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Lipid droplets (LDs) are cytoplasmic lipid-rich organelles with important roles in lipid storage and metabo-
lism, cell signaling and membrane biosynthesis. Additionally, multiple diseases, such as obesity, fatty liver,
cardiovascular diseases and cancer, are related to the metabolic disorders of LDs. In various cancer cells, LD
accumulation is associated with resistance to cell death, reduced effectiveness of chemotherapeutic drugs, and
increased proliferation and aggressiveness. In this work, we present a new viscosity-sensitive, green-emitting
BODIPY probe capable of distinguishing between ordered and disordered lipid phases and selectively inter-
nalising into LDs of live cells. Through the use of fluorescence lifetime imaging microscopy (FLIM), we
demonstrate that LDs in live cancer (A549) and non-cancer (HEK 293T) cells have vastly different
microviscosities. Additionally, we quantify the microviscosity changes in LDs under the influence of DNA-
damaging chemotherapy drugs doxorubicin and etoposide. Finally, we show that doxorubicin and etoposide
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Introduction

Lipid droplets (LDs) are dynamic lipid-rich organelles’ com-
posed of a neutral lipid hydrophobic core surrounded by a
single layer of phospholipids decorated with various proteins
(Fig. 1A).? Importantly, the composition of LDs and their size,
localization and number change rapidly in response to cellular
states and nutrient availability.>* Not only do LDs function as
lipid storage compartments,” but also play important roles in
cell signalling and inflammation,®” lipid metabolism® and
membrane biosynthesis.” The metabolic disorders of LDs are
related to multiple diseases, such as obesity,'® fatty liver,""
cardiovascular diseases,'* and cancer.® Accumulation of LDs
has been observed in cancer cells and cancerous tissues such as
breast, prostate, and colorectal cancers, as well as hepatocel-
lular and renal carcinomas.'® In addition, LD accumulation
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have different effects on the microviscosities of LDs in chemotherapy-resistant A549 cancer cells.

also affects anti-cancer drug efficiency, alters their cellular
distribution, and impairs drug-induced apoptosis and immu-
nogenic cell death, causing chemotherapy resistance.'*"?
Moreover, LDs have been identified in all the processes
involved in cancer development, including proliferation, evad-
ing growth suppressors, activating invasion and metastasis,
evasion of immune destruction and resisting death."'> On
top of this, increased storage of lipids in LDs is also beneficial
for cancer cell survival,"®"” as additional lipids serve as energy
sources to meet the metabolic needs of proliferating cancer
cells. Conventional chemotherapeutic drugs have been shown
to alter the fatty acid distribution in LDs, producing highly
saturated LDs and unsaturated plasma membrane lipids.'®
Changes in the fatty acid distribution increase the amount of
LDs and decrease the fluidity of the plasma membrane, poten-
tially triggering the invasion and metastasis of cancer cells."”
Importantly, LDs themselves may be appropriate targets for
cancer chemotherapy,”?® and the elevated levels of LDs are
used as a diagnostic biomarker for cancer.'**' Consequently,
the ability to image the compositional changes of LDs may be
particularly useful for the development of cancer diagnostic
tools and studying the effects of chemotherapeutic agents
on LDs.

Viscosity measurements provide a convenient way to observe
the compositional changes that take place in LDs. The effi-
ciency of lipid packaging and the order of lipids have a great

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A) Simplified structure of the LD. (B) Structure of one of the most
widely used molecular rotors — BODIPY-C10, and its variant for the
detection of LDs — BODIPY-LD. The red arrows indicate the intramolecular
rotation which causes BODIPY to display viscosity sensitivity.

influence on the viscosity values of lipid structures.>* For
example, cholesterol-rich lipid systems form highly viscous
liquid-ordered (Lo) phases, whereas highly unsaturated lipids
produce non-viscous liquid disordered (Ld) phases.*®* More-
over, the viscosity of the Ld phase is directly affected by the
amount of cholesterol present in the bilayer.** The viscosity
differences arising due to lipid packaging in the Lo and Ld
phases allow for lipid order determination using fluorescent
viscosity-sensitive probes.?*>” LDs, depending on the cellular
state, undergoing phase transitions from an ordered state to a
disordered state have varying levels of cholesteryl esters and
occasionally may feature ordered nanodomains in the centre.”®

Viscosity-sensitive dyes, called molecular rotors, can be used
to quantitatively image the microviscosity changes in LDs.>*°
The term microviscosity here refers to the lipid packaging and
molecular mobility of the probe’s local environment.*' In the
excited state, molecular rotors undergo intramolecular rotation,
which results in the molecular rotor entering the dark state.*® In
low viscosity or non-crowded environments, the intramolecular
rotation is not restricted, and the non-radiative decay dominates,
leading to a decrease in the fluorescence quantum yield and
lifetime.*® Using the fluorescence lifetime to quantify the micro-
viscosity is particularly advantageous, since the lifetime is inde-
pendent of the probe’s concentration, excitation setup, and
optical properties of the medium or the microscope. Molecular
rotors can be combined with fluorescence lifetime imaging
microscopy (FLIM) to create spatial microviscosity maps of differ-
ent lipid structures in live cells.**>® Currently, BODIPY-C;,
(Fig. 1B) is one of the most widely used molecular rotors for
viscosity measurements.*”*® Previously, BODIPY-C,, and its deri-
vatives were used to quantify viscosity in model lipid bilayers,*®
plasma membranes,**>*" mitochondria,** and lysosomes.** Due to
its lack of specificity, BODIPY-C;, internalizes into various cellular
membranes and the cytoplasm,** making LDs less detectable and
data analysis more difficult.

Although fluorescence lifetime-based viscosity probes for
LDs do exist (TPE-Cy and NLV-1),*>*® to our knowledge, both
these probes considerably stain the cytoplasm (and membrane-
bound organelles in the case of TPE-Cy),"> thus making LDs
harder to identify. Despite the fact that both TPE-Cy and
NLV-1 feature multiple rotating groups for increased viscosity
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sensitivity, their fluorescence lifetimes do not rise rapidly with
increasing solvent viscosity, resulting in more challenging
detection of minor microviscosity changes in live speci-
mens.*>*® The aim of this research is to explore the possibility
of discriminating cancer and non-cancer cells based on the
microviscosity of LDs. In this work, we introduce BODIPY-LD, a
BODIPY-C,, derivative probe with high specificity for LDs and
fluorescence lifetime-based ability to measure the microviscos-
ity (Fig. 1B). By comparing fluorescence lifetimes of BODIPY-LD
in solvents of different polarities and viscosities, we show that
BODIPY-LD is affected mainly by the viscosity of the solvent. We
explore the ability of BODIPY-LD to distinguish Lo and Ld
phases in large unilamellar vesicles (LUVs) - one of the most
frequently used model lipid systems. Furthermore, by using
BODIPY-LD in combination with FLIM, we image LDs in
human lung cancer cells (A549) and immortalised human
embryonic kidney cells (HEK 293T). In addition, we investigate
how DNA-damaging chemotherapeutic agents®”*® - etoposide
(ETP) and doxorubicin (DOX) - affect the microviscosities of
LDs. Although both DOX and ETP cause DNA damage by
poisoning enzyme topoisomerase II and converting it into a
DNA-damaging agent,’”*®* DOX is additionally known for its
ability to intercalate into DNA and generate free radicals, which
can damage cellular membranes, DNA and proteins.*® Numer-
ous anticancer drugs have been reported to be sequestered in
the hydrophobic cores of LDs.""'® However, studies investigat-
ing the physical changes that occur in LDs during chemother-
apeutic treatment are still lacking. Our results demonstrate that
the microviscosities of LDs in human lung cancer cells (A549)
vary significantly between different cells in the same culture,
but are similar within individual cells. In contrast, the micro-
viscosities of LDs in human immortalised kidney cells (HEK
293T) are similar between different cells. We found that both
DOX and ETP induce an increased number of LDs in both A549
and HEK 293T cells. Furthermore, DOX and ETP treatments of
A549 cells induce the formation of both highly viscous and
highly non-viscous LD populations within individual cells. In
contrast, DOX treatment of HEK 293T cells produces LDs with
varying microviscosities in individual cells, whereas ETP treat-
ment induces the formation of LDs with uniform microviscos-
ities within each cell. Finally, we show that highly viscous LDs
are absent in DOX- and ETP-resistant A549 cells.

Results and discussion
Probe design

The BODIPY-LD design was based on one of the most applic-
able and successful rotors to date - BODIPY-C;,. In order to
retain the same mechanism of the viscosity sensitivity of
BODIPY-C,,, we decided to keep the rotation of the phenyl
group versus the BODIPY unhindered and modified the para-
position of the phenyl group. Our goal was to create a probe
with high specificity for LDs with minimal cytoplasm staining.
As a result, we introduced two cyclohexyl rings to increase the
size and hydrophobicity of the probe, making the probe too
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(A) Fluorescence (dotted-dashed lines) and absorption (solid lines) spectra of BODIPY-LD obtained in cyclohexane, chloroform, methanol and

DMSO. (B) Time-resolved fluorescence decay curves of BODIPY-LD in cyclohexane, chloroform, methanol and DMSO. (C) Time-resolved fluorescence
decay curves of BODIPY-LD obtained in methanol—glycerol mixtures of varying viscosities. (D) Fluorescence lifetimes of BODIPY-LD in methanol-

glycerol mixtures.

hydrophobic for cytoplasm staining (Fig. 1B). The non-charged
nature of the probe should also favour its accumulation in
neutral, lipid-rich environments. The synthesis of BODIPY-LD
is described in the ESL¥

Absorption, steady-state and time-resolved fluorescence
spectroscopies

In order to investigate the spectroscopic properties of BODIPY-
LD, we performed absorption, steady-state, and time-resolved
fluorescence experiments in solvents of varying polarity, from
non-polar [cyclohexane] to very polar [DMSO] (Fig. 2). Similar to
BODIPY-C,,,>” BODIPY-LD’s absorption spectra include a low
intensity band at 300-400 nm and the main band in the
450-525 nm region with maximum positioned at 500-505 nm
(Fig. 2A). The fluorescence spectra of BODIPY-LD feature a
slight red shift as the polarity of the solvent increases, from
the fluorescence peak maximum at 518 nm in cyclohexane to
524 nm in DMSO (Fig. 2A). Importantly, no aggregation of the
dye was observed in polar solvents such as methanol and
DMSO. To explore the effects of solvent polarity on the fluores-
cence lifetimes of BODIPY-LD, we performed time-resolved
fluorescence measurements in cyclohexane, toluene, chloro-
form, dichloromethane, DMSO and methanol (Fig. 2B and
Fig. S1, ESIt). In all solvents tested, the fluorescence decay
curves of BODIPY-LD were monoexponential, with fluorescence
lifetimes ranging from 226 ps in chloroform to 153 ps in DMSO.
In contrast, the fluorescence lifetimes of BODIPY-C,, range
from 300 to 800 ps in the solvents of 0.5 cP viscosity.*® We
found no correlation between the polarity of the solvent and the
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Fig. 3 (A) Steady-state fluorescence spectra of BODIPY-LD in Ld and Lo

LUVs. (B) Time-resolved fluorescence spectra of BODIPY-LD in Ld and Lo
LUVs.
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fluorescence lifetimes of BODIPY-LD since the fluorescence
decay curves differ marginally (Fig. 2B).

Next, we measured time-resolved and steady-state fluores-
cence of BODIPY-LD in methanol-glycerol mixtures that cover a
viscosity range from 0.6 to 1457 cP to evaluate the probe’s
viscosity sensitivity and construct a fluorescence lifetime-
viscosity calibration curve (Fig. 2C and Fig. S2, ESI{). The
calibration curve can be utilized to convert the fluorescence
lifetimes of BODIPY-LD in LDs into microviscosity values. The
fluorescence lifetimes of BODIPY-LD range from 92 ps in
methanol to 4639 ps in pure glycerol (Fig. 2D). The fluorescence
decays were monoexponential for compositions ranging from
methanol to 40% methanol-60% glycerol. At higher glycerol
concentrations, the fluorescence decays become biexponential
with low amplitude short lifetime components (Fig. S2, ESIT).
Due to low fluorescence lifetime values in non-viscous solvents,
BODIPY-LD has a significantly expanded dynamic viscosity
range, which can be calculated from the lifetime ratio at high
and low viscosities, compared to BODIPY-C;o. The dynamic
range of BODIPY-LD in methanol-glycerol mixtures is 50.4, as
determined from the ratio of fluorescence lifetimes in glycerol
(4639 ps) and methanol (92 ps), compared to 11.2 for BODIPY-
Cjo in the same mixture.?” These results demonstrate that the
fluorescence lifetimes of BODIPY-LD are mainly affected by
solvent viscosity and are minimally influenced by polarity.

Given that LDs contain varying amounts of cholesteryl esters
and occasionally may feature ordered nanodomains,”® we
aimed to explore the ability of BODIPY-LD to integrate into
highly viscous Lo phases, as well as probe’s sensitivity to
cholesterol and capability to distinguish Lo and Ld lipid
phases. We carried out steady-state and time resolved fluores-
cence measurements on LUVs with Lo (DOPC:DPPC:Chol
1:5:5) and Ld (DOPC, POPC, DOPC:Chol) lipid phases
(Fig. 3). While BODIPY-LD does not exhibit solvatochromism
in the Ld phases, the steady-state fluorescence spectra display a
slight red shift in the Lo phases, with peak maximum shifting
from 521 (Ld) to 526 nm (Lo). (Fig. 3A). Notably, BODIPY-LD
successfully integrates into both Lo and Ld LUVs and
displays similar fluorescence intensity values in both phases
(Fig. S3, ESIT). The ability of BODIPY-LD to partition into highly
ordered lipid phases is highly important because LDs occasion-
ally feature highly ordered lipid nanodomains*® and undergo
phase transitions from amorphous to the liquid crystalline lipid

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 FLIM images of BODIPY-LD in LDs of A549 cells. (A) A549 cells treated with DOX for 6 h. (B) A549 cells treated with DOX for 24 h. (C) A549 cells
treated with DOX for 48 h. (D) The top panel shows images of fluorescence intensity. FLIM images are shown in the middle panel. The corresponding

lifetime histograms are shown in the bottom panel. Scale bars are 10 um.

phases.*® The time-resolved fluorescence decays of BODIPY-LD in
Lo LUVs are remarkably longer compared to the Ld LUVs (Fig. 3B),
with biexponential intensity-weighted fluorescence lifetimes being
1.24, 1.3 and 3.6 ns for DOPC, POPC and DOPC:DPPC:Chol LUVs,
respectively. We also examined how the cholesterol concentration
in Ld LUVs affects the fluorescence lifetimes of BODIPY-LD.
Cholesterol is especially known for its ability to induce order and
condense Ld lipid bilayers.>® Addition of cholesterol to DOPC LUVs
(Ld) resulted in significantly longer fluorescence decays, with
intensity weighted fluorescence lifetimes increasing from 1.24 ns
for pure DOPC LUVs to 1.63 and 2.13 ns for DOPC/Chol 75/25 and
DOPC/Chol 50/50 LUV, respectively (Fig. 3B). We hypothesize that
the biexponential nature of fluorescence decays in LUVs is likely
caused by the different positions that the dye can occupy in the
lipid bilayer. Most importantly, the ability to determine the lipid
order and distinguish Lo and Ld phases based on the fluorescence
lifetime of BODIPY-LD may be particularly useful for estimating the
cholesterol levels in LDs, studying the biophysical changes induced
in LDs upon binding of proteins, imaging ordering and disordering
effects induced by small molecules, detecting the lipid phase
transitions and observing the lipid exchange processes between
LDs and organelles.

FLIM of LDs in human epithelial lung cancer (A549) and
immortalised embryonic kidney (HEK 293T) cells

Next, we used FLIM to image LDs in human lung cancer
(A549) and immortalised embryonic kidney (HEK 293T) cells
(Fig. 4 and 5). BODIPY-LD very effectively stained both highly

This journal is © The Royal Society of Chemistry 2024

viscous and non-viscous LDs (1 pM concentration, 5 min), with
negligible cytoplasm staining. Fluorescence intensities in the
LDs were about 10” times higher than those in the cytoplasm.
Curiously, BODIPY-LD did not stain the plasma membrane,
allowing for an easy identification of peripheral LDs (Fig. 4 and
5). We hypothesize that poor plasma membrane staining is due
to the highly lipophilic nature of the dye and a preference for
the neutral lipid environments. The plasma membrane, on the
other hand, features highly polar lipid headgroups, which give
rise to higher dielectric constants in the lipid bilayer.”" Notably,
we did not observe any dye-induced morphology changes in the
cells even when the concentration of BODIPY-LD was increased
to 5 uM (Fig. S4, ESIf). Furthermore, we have confirmed
that the spherical, slowly moving in the cytoplasm, vesicles
(Fig. S5, ESIt) were indeed LDs by co-staining the cells with Nile
Red - a well-known marker of LDs (Fig. S6, ESIT).>* Addition-
ally, we recorded the fluorescence spectra of LDs stained with
BODIPY-LD to ensure that no aggregation of the dye occurs in
the LDs and the fluorescence lifetimes are measured accurately
(Fig. 7, ESIY).

Interestingly, in lung cancer cells (A549), we observed that
the microviscosities of LDs vary significantly between indivi-
dual cells within the same culture, with the intensity-weighted
fluorescence lifetimes of BODIPY-LD ranging from 1100 to
2500 ps, corresponding to the viscosities of 60 to 270 cP in
methanol-glycerol calibration mixtures (Fig. 4A and Fig. S8A,
ESIt). Furthermore, the microviscosities of LDs in individual
A549 cells were very similar (Fig. 4A and Fig. S8A, ESIf). In

J. Mater. Chem. B, 2024,12, 3022-3030 | 3025
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Fig. 5 FLIM images of BODIPY-LD in LDs of HEK 293T cells. (A) HEK 293T cells treated with DOX for 6 h. (B) HEK 293T cells treated with DOX for 24 h. (C)
HEK 293T cells treated with DOX for 48 h. (D) The top panel shows images of fluorescence intensity. FLIM images are shown in the middle panel. The
corresponding lifetime histograms are shown in the bottom panel. Scale bars are 10 um.

contrast, LDs in human embryonic kidney cells (HEK 293T)
possessed similar microviscosities in different cells, with the
intensity-weighted fluorescence lifetimes of BODIPY-LD ran-
ging from 700 to 1000 ps, corresponding to the viscosities of
25 and 50 cP in methanol-glycerol calibration mixtures
(Fig. 5A and Fig. S9A, ESIY). In addition, the number of LDs
in A549 cells far surpasses the number of LDs in HEK 293T
(Fig. 4A and 5A). Most importantly, the large differences in
fluorescence lifetimes between the cancerous and non-
cancerous cells can be used for the detection of malignant
cells. We hypothesize that the fluorescence lifetime differences,
arising due to different viscosities of LDs, are representative of
different cellular or metabolic states®>* in malignant cells and
fluorescent environmental probes for LDs may be useful for the
studies of cancer progression.

Next, we treated A549 and HEK 293T cells with half maximal
inhibitory concentrations (ICs,) of anti-cancerous DNA-damaging
drugs DOX (18 nM for A549 and 20 pM for HEK 293T)>*** and ETP
(107 uM for A549 and 22 pM for HEK 293T).>>® The ICs, value
represents the concentration of a drug capable of causing 50% cell
death. We imaged LDs after 6, 24 and 48 hours of drug treatment.
In both A549 and HEK 293T cells, DOX treatment gradually
increased the number of LDs (Fig. 4 and 5). Similarly, ETP
treatment of A549 and HEK 293T cells also resulted in a gradual
increase in the number of LDs (Fig. S8 and S9, ESIt). Furthermore,
after 24 and 48 h, DOX treatment of A549 cells slowly induced the
formation of highly viscous and highly non-viscous LD populations
within individual cells, with fluorescence lifetimes of BODIPY-LD

3026 | J Mater. Chem. B, 2024, 12, 3022-3030

ranging from 750 to 2600 ps, corresponding to the microviscosities
of 30 and 300 cP (Fig. 4C and D). In addition, LDs with viscosities of
about 90 cP (corresponding to BODIPY-LD fluorescence lifetimes of
about 1500 ps) almost completely disappeared after 24 h of DOX
treatment (Fig. 4C and D). Correspondingly, treatment of A549 cells
with ETP also resulted in the disappearance of LDs with 90 cP
viscosities after 24 h (Fig. S8, ESIT). Instead, highly viscous and
highly non-viscous LD populations were formed, with viscosities
ranging from 30 to 300 cP (Fig. S8, ESIY).

In contrast, the microviscosities of LDs in DOX-treated HEK
293T cells increased after 6 h from 25-50 cP to 25-70 cP
(Fig. 5B) and a further 24 h treatment with DOX resulted in
the formation of LDs with 60-70 cP viscosities (Fig. 5C). Addi-
tionally, some LDs had viscosities of 100 and 160 cP, corres-
ponding to the fluorescence lifetimes of BODIPY-LD of 1500 ps
and 2000 ps (Fig. 5C). Unlike in A549 cells, 48 h of DOX
treatment in HEK 293T cells did not further increase the
microviscosities of LDs; instead, heterogenous LD populations
were present in all cells, with viscosities ranging from 25 to
70 cP (Fig. 5D). Finally, treatment of HEK 293T cells with ETP
resulted in the formation of LDs with viscosities of 45-70 cP
after 6 h (Fig. S9B, ESIT). Further 24 and 48 h treatment of HEK
293T cells with ETP produced LDs with viscosities ranging from
50 to 160 cP (Fig. S9C and D, ESIt). Curiously, after 24 h of ETP
treatment, LDs in individual cells had more or less the same
viscosities (Fig. S9C, ESIt).

We hypothesize that the increase in the number of LDs in
cells undergoing DOX or ETP treatment is a result of cellular

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tb02979d

Open Access Article. Published on 20 February 2024. Downloaded on 4/7/2026 11:57:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lifetime (ps)
Lifetime (ps)

750

1.0

Sos
206
o
B
304
g
£0.2

0.0
1000 1500 2000 1000

Lifetime (ps)

1500
Lifetime (ps)

2000

View Article Online

Journal of Materials Chemistry B

2750 2750

Lifetime (ps)
Lifetime (ps)

0.0
0 500 100015002000 2500

0.0
0 500 1000 15002000 2500
i Lifetime (ps)

Lifetime (ps)

Fig. 6 FLIM images of BODIPY-LD in LDs of A549 cells treated with DOX (2ICs) for 48 h. (A) A549 cells treated with ETP (2ICsg) for 48 h. (B) HEK 293T
cells treated with DOX (2ICsp) for 48 h. (C) HEK 293T cells treated with ETP (2ICsg) for 48 h. (D) The top panel shows images of fluorescence intensity.
FLIM images are shown in the middle panel. The corresponding lifetime histograms are shown in the bottom panel. Scale bars are 10 pm.

stress response.'””*” Furthermore, cellular stress can induce the
formation of highly hydrophobic LDs, which are likely enriched
with cholesterol esters.”” The increase in LD viscosity in A549
and HEK 293T cells upon DOX and ETP treatment may be due
to the increased amount of cholesterol esters.”” DOX and
5-fluorouracil have also been reported to alter the fatty acid
distribution in LDs and induce the formation of highly satu-
rated LDs in hepatocellular carcinoma and colorectal cancer
cells.'® We suspect that the presence of saturated fatty acids, as
well as cholesteryl esters, promote the formation of highly
ordered lipid phases®® and account for the formation of viscous
LDs after DOX and ETP treatments in A549 cells. However, we
also observed non-viscous LDs in A549 cells upon DOX and ETP
treatments. In addition, while DOX and ETP exerted similar
effects on LDs in A549 cells, ETP treatment in HEK 293T cells
produced moderately and highly viscous LDs, with the absence
of non-viscous LDs, while DOX produced non-viscous and
moderately viscous LDs.

FLIM of A549 and HEK 293T cells that are resistant to DOX and
ETP treatment

Finally, we have quantified the microviscosities of LDs in A549
and HEK 293T cells that are resistant to chemotherapeutic drug
treatment (Fig. 6). To perform this, we treated A549 and HEK
293T cells for 48 h with twice the ICs5, concentrations of DOX
(36 nM for A549 and 40 uM for HEK 293T) and ETP (214 puM for
A549 and 44 puM for HEK 293T). Surprisingly, we found that

This journal is © The Royal Society of Chemistry 2024

DOX and ETP-resistant A549 and HEK 293T cells have LDs with
very dissimilar microviscosities over their respective 48 h drug
treatment (Fig. 6). With 2IC5, treatment of A549 cells with DOX,
we no longer observed LDs with microviscosities of 30 and
300 cP; instead, LDs ranging from 60 to 100 cP were present
(Fig. 6A). The 2ICs, treatment of A549 cells with ETP also
resulted in the absence of LDs with microviscosities of 30 and
300 cP, but a very homogeneous population of LDs with
microviscosities of about 50-65 cP was formed in each cell
(Fig. 6B). In contrast, the 2ICs, treatment of HEK 293T cells
with DOX induced the formation of LDs with moderate viscos-
ities (25-90 cP), similar to IC5, DOX treatment (Fig. 6C). Of
note, some LDs in HEK 293T cells treated with 2ICs;, DOX
concentrations displayed very low viscosities of about 10 cP
(corresponding to the 300 ps fluorescence lifetime of BODIPY-
LD). Similar to the ICs, treatment of HEK 293T cells with ETP,
the 2IC;, treatment of HEK 293T cells with ETP resulted in the
formation of LDs with homogeneous microviscosities in indi-
vidual cells, with some cells having LD populations of 50, 90,
160 and 300 cP (Fig. 6D).

To summarize, DOX and ETP-resistant A549 cells possessed
completely different LD populations compared to their corres-
ponding ICs, treatments. The ICs, treatments of A549 cells with
DOX and ETP resulted in very similar LD populations with high
and low microviscosities in each cell. In contrast, DOX- and
ETP-resistant A549 cells did not exhibit similar microvisco-
sities of LDs. Instead, DOX-resistant cells possessed LDs with
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heterogenous (60-100 cP) microviscosities, whereas ETP-
resistant cells featured homogeneous LDs of 50-65 cP. On the
other hand, DOX- and ETP-resistant HEK 293T cells possessed
LDs with microviscosities similar to their respective 48 h ICs,
treatments. However, while ETP-resistant A549 cells had LDs
with homogeneous microviscosities, LDs in ETP-resistant HEK
293T cells showed highly variable microviscosities. Impor-
tantly, it appears that the microviscosities of LDs, and their
lipid compositions in chemotherapy-resistant cells differ
depending on drug treatment and cell type.

Conclusions

In conclusion, we have synthesised and explored the photophysical
properties of a new BODIPY-based molecular rotor — BODIPY-LD.
We showed that fluorescence decays of BODIPY-LD are sensitive to
viscosity over a large range, from 0.5 to 1457 cP, and are minimally
influenced by solvent polarity. Importantly, time-resolved fluores-
cence measurements on LUVs with Lo and Ld lipid phases
demonstrate that BODIPY-LD possesses vastly different fluores-
cence lifetimes in lipid-ordered and lipid-disordered environments,
allowing this probe to successfully distinguish lipid phase transi-
tions and estimate the cholesterol concentrations in Ld phases. We
found that BODIPY-LD preferentially partitions into the LDs of live
cells without staining the cytoplasm or plasma membrane. Our
results demonstrate that LDs in cancerous A549 and non-cancerous
HEK 293T cells highly differ in their microviscosity, making the dye
applicable as a diagnostic biomarker for cancer. Furthermore, the
chemotherapeutic drugs DOX and ETP induce different microvisc-
osity changes in LDs in cancerous and non-cancerous cells. Finally,
we demonstrate that microviscosities of LDs in chemotherapy-
resistant cells differ depending on the drug treatment and cell type.

Experimental section

Dyes, reagents, and solvents

The synthetic details of BODIPY-LD, with mass and NMR
spectra, are presented in the ESL.f NMR spectra were recorded
on a Bruker Ascend 400 spectrometer (400 MHz for 'H,
100 MHz for '*C, 128.4 MHz for ''B, 376.5 MHz for *°F). NMR
spectra were referenced to residual solvent peaks. HRMS spec-
tra were recorded on a quadrupole, time-of-flight mass spectro-
meter (microTOF-Q II, Bruker Daltonik GmbH, Germany).
Column chromatography was performed using silica gel
60 (0.040-0.063 mm) (Merck). Thin layer chromatography
(TLC) was performed using TLC-aluminium sheets with silica
gel (Merck 60 F254). Visualisation was accomplished by UV
light. Melting points were determined in open capillaries with a
digital melting point IA9100 series apparatus (Thermo Fisher)
and were not corrected. Reagents and solvents for the organic
synthesis of the BODIPY compounds were purchased directly
from commercial suppliers; solvents were purified by known
procedures. Stock solutions of 1 mM BODIPY-LD were prepared
in methanol or DMSO and diluted for further experiments in
solvents or their mixtures. All solvents used were spectroscopic
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grade obtained from Sigma Aldrich. DOPC, POPC, DPPC, and
cholesterol were obtained from Avanti Polar Lipids. DOX and
ETP were obtained from Sigma Aldrich, and 10 mM stock
solutions of DOX and ETP were prepared in DMSO and diluted
for subsequent experiments.

Formation of LUVs

LUVs were prepared by mixing lipids in appropriate ratios;
afterwards, BODIPY-LD was added to the mixture with a dye to
lipid ratio of 1:800, and chloroform was evaporated under a
nitrogen stream for at least 2 hours. After evaporation, PBS
buffer was added on top of the film. The total concentration of
lipids in the PBS solution was 1 mM. In the case of DOPC/
DPPC/Chol (1/5/5) LUVs, PBS buffer was heated to 60 °C. After
resuspension, mixtures were placed in an ultrasonic bath (1 h)
and extruded through 100 nm polycarbonate membranes with
a syringe extruder (Avanti Polar Lipids). Extrusions were per-
formed above the melting temperature of the lipids.

Absorption, steady-state, and time-resolved fluorescence
spectroscopies

Absorption spectra were measured using a Jasco V-670 spectro-
photometer. Fluorescence spectra were recorded with an
Edinburgh-F900 (Edinburgh Instruments) fluorimeter using
an Fianum white laser, together with bandpass filters (Thor-
labs), emitting at 488 nm as an excitation source. Fluorescence
decays were measured using time-correlated single-photon
counting (TCSPC). Fluorescence decays had 5000 counts at
the peak of the decay with 20 ns time window being used with
4096 channels in the time domain. 10 mm quartz cuvettes were
used for absorption and fluorescence measurements with a
BODIPY-LD concentration up to 2 pM. Fluorescence decays of
BODIPY-LD in solvent mixtures and pure solvents were taken at
20 °C.

Imaging of live cells

Cell imaging experiments were performed using the human
lung cancer A549 and immortalized human embryonic kidney
HEK 293T cell lines (ATCC). The cells were cultured in Dulbec-
co‘s modified Eagle’s medium (DMEM) supplemented with
10% foetal bovine serum (FBS), 100 IU mL " penicillin and
100 pg mL " streptomycin (Thermo Fisher). The cells were
incubated at 37 °C with 5% CO,. Before imaging, cells
were seeded into Ibidi p-Dish (Ibidi) at a seeding density of
10000 cells mL ™" and allowed to grow for 24 hours. For cell
imaging, 1 pM of BODIPY-LD solution (in DMSO) was added to
the culture medium for 5 min at 37 °C. FLIM imaging was
performed using a Leica SP8 microscope with a 63 x objective
(HC PL APO oil immersion, N.A. - 1.4, Leica).

Fluorescence lifetime imaging microscopy (FLIM)

FLIM was performed with a Leica SP8 microscope using a
63x objective (HC PL APO oil immersion, N.A. - 1.4, Leica).
The fluorescence decay signal was measured over the
505-550 nm range using a 488 nm filter-supported white light
laser excitation line. The FLIM images were produced in a
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512 x 512 pixel resolution with 128 channels in the time
domain, and pixels were binned to have at least 1000 counts
at the peak of the decay curve for reliable biexponential fitting.
Only lipid droplet-containing pixels in FLIM images were fitted.
Lipid droplets were identified based on their 100-fold greater
fluorescence counts per pixel relative to the cytoplasm. The
instrument response function (IRF) was measured by recording
the laser reflection signal off a glass coverslip.

Data analysis

FLIM images were analysed with FLIMFIT software (v4.6.1,
Imperial College London).>® The biexponential fluorescence
decay model with intensity-weighted mean lifetimes was
applied for both FLIM and fluorimeter time-correlated single
photon counting (TCSPC) measurements:

Z a,~1:,~2
i

Z a;T;
i

1=

where a; and t; are the amplitudes of the individual compo-
nents. The goodness-of-fit parameter () was 1.3 or less for
both FLIM images and fluorimeter TCSPC decays. Fluorimeter
TCSPC decays of BODIPY-LD were fitted using the Edinburgh-
F900 software package F900.
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