values
obtained from the decay plots for each data set. P-values are calculated by performing Student's t-test, where ** and *** denotep < 0.0l and p <
0.001, respectively.

day-1 adult worms revealed a broad lifetime distribution
encompassing two distinct regions, one longer component (zy)
at ~3-5 ns and another shorter component (tg) at ~1.5-3 ns
(Fig. 7c, vi, and e). The lifetime histogram also suggests a rela-
tively higher abundance of the shorter fluorescence lifetime
component of DC-Lyso in adult worms, indicating enhanced
polarity (Fig. 7e). These results ascertain the significant increase
in the polarity of lysosome-related organelles during the age-
based development in C. elegans.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Further, we confirmed the increase of lysosomal polarity
with aging by performing studies on a short-lived (fast-aging)
mutant strain, daf-16(mu86). The accelerated aging character-
istics of daf~16 mutants compared to the wild-type worms were
also reflected by the FLIM images depicted in Fig. 7c (iii, ix, and
vi, xii). The images of L2 stage mutant worms showed a similar
lifetime distribution observed in the day-1 adult of the wild-type
worms (Fig. 7c-e). Moreover, the fluorescence lifetime distri-
bution in day-1 adult worms of daf-16 mutant C. elegans
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indicated a shorter lifetime component of ~1-2 ns (Fig. 7c, xii
and e), signifying the enhanced polarity of lysosomes. The bar
diagrams represent the relative lowering of fluorescence life-
time and subsequent enhancement of polarity at the different
lifespans of wild-type and daf-16 mutant worms (Fig. 7f). These
results suggest the promising scope of the polarity-sensitive
probe, DC-Lyso, for exploring the aging process (Fig. S521).

In vivo delayed fluorescence imaging

The long-lived emission of DC-Lyso further prompted us to
probe the lysosomal polarity at the microsecond timescale. We
employed water-dispersible nanoparticles of DC-Lyso (DCL-
NPs) for the time-resolved imaging of lysosomes in different
cell lines (HeLa, A549, and CHO) and lysosome-related organ-
elles in C. elegans (Fig. 2¢c, 8 and S537). As depicted in Fig. 8a and
b, bright red-fluorescence signals were observed from lyso-
somes after incubation of DCL-NPs in HeLa cells and C. elegans.
The time-resolved images with a 1 us time delay indicated no
significant change in the luminescence intensity, suggesting
the scope of DCL-NPs for autofluorescence-free bioimaging with
a high signal-to-noise ratio (Fig. 8c and d). Moreover, the
aqueous dispersion of nanoparticles could effectively circum-
vent the oxygen-mediated triplet quenching in living cells and
organisms without the requirements of further post-synthetic
modifications.’®?*® The FLIM images of DCL-NPs-stained cells
and C. elegans revealed the heterogeneous lifetime distribution
even at the microsecond time domain, indicating the diverse

C. elegans
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Fig. 8 Time-resolved imaging employing aqueous dispersion of DC-
Lyso nanoparticles (DCL-NPs, Aex = 470 nm, Aep, = 488-800 nm) (a, c,
e) Hela cells, and (b, d, f) C. elegans (N2 strain). (a, b) CLSM images with
no time delay, (c, d) time-gated images after applying a time delay of 1
us, and (e, f) microsecond timescale FLIM images; scale = 10 pm; inset:
the fluorescence lifetime histograms of DCL-NPs in lysosomes of (e)
Hela cells and (f) C. elegans.
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polarity of lysosomes (Fig. 8e and f). These findings further
strengthen the applicability of TADF emitters for time-resolved
intracellular sensing and imaging.

Conclusion

In summary, a lysosome-specific thermally activated delayed
fluorescent probe, DC-Lyso, was developed to monitor the
subtle changes in cellular micropolarity under diverse physio-
logical conditions. The large Stokes shift, rapid staining (1 min
incubation), high photostability, and polarity-sensitive emis-
sion of DC-Lyso aided in background-free visualization of
lysosomal dynamics through fluorescence lifetime imaging. To
the best of our knowledge, the variation in lifetime distribution
of DC-Lyso during lysosomal motions and lysosome-mediated
autophagic pathways (lipophagy and mitophagy) revealed for
the first time the intriguing polarity changes during lysosome-
organelle interactions. Further, the lysosomal polarity changes
during the developmental stages of a multicellular organism, C.
elegans, suggests a higher polarity in the adult phase than in the
younger worms. Thus, the present study opens up exciting
avenues for thermally activated delayed fluorescent probes to
unravel complex biological processes like aging with a high
signal-to-noise ratio using intracellular time-resolved imaging.
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