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Abbreviations

Lipids
* DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine
e DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
¢ BSM: brain sphingomyelin

e Chol: cholesterol

Membrane systems

¢ GUVs: giant unilamellar vesicles

MLVs: multilamellar vesicles

LUVs: large unilamellar vesicles

GPMVs: giant plasma membrane vesicles

tBLMs: tethered bilayer lipid membranes

Fluorescence techniques

e FLIM: fluorescence lifetime imaging microscopy
e TCSPC: time-correlated single photon counting

¢ IRF: instrument response function



Photophysical mechanisms

ICT: intramolecular charge transfer
TICT: twisted intramolecular charge transfer

LE: locally excited state

Membrane phases

L,: liquid-ordered phase
Lq: liquid-disordered phase

Fluorophores and probes

BODIPY: 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
Laurdan: 6-dodecanoyl-2-dimethylaminonaphthalene
Nile Red: 9-diethylamino-5H-benzo[a]phenoxazine-5-one

Neutral Red: 3-amino-7-dimethylamino-2-methylphenazine hy-
drochloride

Di-4-ANEPPDHQ: 4-(2-(6-(dioctylamino)-2-naphthalenyl)ethenyl)-
1-(3-sulfopropyl)pyridinium

DCV]J: 9-(2,2-dicyanovinyl)julolidine

CMAM: 2-cyano-3-(4-dimethylaminophenyl)acrylic acid methyl
ester

MCCA: 7-methoxycoumarin-3-carboxylic acid

Cell lines

A549: human lung adenocarcinoma cell line
HepG2: human hepatocellular carcinoma cell line
MCF-7: human breast adenocarcinoma cell line

U-87 MG: human glioblastoma cell line



MDA-MB-231: human triple-negative breast cancer cell line

HMF: human mammary fibroblast cell line

WPMY-1: human prostate myofibroblast cell line

RPE-1: human retinal pigment epithelial cell line

HEK 293T: human embryonic kidney cell line

Cell biology

¢ CAD: cationic amphiphilic drug
e LD: lipid droplet



Abstract

This thesis presents the development and application of fluorescence
lifetime-based molecular probes for the quantitative characterization
of physical properties in live-cell lipid structures. A series of BODIPY-
based probes was designed to enable organelle-specific measurements
of microviscosity in plasma membranes, lipid droplets, and lysosomes
using fluorescence lifetime imaging microscopy (FLIM). The probes
exhibit strong viscosity-dependent fluorescence lifetimes with minimal
sensitivity to polarity, enabling reliable quantification of local membrane
environments in complex biological systems.

These probes were applied to investigate how membrane microvis-
cosity varies across cellular compartments and reflects cellular state. Sig-
nificant differences were observed between cancerous and noncancerous
cells, as well as in response to chemotherapeutic treatment, demonstrat-
ing that microviscosity of lipid structures serves as a sensitive indicator
of cellular adaptation. Organelle-specific measurements further revealed
distinct and heterogeneous changes in lipid droplet and lysosomal mi-
croviscosity.

The scope of this work was extended through the development of
a polarity-sensitive BODIPY probe for lipid droplets, enabling quantit-
ative mapping of polarity independently of lipid order. This approach
revealed that lipid droplet polarity increases during early ferroptosis due
to lipid peroxidation and decreases upon the emergence of ferroptosis
resistance, accompanied by morphological changes in lipid droplets.

Overall, this work establishes fluorescence lifetime-based measure-
ments of microviscosity and polarity as quantitative, spatially resolved
indicators of cellular state and disease-related processes, and demon-
strates their utility for probing biophysical adaptations in live cells.
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Aim

The aim of this thesis was to develop fluorescence lifetime-based molecu-
lar probes for the quantitative characterization of physical properties
of cellular lipid structures, and to apply these probes to investigate
how variations in microviscosity and polarity reflect cellular state and
disease-related processes in live cells.

Objectives

* Design and implement fluorescence lifetime-based molecular ro-
tors and polarity probes with high sensitivity and minimal photo-
physical artefacts for live-cell imaging.

¢ Characterize the photophysical properties of the probes in solution
and model lipid systems, including their sensitivity to viscosity
and polarity, using steady-state and time-resolved fluorescence
measurements, and establish quantitative relationships between
fluorescence lifetime and environmental parameters.

* Apply the probes in artificial lipid systems and live cells to map
spatial variations in microviscosity and polarity across lipid mem-
branes and intracellular structures.

¢ Demonstrate the biological relevance of these measurements by
investigating how variations in microviscosity and polarity reflect
cellular state, disease-related processes, and responses to chemical
perturbations.

Actuality

The dynamic physical properties of cellular lipid structures, such as
microviscosity and polarity, play an important role in membrane or-
ganization, lipid metabolism, and cellular adaptation. However, their
quantitative characterization in live cells remains challenging due to the
lack of suitable probes that combine sensitivity, specificity, interpretabil-
ity, and compatibility with fluorescence lifetime imaging.
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This work addresses these limitations through the development and
application of fluorescence lifetime-based molecular rotors and polar-
ity probes tailored for live-cell measurements. Particular emphasis
was placed on minimizing common photophysical artefacts, such as
polarity-viscosity cross-sensitivity, and on achieving reliable readouts
in heterogeneous lipid environments.

While the development of organelle-targeting probes itself is not new,
this thesis provides several advances in probe design and application. A
fluorescence lifetime-based polarity probe with emission in the deep-red
spectral region was developed, enabling quantitative measurements of
lipid droplet polarity with minimal interference from viscosity. In addi-
tion, it was demonstrated that lipid droplet targeting is not governed
solely by hydrophobicity, but is also influenced by molecular geometry,
with non-planar, non-polar structures preferentially partitioning into
isotropic lipid environments.

The probes developed in this work were applied to investigate biolo-
gically relevant processes in live cells. These include changes in lipid
droplet microviscosity under chemotherapeutic treatment, alterations
in lysosomal membrane viscosity in response to cationic amphiphilic
drugs, and polarity changes associated with lipid peroxidation during
ferroptosis and the emergence of resistance.

Overall, this work demonstrates that fluorescence lifetime-based
measurements of microviscosity and polarity provide quantitative, spa-
tially resolved insight into cellular state and disease-related processes.
By linking probe design, photophysical characterization, and biological
application, this thesis establishes an approach for using physical para-
meters of lipid systems as functional readouts of cellular behaviour.

Defending Statements

* Local microviscosity changes in biological compartments reflect
physiological and pathological states, enabling the detection of
disease-related alterations and drug-induced effects.

* Non-planar molecular geometries favor incorporation of fluores-
cent probes into isotropic lipid systems.

* Fluorescence-based polarity imaging provides a quantitative readout
of lipid peroxidation in lipid environments.

12



Chapter 1

Introduction

The classical view of cellular lipids as passive structural components
or simple energy reservoirs has evolved into a more dynamic under-
standing of lipid heterogeneity within biological systems. In living cells,
lipids are neither uniformly distributed nor randomly organized. In-
stead, they are partitioned into specialized compartments, ranging from
the phospholipid bilayers of cellular organelles, such as mitochondria
and lysosomes, to the neutral lipid cores of lipid droplets (LDs).

This spatial diversity extends beyond the level of organelles to the
nanoscale organization of biological membranes. Within a single mem-
brane, lipids can segregate into microdomains enriched in specific lipid
species, including cholesterol and sphingolipids. Such lateral hetero-
geneity is not merely a structural consequence of lipid composition but
represents an essential feature of cellular organization. Differences in
lipid composition between cell types, as well as between individual
organelles within the same cell, create distinct physical environments
that regulate numerous biological processes.

To understand how lipid structures influence cellular function, it is
necessary to consider their local physical properties, particularly micro-
viscosity and polarity. Microviscosity, closely related to lipid packing
and membrane order, reflects the resistance of a lipid environment to
molecular motion. This parameter plays an important role in regulating
the diffusion of membrane proteins, lipids, and signaling molecules.
Regions of increased viscosity are often associated with more ordered
lipid packing, which can influence the spatial organization of proteins
and modulate signaling pathways. Polarity, on the other hand, describes
the local dielectric environment within lipid systems and can affect
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the localization of peripheral proteins, as well as the orientation and
behavior of transmembrane domains.

Together, these physical properties contribute to the functional reg-
ulation of cellular processes, ranging from metabolic activity in mito-
chondria to lipid storage and mobilization in LDs. Alterations in lipid
microenvironment properties may occur under conditions such as ox-
idative stress, metabolic disorders, or disease progression, leading to
changes in membrane organization and cellular signaling.

Despite their importance, the experimental characterization of local
lipid microenvironments remains challenging. Many classical biophys-
ical techniques provide only bulk-averaged information about mem-
brane properties. Methods such as nuclear magnetic resonance (NMR)
and electron paramagnetic resonance (EPR) spectroscopy have been
widely used to study lipid organization and dynamics. However, they
often lack the spatial resolution required to distinguish between dif-
ferent cellular compartments in living cells. As a result, approaches
capable of probing physical properties directly within specific cellular
environments are required.

This need has driven the development of environment-sensitive fluor-
escent probes. Unlike conventional fluorescent labels, these molecules
can respond to changes in their local surroundings and therefore act
as nanoscale sensors. Among such probes, molecular rotors represent
an important class of fluorophores whose fluorescence quantum yield
and lifetime depend on intramolecular rotation processes. In environ-
ments of higher viscosity, rotational relaxation is restricted, leading to
an increase in fluorescence intensity and lifetime. Another important
class includes solvatochromic dyes, which exhibit shifts in their emis-
sion spectra or fluorescence lifetime depending on the polarity of the
surrounding medium.

Among the various fluorophore scaffolds available for the design
of such probes, BODIPY dyes have emerged as particularly attractive
candidates. Their favorable photophysical properties, including high
fluorescence quantum yields, narrow emission bands, and excellent
photostability, combined with versatile synthetic modification possibil-
ities, enable the development of probes tailored for specific biological
applications. In particular, BODIPY-based probes can be engineered
to sense local viscosity and polarity and can be applied in advanced
imaging techniques such as fluorescence lifetime imaging microscopy
(FLIM), providing detailed insight into the physicochemical properties
of lipid microenvironments in living cells.

14



1.1 Lipid Microenvironments and Physical Proper-
ties of Cellular Membranes

Cellular membranes are laterally heterogeneous assemblies composed
of lipids with varying degrees of saturation and acyl chain length, to-
gether with differing amounts of cholesterol.!=> These compositional
variations give rise to distinct lipid phases, commonly described by
two limiting states: the liquid-ordered (L,) and liquid-disordered (Lq4)
phases (Fig. 1.1).% L, phases are typically enriched in saturated lipids
and cholesterol, resulting in tightly packed, highly crowded environ-
ments.® In contrast, L4 phases are enriched in unsaturated lipids and
contain lower amounts of cholesterol, resulting in reduced lipid packing
and a more disordered environment.®> Here, molecular crowding refers
to the local packing density of lipid molecules within the bilayer.

While lipid composition is a major determinant of membrane or-
ganization, biological membranes also contain substantial amounts of
membrane-associated and integral proteins.® These proteins contribute
to local molecular crowding and can influence lipid packing, diffusion,
and hydration at the membrane interface.® Consequently, the physical
properties sensed by environment-sensitive probes reflect the combined
effects of lipid composition and protein content.

In addition to lipid packing, membrane environments differ in their
degree of interfacial hydration, defined as the extent of water penet-
ration and dynamics at the lipid-water interface (Fig. 1.1).” Tightly
packed Ly-like regions generally exhibit reduced water penetration into
the hydrophobic core, whereas more disordered Lg-like regions allow
greater solvent accessibility and dynamic hydration.?

In biological membranes, however, these phase extremes are rarely
observed as large, stable domains. Instead, cellular membranes are
characterized by highly dynamic and nanoscale heterogeneity, where
ordered and disordered regions are small, transient, and often below
the diffraction limit.1%!! Accordingly, membrane organization is more
accurately described as a continuum of lipid environments with gradu-
ally varying physical properties, rather than a system composed of
well-separated, phase-segregated domains. 1

Within this framework, molecular crowding (lipid packing density)
and interfacial hydration emerge as two fundamental and complement-
ary physical descriptors of local membrane organization. Ordered,
tightly packed environments are generally associated with higher mi-
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Ld Molecular crowding/lipid order Lo

Figure 1.1: Schematic of lipid bilayer heterogeneity depicted as a con-
tinuum from Lg-like to Ly-like environments, highlighting increasing
lipid packing density (molecular crowding), decreasing solvent access-
ibility at the interface, and the corresponding solvatochromic response
of an environment-sensitive fluorophore.

croviscosity '? and reduced local polarity, ! particularly within the hy-
drophobic core and interfacial regions probed by environment-sensitive
fluorophores. In contrast, disordered regions typically exhibit lower
microviscosity and increased polarity.'%!3 Thus, molecular crowding
primarily reflects local mechanical constraints on molecular motion,
whereas interfacial hydration reports on solvent accessibility and dielec-
tric properties.

These parameters provide experimentally accessible readouts of
membrane organization, reflecting local molecular crowding and hy-
dration in complex and heterogeneous systems. Importantly, they form
the basis for the use of environment-sensitive fluorescent probes, which
translate local variations in molecular crowding and hydration into
measurable changes in fluorescence lifetime or spectral properties.

The physical state of lipid membranes plays a central role in reg-
ulating a wide range of cellular functions and processes. Membrane
organization governs the lateral diffusion of lipids and proteins, * the
localization of membrane-associated pro’ceins,w;16 and the formation of
signaling platforms.!”1® In addition, membrane physical properties are
involved in processes such as membrane trafficking ! and interactions
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with external agents, including pathogens 20 and pharmaceutical com-
pounds.21 In the following sections, these two dimensions, molecular
crowding and interfacial hydration, are addressed using viscosity- and
polarity-sensitive fluorescent probes, respectively.

1.2 Fluorescent Probes as Reporters of Membrane
Microenvironments

The physical parameters introduced above, molecular crowding and
interfacial hydration, are not directly accessible by conventional micro-
scopy. Their characterization therefore relies on indirect approaches
capable of translating local physical properties into measurable signals.
Among these, fluorescence-based methods are particularly well suited
due to their compatibility with live-cell imaging, high spatial and tem-
poral resolution, and minimal invasiveness.??

Environment-sensitive fluorescent probes operate as nanoscale re-
porters, converting variations in local molecular organization into changes
in observable photophysical properties.?3?* In principle, this provides a
powerful route to access membrane properties that remain otherwise
inaccessible in living systems.?®

However, a notable disparity exists between probe development and
their practical use in biological research. A large number of environment-
sensitive fluorophores have been reported, often with increasingly soph-
isticated photophysical designs, yet their adoption in routine biological
studies remains limited. In many cases, biological imaging still re-
lies predominantly on intensity-based measurements, where relatively
small changes in fluorescence are interpreted without fully account-
ing for probe concentration, optical artefacts, or environmental cross-
sensitivities. >

This gap reflects a fundamental challenge: fluorescence signals do not
report physical parameters directly, but instead arise from probe-specific
excited-state processes that may depend on multiple environmental
variables simultaneously. 25 As a result, extracting quantitative or even
unambiguous information requires careful consideration of probe be-
haviour, which is often at odds with the need for simple experimental
tools in biological applications.?

Consequently, the development of environment-sensitive probes is
not only a question of increasing sensitivity, but also of improving
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BODIPY-PM BODIPY-LD BODIPY-Lys BP-Ph-LD

Figure 1.2: Structures of BODIPY probes used in this work.

selectivity and interpretability under complex biological conditions.
Probes that minimize cross-sensitivity,?%" localize reliably within spe-
cific cellular Compartments,31 and provide concentration-independent
readouts>? are more likely to be adopted beyond specialized studies.
In this context, two major classes of probes are employed throughout
this work: viscosity-sensitive molecular rotors, which report molecu-
lar crowding through fluorescence lifetime changes,® and polarity-
sensitive fluorophores, which report local hydration and environmental
polarity.3!

In this work, BODIPY-based fluorophores are employed as a unified
platform to address these challenges (Fig. 1.2). By systematic modifica-
tion of the molecular structure, these probes can be tuned to selectively
report on molecular crowding or interfacial hydration, enabling a more
controlled investigation of lipid microenvironments using well-defined
photophysical responses. 333

In the following sections, viscosity-sensitive molecular rotors and
polarity-sensitive fluorophores are discussed in detail. Molecular rotors
are first introduced as reporters of microviscosity, followed by polarity-
sensitive probes for mapping interfacial hydration.

1.3 Molecular Rotors

Fluorophores that exhibit viscosity-dependent quantum yields, now
broadly termed molecular rotors, trace their origins to the 1980 work of
Law, who observed this phenomenon in donor-acceptor malononitrile
derivatives, such as 9-(2,2-dicyanovinyl)julolidine DCV] (Fig. 1.5A).% This
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observation revealed that certain fluorescent molecules can respond to
the local mechanical properties of their environment by modulating
their excited-state dynamics.

This behaviour arises from the competition between radiative and
non-radiative decay pathways that are coupled to intramolecular rota-
tion.% In low-viscosity solvents, intramolecular rotation can occur freely
in the excited state, providing an efficient pathway for non-radiative
relaxation via the dissipation of energy into the solvent’s vibrational and
translational degrees of freedom.® As a result, fluorescence is strongly
quenched. In contrast, increased solvent viscosity restricts this torsional
motion, suppressing non-radiative decay and leading to enhanced fluor-
escence quantum yields and emission intensities.3

It is important to distinguish this specific mechanism from the gen-
eral viscosity dependence observed in many conventional fluorophores.
While many dyes exhibit a modest increase in quantum yield in vis-
cous media, often due to the suppression of collisional quenching or
minor vibrational modes, molecular rotors possess a dedicated, large-
amplitude internal rotational degree of freedom that is strongly coupled
to excited-state relaxation.®* Consequently, their sensitivity to the en-
vironment is typically orders of magnitude greater than that of conven-
tional fluorophores, which lack a dedicated intramolecular rotational
deactivation pathway.

Furthermore, this dependence does not arise from macroscopic vis-
cosity itself, but from the extent to which the local environment restricts
this specific motion.* In this context, molecular rotors probe an ef-
fective microviscosity, a parameter more accurately described in terms
of solvent free volume,?? i.e., the local voids between molecules that
provide the space necessary for intramolecular rotation.*? Because
this sensing mechanism relies on internal rotational motion, this class of
probes became known as molecular rotors.

Macroscopic viscosity refers to the bulk dynamic viscosity measured
using conventional rheological methods. In contrast, microviscosity
describes the local resistance to molecular motion on nanometer length
scales. Molecular rotors do not directly measure bulk viscosity, rather,
their response reflects an effective microviscosity determined by the
local free volume and steric constraints governing intramolecular ro-
tation.3%*0 Consequently, identical bulk viscosities may yield different
rotor responses if the local molecular environments differ.*’
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Figure 1.3: (A) Jablonski diagram illustrating the generic working prin-
ciple of molecular rotors. After excitation to the locally excited (LE)
state, the molecule can either undergo radiative relaxation or access a
twisted excited state through intramolecular rotation. The competition
between these pathways is governed by the viscosity-limited rate of
rotation (ko). (B) Schematic potential energy surface along the torsional
reaction coordinate, represented by the dihedral angle between rotating
subunits. The diagram illustrates the activation barrier for rotation in
the excited state and access to a twisted configuration associated with a
conical intersection that facilitates non-radiative decay.

Following excitation to the S; state, molecular rotors can relax through
two competing pathways (Fig. 1.3A). If intramolecular torsional motion
is not restricted, thermal activation enables the molecule to overcome
an intrinsic rotational energy barrier.*> The rate of this process, krot,
follows an Arrhenius-type dependence characteristic of thermally ac-
tivated barrier crossing and is strongly modulated by the local environ-
ment (Fig. 1.3B).2 In low-viscosity media, kot is high, enabling efficient
population of a twisted excited state, often associated with a minimum-
energy conical intersection that facilitates rapid non-radiative decay.**
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In contrast, in highly viscous or crowded environments, intramolecular
rotation is hindered, leading to a reduction in k., and suppression of
non-radiative relaxation. As a result, the molecule remains in the loc-
ally excited (LE) state, giving rise to enhanced fluorescence emission. 44
While early descriptions attributed this behaviour primarily to twisted
intramolecular charge transfer (TICT) states,’ it is now recognized that
a broader range of twisting-mediated non-radiative pathways, including
access to dark states or conical intersections, may be involved depending
on molecular structure. 514

The dependence of fluorescence observables on solvent dynamic
viscosity (1) for molecular rotors is commonly described by the Forster—
Hoffmann relationship (Eq. 1.1):%

P = Ap® (1.1)

Here @ is the fluorescence quantum yield, while A and x are empirical
constants characteristic of a given probe. This phenomenological rela-
tionship reflects the viscosity-controlled balance between radiative and
non-radiative decay pathways and enables calibration of fluorescence
response in solvent mixtures of known viscosity. However, deviations
from ideal power-law behaviour are commonly observed in highly vis-
cous, heterogeneous, or biologically complex environments. 8

An analogous relationship can be formulated for fluorescence lifetime
7 (Eq. 1.2):

7= Bn* (1.2)

Here 7 is the fluorescence lifetime, 7 is the solvent viscosity, and B
and z are probe-dependent empirical constants. Because both fluores-
cence quantum yield and lifetime depend on the relative contributions
of radiative and non-radiative decay rates, suppression of non-radiative
relaxation in viscous environments leads to an increase in both the fluor-
escence quantum yield () and the fluorescence lifetime (7). In practice,
fluorescence lifetime is generally preferred for quantitative measure-
ments, as it is largely independent of probe concentration, excitation
intensity, and optical path length. This makes it particularly well suited
for microscopy experiments in heterogeneous systems.

An often overlooked but critical requirement for reliable lifetime-
based measurements is the simplicity of the underlying excited-state
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kinetics. In systems where multiple emissive states are populated, fluor-
escence decay becomes inherently multiexponential. This introduces
significant challenges for quantitative analysis, as accurate lifetime ex-
traction requires substantially higher photon counts, and the fitted para-
meters become strongly correlated. In such cases, variations in one
component can be compensated by changes in another, reducing the
certainty and interpretability of the extracted lifetimes.

In contrast, molecular rotor designs that couple intramolecular ro-
tation to non-radiative decay via dark states or conical intersections
provide an intrinsic advantage (Fig. 1.3B). By rendering the rotated
state effectively non-emissive, these systems reduce the photophysics
to an effectively single observable emissive state under ideal condi-
tions.#™ As a result, fluorescence decay approaches monoexponential
behaviour, greatly improving the reliability and precision of lifetime
measurements. Importantly, this advantage becomes even more pro-
nounced in heterogeneous biological environments, where additional
sources of complexity are often unavoidable. Starting from a system
that already exhibits multiexponential decay in homogeneous solution
would only exacerbate these limitations in live-cell imaging.

This design principle is particularly relevant for BODIPY-based mo-
lecular rotors, where access to non-radiative decay pathways through
dark states or conical intersections enables accurate lifetime readouts.>!
While such considerations are less critical for ratiometric probes, they
are central to the performance of fluorescence lifetime-based sensors.

Nevertheless, fluorescence lifetime remains sensitive to additional
environmental factors, including quenching by molecular oxygen (O>),
heavy atoms, and significant changes in solvent polarity or hydrogen-
bonding capacity, and therefore requires careful interpretation in com-
plex biological environments. %23

Because the rotational rate £ is thermally activated, both fluores-
cence quantum yield and lifetime depend not only on viscosity but also
on temperature.>* In practice, calibration and imaging experiments are
often performed under different thermal conditions, particularly when
comparing model systems at room temperature with live-cell measure-
ments at physiological temperature. Consequently, the temperature
dependence of a given molecular rotor should be evaluated to ensure
reliable interpretation.

The extent of this temperature sensitivity is governed by the activ-
ation energy (£,) associated with intramolecular rotation (Fig. 1.3B).
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Adapted with permission from refs. >
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When E, > kgT, the rotational process is strongly thermally activated,
and the probe exhibits marked temperature dependence.®® In contrast,
when E, ~ kgT, the barrier can be readily overcome, and temperature
effects are comparatively weak over biologically relevant ranges. Con-
sequently, both viscosity and temperature contributions to k.t should
be considered when interpreting fluorescence-based measurements of
microviscosity.

A central parameter in the Forster-Hoffmann relationship (Egs. 1.1
and 1.2) is the empirical exponent =, which governs how strongly the
photophysical response is coupled to viscosity and defines the accessible
dynamic range of the probe (Fig. 1.4A). Higher = values correspond to
increased sensitivity, providing larger changes in fluorescence lifetime
for a given change in viscosity, but at the expense of a reduced dynamic
range.>

In high-sensitivity systems, the non-radiative decay pathway be-
comes strongly coupled to intramolecular rotational motion (contrib-
uting to the non-radiative decay rate k), such that the fluorescence
lifetime approaches its theoretical maximum (7yax = 1/k;) at moderate
viscosities. Once this saturation regime is reached, the 7—7 relationship
flattens, and the differential sensitivity (d7/dn) approaches zero. In this
regime, small experimental uncertainties in lifetime measurements can
propagate into large errors in the inferred microviscosity.

Conversely, lower x values provide a broader dynamic range, allow-
ing viscosity changes to be resolved over a wider interval.>® For lipid
environments, where microviscosities typically span tens to hundreds
of centipoise and may extend toward ~ 10? cP, intermediate z values
are generally more suitable.

Physically, the exponent z reflects the extent to which non-radiative
decay is coupled to intramolecular rotation, and thus depends on mo-
lecular structure and the topology of the excited-state potential energy
surface.

From an imaging perspective, the choice of = represents an optim-
ization problem rather than a purely sensitivity-driven parameter. In
FLIM, where photon statistics limit lifetime precision, an optimal probe
maximizes sensitivity within the relevant viscosity range while avoid-
ing operation in the saturation regime. Accordingly, molecular rotors
with moderate  ~ 0.4-0.6 are generally best suited for quantitative
measurements in heterogeneous biological environments.

The distinction between microviscosity and macroscopic viscosity
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has significant implications for experimental design (Fig. 1.4B). For
instance, solutions that are macroscopically viscous due to the pres-
ence of dilute macromolecules, such as polymers or biomolecules, may
not produce high viscosity readouts from molecular rotors.? In such
systems, the local solvent environment around the probe may still pos-
sess sufficient free volume to allow intramolecular rotation. In contrast,
highly crowded or concentrated macromolecular environments, where
solvent free volume is strongly restricted on the nanometer scale, result
in increased rotor responses.’ This makes molecular rotors particularly
well suited for studying molecular crowding in cellular interiors, where
bulk viscosity and microviscosity often diverge.

A common architectural motif in first-generation molecular rotors is
the push-pull framework, where electron-donating and withdrawing
groups are coupled via a conjugated bridge. In such donor-acceptor
systems, exemplified by DCV], excitation leads to intramolecular charge
transfer (ICT), often followed by the formation of a TICT state (Fig. 1.5A).°
While this design provides strong sensitivity to environmental con-
straints, it also introduces an inherent limitation.

The formation of a TICT state involves substantial charge separation,
resulting in a large excited-state dipole moment. Consequently, the
emission properties become strongly dependent not only on viscosity
but also on solvent polarity.*® In polar environments, stabilization of
the TICT state leads to additional solvatochromic shifts and changes
in emission intensity.*® This dual sensitivity complicates the interpret-
ation of fluorescence signals, particularly in biological compartments,
where the dielectric constant (¢) can vary significantly. Under such con-
ditions, fluorescence responses may reflect a convolution of viscosity
and polarity effects rather than a well-defined mechanical property.*’

To address these limitations, alternative molecular rotor designs have
been developed that minimize changes in dipole moment upon excita-
tion. These include non-polar probes in which intramolecular twisting
leads to population of non-emissive dark states or conical intersections
without significant TICT character, as well as systems in which multiple
emissive states participate in the relaxation process.’®® By reducing
solvatochromic contributions, these probes provide a more selective
response to microviscosity and improve measurement reliability in het-
erogeneous environments.
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Figure 1.5: Examples of molecular rotor designs employing different
readout strategies. (A) Donor—acceptor molecular rotor undergoing
TICT state formation. 3¢ (B) Spectral ratiometric rotor in which a viscosity-
sensitive fluorophore is linked to a viscosity-insensitive reference dye.®
(C) Conformer-based ratiometric rotor where two emissive conformers
exhibit viscosity-dependent emission.®! (D) Fluorescence lifetime-based
molecular rotor.®? Adapted with permission from refs. 3236:60-62
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Historically, viscosity measurements using molecular rotors relied
primarily on fluorescence intensity or quantum yield (Fig. 1.5A).3¢ While
such approaches are well suited for homogeneous solutions and in vitro
studies, %% their application in live-cell imaging is inherently limited.
Fluorescence intensity depends directly on probe concentration, which
is typically unknown and spatially heterogeneous in cellular environ-
ments due to variable partitioning and probe redistribution. As a result,
intensity-based measurements generally do not allow for quantitative
comparison between samples. In addition, intensity readouts are in-
fluenced by optical artefacts such as light scattering, absorption, and
photobleaching, further complicating data interpretation.

One strategy to mitigate these limitations is the use of spectral ra-
tiometric molecular rotors (Fig. 1.5B,C), in which the viscosity-sensitive
emission is referenced to a second signal.®%! This enables the response
to be expressed as an intensity ratio that is largely independent of probe
concentration.

An early implementation of this concept involved a paired fluor-
escent molecular rotor composed of a viscosity-sensitive 2-cyano-3-(4-
dimethylaminophenyl)acrylic acid methyl ester (CMAAM) unit covalently
linked to a reference 7-methoxycoumarin-3-carboxylic acid (MCCA) fluoro-
phore (Fig. 1.5B).6%%¢ Alternatively, ratiometric behaviour can arise from
viscosity-dependent conformational equilibria within a single molecule.
For example, conjugated porphyrin dimers exhibit planar and twisted
conformers with distinct emission spectra, where the relative population
of each state is governed by environmental viscosity (Fig. 1.5C).616768

An alternative approach that avoids concentration- and scattering-
related artefacts is FLIM using molecular rotors (Fig. 1.5D).%2 In this
case, viscosity is inferred from the fluorescence decay kinetics of the
probe,®~! providing a readout that is inherently independent of probe
concentration and excitation intensity.

Both ratiometric and lifetime-based approaches offer concentration-
independent measurements under typical conditions, but they differ
in practical implementation. Ratiometric imaging can be performed on
standard fluorescence microscopes and does not require specialized in-
strumentation. However, it remains sensitive to wavelength-dependent
optical effects such as scattering and variations in detection efficiency.
In contrast, fluorescence lifetime measurements are largely insensitive
to such effects, but require pulsed excitation sources and time-resolved
detection, and are typically associated with longer acquisition times due
to the need for photon counting and decay reconstruction.
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Figure 1.6: Representative applications of molecular rotors for prob-
ing membrane microviscosity in model lipid systems. (A) FLIM of a
thiophene-based molecular rotor in phase-separated GUVs under native
and hypo-osmotic conditions, demonstrating tension-induced changes
in membrane microviscosity and reduced contrast between L, and L4
domains.”? (B) FLIM of a BODIPY-based molecular rotor in GPMVs,
showing a decrease in membrane microviscosity upon interaction with
AB(1-42) oligomers.” (C) FLIM of BODIPY-C; in GUVs composed of
native POPC and peroxidized POPC-OOH lipids, revealing the emer-
gence of coexisting membrane domains upon lipid peroxidation.”* Ad-
apted with permission from refs.”74

Together, these approaches represent complementary strategies for
quantitative microviscosity measurements, with the choice depending
on the experimental constraints and the required level of accuracy.

Having established the photophysical principles underlying molecu-
lar rotors, it is important to consider how these properties can be ex-
ploited in practical applications. In particular, the sensitivity of fluores-
cence quantum yield and lifetime to microviscosity enables molecular
rotors to serve as powerful probes of local mechanical properties in com-
plex and heterogeneous lipid environments. Accordingly, molecular
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rotors have been widely applied to investigate microviscosity in model
lipid systems, live cells, and complex biological environments.”%74

Several representative applications of molecular rotors for probing
membrane microviscosity in lipid systems are shown in Figure 1.6. In
phase-separated GUVs (Fig. 1.6A), molecular rotors readily distinguish
between L, and Ly lipid phases based on their distinct microviscosities,
enabling visualization of lateral membrane organization.”> Moreover,
changes in membrane tension, such as those induced by hypo-osmotic
conditions, can be directly monitored through shifts in fluorescence life-
time, reflecting alterations in lipid packing and mechanical properties.”2

Molecular rotors are also well suited for studying membrane-protein
interactions. The presence of amyloid-/ oligomers leads to a decrease in
membrane microviscosity in giant plasma membrane vesicles (GPMVs),
demonstrating the membrane-modulating effects of these aggregates
(Fig. 1.6B).”® Such measurements provide a quantitative and spatially
resolved means of assessing how biomolecules perturb membrane struc-
ture.

Molecular rotors can also be used to investigate chemically induced
changes in membrane organization. Lipid peroxidation of POPC results
in the emergence of coexisting membrane domains, despite the nom-
inally single-component composition (Fig. 1.6C).7* This behaviour can
be attributed to different configurations of oxidized lipids within the
bilayer, which give rise to distinct microviscosities.”*

Figure 1.7 highlights the application of molecular rotors for probing
microviscosity in live-cell environments. Targeted strategies, includ-
ing the use of HaloTag-conjugated molecular rotors (Fig. 1.7A), enable
selective localization of probes to specific organelles, allowing direct
comparison of microviscosity and molecular crowding within differ-
ent cellular compartments.” Using this strategy, hypertonic stress was
shown to significantly increase the microviscosity of endoplasmic retic-
ulum membranes.

Molecular rotors also provide a means to quantify membrane perturb-
ations induced by pharmacological agents. As shown in Fig. 1.7B, treat-
ment of HeLa cells with cisplatin results in increased plasma membrane
microviscosity, reflecting changes in lipid organization and membrane
properties.”®

In addition to lifetime-based approaches, ratiometric molecular ro-
tors can be used to monitor intracellular viscosity changes. For example,
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Figure 1.7: Representative applications of molecular rotors for probing
membrane microviscosity in live cells. (A) FLIM of a BODIPY-HaloTag
molecular rotor targeted to the endoplasmic reticulum of COS-7 cells,
showing an increase in microviscosity under hypertonic conditions.”
(B) FLIM of a BODIPY-based molecular rotor in the plasma membrane
of HeLa cells, demonstrating increased microviscosity upon cisplatin
treatment.”® (C) Spectral ratiometric imaging of intracellular microvis-
cosity using a porphyrin-dimer-based rotor in Chinese hamster ovary
cells during photodynamic therapy, revealing an increase in viscosity
during treatment.®” Adapted with permission from refs. 7576

porphyrin-dimer-based rotors (Fig. 1.7C) reveal a substantial increase
in intracellular microviscosity during photodynamic therapy, demon-
strating the sensitivity of these probes to dynamic changes in cellular
state.”

Together, these examples highlight the versatility of molecular ro-
tors as probes of membrane microviscosity, capable of reporting on
phase behaviour, mechanical perturbations, and biochemical modific-
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ations with high spatial resolution in living and model systems. The
choice between intensity-based, ratiometric, or lifetime-based probes
involves a trade-off between hardware requirements and the need for
concentration-independent quantification. Nevertheless, time-resolved
approaches provide a reliable and widely adopted route to quantitat-
ive viscosity determination, provided that the underlying photophys-
ics, including temperature effects and potential non-viscosity-related
quenching pathways, are carefully controlled and accounted for.

1.4 Polarity-Sensitive Probes

Fluorescent polarity probes are widely used to investigate the local
physical properties of complex environments such as biological mem-
branes, 3! protein binding sites,”” as well as intracellular and subcellular
Compartments.78 In contrast to bulk dielectric measurements, these
probes report the effective polarity experienced by the fluorophore on
a molecular scale, which reflects both the dielectric properties of the
medium and its dynamic response to excitation.”

Polarity is a complex and multifaceted physical property that cannot
be fully described by a single parameter. In the context of fluorescent
probes, it is more precisely understood as the effective solvation envir-
onment experienced by the fluorophore.” While bulk solvent polarity
is often approximated using macroscopic quantities such as the dielec-
tric constant and refractive index, the local polarity experienced by a
fluorophore additionally depends on a combination of nonspecific and
specific interactions, including dispersion forces, electrostatic interac-
tions, and hydrogen bonding, as well as the dynamic reorganization of
the surrounding environment. 78 As aresult, polarity-sensitive probes
report a composite response that integrates these contributions at the
molecular scale.

A widely used framework for describing the influence of solvent
polarity on spectral properties is provided by the Lippert-Mataga ori-
entational polarizability parameter Af (Eq. 1.3),%° which depends on
the dielectric constant (¢) and refractive index (n) of the solvent:

e—1 n?—1

Af = -
! 2¢e+1 2n2+1

(1.3)

Physically, A f reflects the relative contributions of the high-frequency
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Figure 1.8: Jablonski diagram illustrating the generic working prin-
ciple of polarity-sensitive probes. Following excitation to the locally
excited (LE) state, solvent relaxation in polar environments stabilizes an
intramolecular charge transfer (ICT) state, resulting in a lower excited-
state energy and red-shifted fluorescence emission.

(electronic) and low-frequency (orientational) responses of the solvent.
The refractive index term accounts for the instantaneous electronic polar-
ization, whereas the dielectric constant captures the slower reorientation
of permanent dipoles. The subtraction of these terms isolates the orienta-
tional contribution to solvation by removing the instantaneous electronic
response from the total dielectric polarization. Following excitation to
the Franck—Condon state, the solvent initially responds via rapid elec-
tronic polarization, which occurs on a sub-picosecond timescale. 5182
This is followed by slower nuclear reorganization, involving the reorient-
ation of solvent dipoles around the excited-state charge distribution. 3182
This relaxation process stabilizes the excited state and gives rise to the
Stokes shift. The extent to which this stabilization is reflected in the
emission depends on the relative timescales of solvent relaxation (7s)
and fluorescence (7). If solvent relaxation is fast (7; < 7¢), emission
occurs from a fully relaxed excited state. In contrast, in rigid or viscous
environments where 7, becomes comparable to or exceeds 7¢, emission
may occur from a partially relaxed state.

Orientation polarizability parameter A f is commonly used to relate
the Stokes shift (Av) to solvent polarity, often yielding an approximately
linear dependence for fluorophores undergoing ICT.5384 However, the
Lippert-Mataga model primarily accounts for nonspecific continuum
electrostatic interactions. It does not capture specific solute—solvent
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interactions such as hydrogen bonding or second-order effects, such
as dipoles induced in the solvent molecules by the fluorophore. Con-
sequently, deviations from linearity are frequently observed, particularly
in complex or structured environments.®%” To address some of these
limitations, alternative empirical polarity scales incorporating specific
solvent effects, such as the F1(30) scale, have been developed.® The
Er(30) scale is based on the solvatochromic response of a pyridinium
N-phenolate betaine dye and reflects the transition energy of the dye in
a given solvent.? As a result, it incorporates both nonspecific dielectric
effects and specific interactions, including hydrogen bonding.%%° Nev-
ertheless, no single-parameter polarity scale is sufficient to universally
describe solvent effects on fluorophore photophysics, as the domin-
ant interactions governing spectral behaviour vary between different
molecular systems.

The sensitivity of most polarity probes is closely linked to these ICT
processes occurring in the excited state (Fig. 1.8). Following excitation,
the fluorophore is initially promoted to a LE state. Subsequent solvent
relaxation and intramolecular charge redistribution can lead to the form-
ation of an ICT state characterized by increased charge separation and a
larger dipole moment. Stabilization of this state in polar environments
gives rise to characteristic changes in fluorescence emission, forming the
physical basis for most polarity-sensitive readouts.

Depending on the molecular architecture, these ICT-driven systems
can manifest in different experimentally accessible observables, includ-
ing fluorescence intensity, emission spectra, and fluorescence lifetime
(Fig. 1.9). Although these readouts are often treated separately, they ori-
ginate from the same underlying process: the environment-dependent
modulation of excited-state energetics and non-radiative decay path-
ways.

These mechanistic differences are reflected in the choice of probe for
specific applications. One common response is fluorogenic behaviour,
where fluorescence intensity increases in less polar or more hydrophobic
environments due to the environmental restriction of non-radiative
decay pathways (Fig. 1.9A).%0 This is often associated with reduced
solvent-mediated relaxation and restricted intramolecular motions. A
classical example is 8-anilinonaphthalene-1-sulfonic acid (ANS), which ex-
hibits very weak fluorescence in aqueous solution but becomes strongly
emissive when bound to hydrophobic sites in proteins or membranes. "
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Figure 1.9: Representative polarity probes employing different fluor-
escence readout strategies. (A) Fluorogenic (intensity-based) probe
ANS.” (B) Ratiometric (solvatochromic) probe Laurdan.”! (C) Fluores-
cence lifetime-based BODIPY probe.’?> Adapted with permission from
refs. 9092

Another widely used response is solvatochromism, where the emis-
sion spectrum shifts as a function of solvent polarity due to differential
stabilization of LE and ICT states (Fig. 1.9B).”® This spectral shift en-
ables ratiometric measurements, which allow polarity changes to be
quantified largely independently of probe concentration. A well-known
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example is Laurdan, whose emission maximum depends strongly on the
polarity and hydration of lipid membranes and is commonly used to
characterize membrane phase behaviour.”!

A third type of response involves changes in fluorescence lifetime,
where solvent polarity influences the excited-state dynamics of the probe
primarily by modulating non-radiative decay pathways (k;.), with smal-
ler contributions from changes in the radiative rate (Fig. 1.9C).”* In
lifetime-based probes, changes in excited-state relaxation kinetics trans-
late into variations in fluorescence lifetime. While this readout allows
for the mapping of spatial variations in local environments with high
sensitivity, it is typically more sensitive to additional environmental
parameters such as local dynamics, temperature, and molecular mobil-
ity. Consequently, the development of polarity-sensitive probes based
on fluorescence lifetime remains comparatively limited, and only a re-
latively small number of systems have been reported to date. Certain
donor-acceptor fluorophores, including modified BODIPY derivatives,
have been developed to enable polarity sensing using fluorescence life-
time measurements. 34929

While these probes differ in their readout modality, they all ultimately
report on the same underlying physical quantity: the effective solvation
environment experienced by the fluorophore. In biological systems, this
quantity is not equivalent to a single thermodynamic parameter such
as the dielectric constant, but instead emerges from a convolution of
electrostatic interactions, hydrogen bonding, dipolar relaxation, and
local structural constraints.?

This complexity becomes particularly evident in lipid membranes,
where polarity-sensitive probes are widely used to report on membrane
organization and lipid phase behaviour. 9798 Tn such environments, the
measured probe response often reflects a combination of interfacial
hydration, the presence of polar or charged species, and the organization
of surrounding dipoles. For example, Ly phases are generally associated
with higher hydration and increased probe response, whereas L, phases
exhibit reduced hydration and slower solvent relaxation due to tighter
lipid packing.?”%%

However, this interpretation may not hold in the presence of lipid
oxidation products, which can locally increase polarity independently
of membrane phase.” Similarly, the presence of charged proteins, car-
bohydrates, or other interfacial components can alter water structuring
and dipolar organization, leading to complex and sometimes ambiguous
probe responses. 1%
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In addition, many polarity-sensitive fluorophores exhibit a degree of
microviscosity sensitivity, particularly those capable of TICT states. 19! In
these systems, excitation leads to the formation of a highly polar excited
state with an increased dipole moment, which enhances sensitivity to
the surrounding dielectric environment. 102 However, access to the TICT
state typically involves intramolecular rotation, such that the rate of non-
radiative decay depends not only on solvent polarity but also on the
rotational freedom of the molecular framework. 1% This rotational mo-
tion is, in turn, modulated by local viscosity, molecular crowding, and
temperature, introducing an additional layer of environmental sensitiv-
ity. 101102104 Ag 3 result, the fluorescence response of TICT-based probes
reflects a coupled dependence on polarity, microviscosity, and solvent
relaxation dynamics. In lipid membranes, polarity and microviscosity
are often correlated, resulting in a cooperative enhancement of probe
sensitivity.

However, this correlation is not universal. Situations in which polar-
ity and viscosity are decoupled, such as lipid peroxidation, interfacial
crowding, or heterogeneous membrane domains can lead to misleading
fluorescence responses. Furthermore, many polarity-sensitive probes
localize preferentially at the membrane interface rather than the hy-
drophobic core. At the interface, solvent relaxation processes remain
partially active. 19510 Consequently, changes in probe orientation, depth
of insertion, or local microenvironment can significantly influence the
measured signal independently of bulk membrane properties. 105100
These factors highlight that polarity-sensitive fluorescence readouts in
lipid systems reflect a convolution of multiple environmental parameters
and should be interpreted with careful consideration of the underlying
chemical context.

These principles are widely exploited in lipid membrane studies,
where polarity-sensitive probes report on membrane organization across
systems of increasing structural and biological complexity, from model
membranes to live cells (Fig. 1.10).917107108 Degpite the interpretive chal-
lenges, their diverse readout mechanisms enable the visualization of
membrane organization, lipid phase separation, and dynamic cellular
processes such as membrane remodeling and programmed cell death.

As was shown with Laurdan and related derivatives, sensitivity to
polarity and hydration enables imaging of lipid order, which describes
the organization of lipid microdomains.'?” The liquid-ordered phase,
enriched in cholesterol and saturated lipids, displays lower apparent
polarity due to reduced water penetration and slower dipolar relaxation
in tightly packed lipid environments. 1
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Figure 1.10: Representative applications of polarity probes for imaging
polarity in model and live cell membranes. (A) Ratiometric imaging of
Pro12S in giant GUVs and GPMVs, displaying distinct membrane order
phases through GP.! (B) FLIM of di-4-ANEPPDHQ in rat basophilic
leukemia mast cells, showing differences in plasma membrane polar-
ity.1?7 (C) Ratiometric imaging of Nile Red 125 in HeLa cells displaying
differences between intact and apoptotic cells.'%® Adapted with permis-
sion from refs.1/107:108
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Laurdan derivative Pro12S was used for ratiometric polarity imaging
of GUVs and GPMVs, demonstrating that polarity-based readouts can
distinguish lipid phases not only in model systems but also in more
complex membrane-derived cellular systems (Fig. 1.10A).%!

At higher biological complexity, the polarity probe di-4-ANEPPDHQ,
which exhibits mixed sensitivity to polarity and membrane packing,
was used in combination with FLIM to resolve differences between the
cytoplasmic and exoplasmic plasma membrane leaflets (Fig. 1.10B).1%7
The exoplasmic leaflet was found to be less polar and more ordered, as
reflected by longer fluorescence lifetimes compared to the cytoplasmic
leaflet. Importantly, although this probe preferentially labels the outer
leaflet, inner leaflet properties were accessed via microinjection, enabling
direct comparison of leaflet asymmetry.

Finally, apparent changes in plasma membrane polarity during apop-
totic cell death were observed using the Nile Red derivative Nile Red 125
in ratiometric imaging (Fig. 1.10C).1% A decrease in the GP index sug-
gests that programmed cell death is accompanied by coupled changes in
membrane composition, organization, and hydration, which collectively
alter the probe-reported polarity.

In summary, while polarity probes must be interpreted within a spe-
cific chemical and structural context, they remain uniquely versatile
tools for probing complex biological environments. Their sensitivity to
subtle environmental changes has enabled applications ranging from
model membrane systems to live-cell imaging of pathological states,
where multiple physicochemical parameters, such as lipid remodeling,
membrane asymmetry, and cellular stress responses, evolve simultan-
eously. In this sense, polarity-sensitive fluorophores act as reporters of
local solvation landscapes, integrating multiple physicochemical para-
meters into a single measurable signal.
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Chapter 2

Experimental

2.1 Materials and Reagents

All chemicals and solvents were obtained from commercial suppliers
and used without further purification unless otherwise stated. Most
of the reagents were obtained from Sigma-Aldrich. Lipids used in
model membrane systems were obtained from Avanti Polar Lipids.
Spectroscopic-grade solvents were used for photophysical measure-
ments.

Stock solutions of fluorescent probes (1-2 mM), including BODIPY-
Lys, BODIPY-LD, BP-Ph-LD, and BODIPY-PM, were prepared in toluene,
methanol, water, or dimethyl sulfoxide (DMSO), depending on solubility.
These solutions were further diluted in the corresponding solvents or
solvent mixtures for spectroscopic and imaging experiments.

Stock solutions of auxiliary dyes used in cellular experiments, in-
cluding Neutral Red, DCFH-DA, BP-ester, BODIPY 493/503, Nile Red, and
rhodamine 6G, were prepared in DMSO at concentrations of 0.1-5 mM.

Stock solutions of pharmacological reagents and cellular perturba-
tion agents, including sertraline, astemizole, doxorubicin, etoposide,
a-tocopherol, and erastin, were prepared in DMSO (10 mM) and diluted
to the desired concentrations prior to experiments.
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2.2 Formation of Artificial Lipid Systems

All artificial lipid membrane systems used in this work, including
tethered lipid bilayer membranes (tBLMs), large unilamellar vesicles
(LUVs), and giant unilamellar vesicles (GUVs), were prepared from
multilamellar vesicles (MLVs). MLVs were generated by dissolving
appropriate lipids in chloroform (total lipid concentration 1 mM), evap-
orating the solvent under a nitrogen stream, and hydrating the resulting
lipid film with water or buffer. Depending on the desired membrane
system, MLVs were either extruded to produce LUVs, applied to solid
surfaces for the preparation of tBLMs, or subjected to electroformation
to generate GUVs.

2.21 Large Unilamellar Vesicles (LUVs)

LUVs were obtained by extruding MLVs through polycarbonate mem-
branes (100 nm) using a syringe extruder (Avanti Polar Lipids). Lipids
were mixed in desired ratios, and BODIPY probes were incorporated at
a dye-to-lipid ratio of 1:800 prior to film formation. For compositions
containing saturated lipids, such as DOPC/DPPC/Chol (1:5:5), the buf-
fer was preheated to 60 °C, and extrusion was performed above the lipid
melting temperature. Lipid suspensions were sonicated for 1 h prior to
extrusion to ensure homogeneity.

2.2.2 Tethered Lipid Bilayer Membranes (tBLMs)

tBLMs were formed by applying MLVs onto 100 nm gold-coated mica
surfaces in the presence of 20-tetradecyloxy-3,6,9,12,15,18,22-heptaoxa-
hexatriacontane-1-thiol (WC14) and S-mercaptoethanol at a 3:7 molar
ratio as an anchoring layer. For lipid mixtures containing saturated
lipids (DOPC/DPPC/Cholesterol (Chol), DOPC/Brain sphingomyelin
(BSM)/Chol), the MLVs were resuspended in PBS buffer preheated to
60 °C, above the lipid phase transition temperature, and membrane
formation was carried out in an oven with slow cooling from 60 °C to
20°C over 2 h. Membranes were gently washed in PBS and stained with
1uM BODIPY probes for 3 min. Subsequently, the membranes were
rinsed with PBS to remove unbound dye molecules.
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2.2.3 Giant Unilamellar Vesicles (GUVs)

GUVs were formed by depositing lipid /BODIPY mixtures (dye-to-lipid
ratio 1:800) on indium tin oxide (ITO) slides and evaporating the solvent
under nitrogen for at least 2 h. The chamber was assembled with a
second ITO slide separated by a spacer and filled with 400 mM sucrose
solution. Electroformation was performed by applying a sinusoidal
voltage (typically 1V, 10 Hz, 2 h) with a detachment phase at 2 Hz
for 30 min. For saturated lipid mixtures, electroformation was carried
out above the lipid melting temperature (60 °C) and increased voltage
amplitude (2.5 V). After formation, GUVs were immobilized in 0.5%
w /v agarose gel!! and transferred to u-Dish imaging chambers (Ibidi).

2.2.4 Artificial Lipid Droplets (aLDs)

Artificial lipid droplets (aLDs) were prepared separately by directly
mixing trilinolenin and DOPC at a 90:10 molar ratio, followed by gentle
vortexing to ensure homogeneity. BODIPY probes were incorporated at
0.25 pM final concentration (from DMSO stock) prior to imaging.

2.3 Absorption, Steady-State, and Time-Resolved
Fluorescence

Absorption spectra were recorded using a Jasco V-670 spectrophoto-
meter. Fluorescence emission spectra were measured with an Edinburgh
FLS920 spectrofluorometer (Edinburgh Instruments) equipped with a
Fianium white-light laser excitation source. Excitation was selected
using band-pass filters (Thorlabs) centered at 488 nm and 633 nm (full
width at half maximum, FWHM = £3 nm). Excitation wavelengths
were selected according to the absorption maxima of the investigated
probes.

Fluorescence lifetime measurements were performed using time-
correlated single-photon counting (TCSPC). Fluorescence decay curves
were recorded with 5000 counts at the maximum of the decay histogram,
using a 20 ns acquisition window and 4096 time channels. The instru-
ment response function (IRF) was determined using a scattering sample,
with a FWHMgr of approximately 415 ps.
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All spectroscopic measurements were performed in 10 mm quartz
cuvettes using BODIPY probe concentrations of up to 2uM. Fluores-
cence decay measurements in pure solvents and solvent mixtures were
carried out at 20 °C.

2.4 Cell Culture and Imaging Sample Preparation

Cells used for imaging experiments were cultured in Dulbecco’s Mod-
ified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 IU /mL penicillin, and 100 pg/mL streptomycin (Thermo
Fisher Scientific). Cells were maintained at 37 °C in a humidified at-
mosphere containing 5% CO,. Experiments were initiated during the
exponential (logarithmic) growth phase.

Cell lines used in this study included A549, HEK 293T, U-87 MG,
MCEF-7, HepG2, MDA-MB-231, HME, WPMY-1, and RPE-1 cells.

Prior to imaging, cells were seeded into p-Dish imaging chambers
(Ibidi) at a density of approximately 1 - 10? cells per dish and allowed to
adhere and grow for 24 h. For fluorescence imaging, BODIPY probes
were added to the culture medium from DMSO stock solutions at final
concentrations of 0.1-1 pM and incubated for 5-60 min at 37 °C. Imaging
experiments were performed in phenol red-free DMEM (supplemented
with 10% FBS, 100 IU/mL penicillin, and 100 ng/mL streptomycin).

2.5 Fluorescence Lifetime Imaging Microscopy (FLIM)

FLIM measurements were performed using a Leica SP8 confocal micro-
scope (Leica Microsystems) equipped with a 63 x oil immersion objective
(HC PL APO, N.A. 1.4). Excitation was provided by a supercontinuum
white-light laser using 488 nm and 633 nm laser lines selected via the
AOBS system. Emission was collected using the Leica SP8 spectral de-
tection system with detection windows set to 500-550 nm and 650-700
nm.

FLIM images were acquired at a spatial resolution of 512 x 512 pixels
with 128 channels in the time domain. For reliable biexponential fitting,
pixels were binned to achieve at least 1000 counts at the maximum of
the fluorescence decay.
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Only pixels corresponding to cellular structures of interest were
included in the lifetime analysis. Regions of interest were defined
from fluorescence intensity images by selecting the bright organelle-
associated signal and excluding background and low-intensity non-
specific staining. In most experiments, the fluorescence intensity of the
target organelles was typically one to two orders of magnitude higher
than that of the surrounding cytoplasm, allowing clear visual discrim-
ination of the structures of interest. Intensity thresholds were adjusted
individually for each image to account for variations in signal level and
acquisition conditions.

The instrument response function (IRF) was determined by recording
the scattered excitation light from a dilute aqueous suspension of Ludox
colloidal silica.

2.6 Data Analysis

2.6.1 Time-Correlated Single-Photon Counting (TCSPC)

Solution-phase fluorescence decay curves were analyzed using the nat-
ive software of the Edinburgh FLS920 spectrofluorometer (Edinburgh
Instruments). The decays were fitted using a monoexponential model
by iterative reconvolution with the instrument response function (IRF).
The quality of the fits was evaluated using the reduced chi-squared (x?)
statistic, and fits with x? < 1.5 were considered acceptable.

2.6.2 Fluorescence Lifetime Imaging Microscopy (FLIM)

FLIM data were analyzed using FLIM(fit software (version 4.6.1, Imperial
College London). 2 Fluorescence decays were fitted using a biexponen-
tial decay model. Intensity-weighted mean lifetimes were calculated
according to Equation 2.1:

F o 0T (2.1)
2 iTi

where a; and 7; represent the amplitude and lifetime of the ith decay
component, respectively. The quality of the fits was assessed using the
reduced chi-squared (x?) statistic, and fits with x* < 1.3 were considered
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acceptable. The different x? acceptance criteria reflect the different decay
models applied in TCSPC (monoexponential) and FLIM (biexponential)
analysis.
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Chapter 3

Results and Discussion

3.1 Designing a green-emitting viscosity-sensitive 4,
4-difluoro-4-bora-3a, 4a-diaza-s-indacene (BOD-
IPY) probe for plasma membrane viscosity ima-

ging

This work aimed to develop a green-emitting, viscosity-sensitive BODIPY-
based fluorescent probe for quantitative fluorescence lifetime imaging
of plasma membrane microviscosity in model membranes and live
cells. Although numerous BODIPY molecular rotors have been repor-
ted, achieving a combination of good aqueous solubility, low polarity
sensitivity, and efficient incorporation into both L, and Ly membrane
phases remains challenging. 3113 To address these requirements, a water-
soluble plasma membrane-targeting probe containing a sulfonate group,
BODIPY-PM, was designed (Fig. 3.1A).1* The resulting green-emitting
fluorophore (500-600 nm) combines aqueous solubility with viscosity-
sensitive fluorescence lifetime behavior (Fig. 3.1B,C).

The probe exhibited excellent aqueous solubility and showed no ob-
servable aggregation at concentrations up to 4 uM in pure water at pH 7
and room temperature. Photophysical characterization demonstrated a
strong viscosity-dependent fluorescence lifetime response, with lifetimes
increasing from 122 ps in methanol (1 cP) to 5127 ps in glycerol (930 cP)
(Fig. 3.1C). In contrast, solvent polarity exerted only a minor influence
on fluorescence lifetime, with values decreasing from 376 ps in chlo-
roform to 264 ps in water despite the substantial difference in solvent
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polarity. These results indicate that fluorescence lifetime is governed
predominantly by viscosity rather than polarity.

The performance of BODIPY-PM was evaluated in LUVs, tBLMs, and
live cells. In LUVs, the probe successfully incorporated into both L,
and Ly membrane phases without detectable aggregation. Intensity-
weighted fluorescence lifetimes were 877 ps in DOPC LUVs, repres-
enting Ly membranes, compared with 3321 ps in DOPC:DPPC:Chol
(1:5:5) LUVs corresponding to the L, phase.!!%!1 In phase-separated
DOPC:DPPC:Chol (1:1:1) LUVs,'” FLIM resolved coexisting L, and Lg
domains, demonstrating that the probe provides sufficient fluorescence
signal in both lipid phases (Fig. 3.1D).

Additional studies in tBLMs revealed a progressive increase in fluor-
escence lifetime from approximately 500 ps in pure DOPC membranes
to approximately 1900 ps in DOPC (50:50) membranes, confirming sens-
itivity to cholesterol-induced membrane ordering.!!8

Application of BODIPY-PM to live A549 cells demonstrated prefer-
ential localization to the plasma membrane and enabled quantitative
determination of membrane microviscosity (Fig. 3.1E). Fluorescence
lifetimes corresponded to plasma membrane viscosities of approxim-
ately 300-400 cP, in good agreement with previously reported values for
mammalian cell plasma membranes.”®

Overall, this study introduces a water-soluble viscosity-sensitive
molecular rotor with reduced polarity artefacts, broad viscosity sensit-
ivity, and balanced partitioning between L, and Lq lipid phases. These
properties enable quantitative FLIM-based measurements of plasma
membrane microviscosity in both model membrane systems and live
cells, providing a versatile tool for investigating membrane organization.
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Figure 3.1: Application of the viscosity-sensitive plasma membrane
probe BODIPY-PM. (A) Chemical structure of BODIPY-PM. (B) Absorp-
tion (solid line) and fluorescence emission (dash-dotted line) spectra of
BODIPY-PM in water. (C) Fluorescence lifetime dependence of BODIPY-
PM on viscosity in methanol-glycerol mixtures. (D) FLIM of BODIPY-
PM DOPC:DPPC:Chol (1:1:1) LUVs. (E) FLIM of BODIPY-PM in A549
cells. For panels D and E, the upper row shows fluorescence intensity
images, the middle row shows fluorescence lifetime maps, and the lower

row shows the corresponding fluorescence lifetime histograms. Scale
bars: 1 pm.
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3.2 Bimodal effects on lipid droplets induced in can-
cer and non-cancer cells by chemotherapy drugs
as revealed with a green-emitting BODIPY fluor-
escent probe

The primary aim of this study was to develop a LD-specific, viscosity-
sensitive fluorescent probe suitable for quantitative FLIM measurements
of LD microviscosity and to apply it to investigate LD physicochem-
ical properties in different cellular models and under chemotherapeutic
stress. LDs have attracted considerable attention in cancer biology
because their abundance is frequently elevated in malignant cells and tu-
mor tissues, where they are increasingly recognized as biomarkers of can-
cer progression. 197121 Furthermore, LD accumulation has been linked
to altered drug distribution, impaired apoptosis, and the emergence of
chemotherapy resistance. 19122 While LD abundance is routinely eval-
uated, considerably less is known about how the physical properties
of LDs, such as microviscosity, vary between cellular phenotypes or
respond to chemotherapeutic treatment. To address this question, a
bulky and hydrophobic molecular rotor, BODIPY-LD, was designed
by introducing two cyclohexyl substituents at the meso-phenyl group
of the BODIPY core (Fig. 3.2A).123 The resulting green-emitting probe
(500-600 nm) preferentially partitions into the neutral lipid core of LDs,
enabling highly selective staining of these organelles.

Photophysical characterization demonstrated a strong fluorescence
lifetime dependence on viscosity over a broad range, spanning from 0.63
to 1457 cP and producing lifetime changes from 92 to 4639 ps (Fig. 3.2B).
In contrast, the influence of solvent polarity on the fluorescence decay
was comparatively small, with fluorescence lifetimes varying only from
92 ps in methanol (Af = 0.30) to 147 ps in cyclohexane (Af = 0). In
model membrane systems, the probe clearly discriminated between
lipid compositions known to form L, and L4 phases. Intensity-weighted
fluorescence lifetimes were 3.6 ns in DOPC:DPPC:Chol (1:5:5) LUVs, a
composition corresponding to the L, phase, 11 compared with 1.24
ns in DOPC and 1.30 ns in POPC LUVs representing Ly membranes, an
approximately three-fold difference. Addition of cholesterol to DOPC
LUVs progressively increased the fluorescence lifetime from 1.24 ns to
1.63 ns (25 mol% cholesterol) and 2.13 ns (50 mol% cholesterol), demon-
strating sensitivity to cholesterol-induced membrane ordering. 118
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Figure 3.2: Application of the viscosity-sensitive LD probe BODIPY-
LD. (A) Chemical structure of BODIPY-LD. (B) Fluorescence lifetime
dependence of BODIPY-LD on viscosity in methanol-glycerol mixtures.
(C) Representative FLIM images of BODIPY-LD in HEK 293T cells. (D)
Representative FLIM images of BODIPY-LD in A549 cells. For panels C
and D, the upper row shows fluorescence intensity images, the middle
row shows fluorescence lifetime maps, and the lower row shows the
corresponding fluorescence lifetime histograms. Scale bars: 10 pm.
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Live-cell imaging confirmed highly selective localization of BODIPY-
LD to LDs. In A549 cells, fluorescence intensities within LDs were
typically around 100-fold higher than those observed in the surrounding
cytoplasm, while co-localization experiments with Nile Red verified the
identity of the stained structures as LDs. 124

To evaluate whether LD microviscosity differs between distinct cel-
lular phenotypes, FLIM measurements were performed in immortal-
ized HEK 293T cells and malignant A549 lung adenocarcinoma cells.
HEK 293T cells contained relatively few LDs and exhibited narrow
fluorescence lifetime distributions corresponding to microviscosities of
approximately 25-50 cP (Fig. 3.2C). In contrast, A549 cells displayed
a substantially higher abundance of LDs together with pronounced
intercellular heterogeneity, with LD microviscosities spanning approx-
imately 60-270 cP (Fig. 3.2D). While LDs within individual A549 cells
generally exhibited similar microviscosities, the average values varied
markedly between cells, resulting in multiple distinct LD microviscosity
populations across the cell population. These observations indicate sig-
nificant cell-to-cell differences in LD microviscosities and suggest that
LD microviscosity provides information beyond LD abundance alone,
reflecting variations in LD composition and organization associated
with malignant phenotypes. 12%126

The effects of the chemotherapeutic agents doxorubicin (DOX) and
etoposide (ETP) on LD microviscosity were further examined in A549
cells. Both drugs increased LD abundance and induced remodeling of
LD microviscosity distributions. After 24 h of DOX treatment, a bimodal
microviscosity distribution emerged, with low-viscosity LD populations
(30-50 cP) and high-viscosity LD populations (180-300 cP) coexisting
within the same cells, while the intermediate-viscosity population (~90
cP) largely disappeared.

Overall, this study establishes BODIPY-LD as a selective and reliable
probe for quantitative FLIM-based measurements of LD microviscosity.
The results demonstrate that LD microviscosity provides complement-
ary information to LD abundance, revealing differences between cellular
phenotypes and drug-induced remodeling of LDs.
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3.3 Cancer Cell Identification via Lysosomal Mem-
brane Microviscosities using a Green-Emitting
BODIPY Molecular Rotor

This work aimed to develop a lysosome-targeting, viscosity-sensitive
molecular rotor for quantitative imaging of lysosomal membrane mi-
croviscosity in live cells and to evaluate whether lysosomal membrane
microviscosity can serve as a distinguishing feature of cancer-derived
and non-malignant cell phenotypes. A green-emitting BODIPY-based
probe, BODIPY-Lys, was designed by introducing a morpholine target-
ing group into the BODIPY scaffold (Fig. 3.3A), producing fluorescence
in the 500-600 nm spectral region. 1%

Photophysical characterization demonstrated strong fluorescence life-
time sensitivity to viscosity over a broad range, with lifetimes increasing
from 71 ps in methanol (0.6 cP) to 4545 ps in glycerol (1457 cP) (Fig.
3.3B). In contrast, solvent polarity exerted only a minor influence on
the fluorescence decay, with lifetimes varying from 71 ps in methanol
to 126 ps in cyclohexane. Fluorescence lifetimes were also largely in-
sensitive to temperature over the investigated range (20-70 °C, DMSO),
exhibiting a relative fluorescence lifetime sensitivity of only 0.15% °C~!.

Live-cell imaging demonstrated selective accumulation of BODIPY-
Lys in lysosomes, with fluorescence intensities approximately 10-100-
fold higher than those observed in the surrounding cytoplasm. Co-
localization experiments with the lysosomal marker Neutral Red 2
confirmed lysosomal targeting.

Lysosomal membrane organization may differ between cancer-derived
and non-malignant cells as a consequence of altered lipid metabolism.
Malignant transformation is frequently accompanied by increased re-
active oxygen species production and changes in lipid composition,
including elevated levels of saturated lipids and oxidized lipid spe-
cies. 1297131 Such compositional changes can modify lipid packing and
membrane order,>”#132 suggesting that lysosomal membrane microvis-
cosity may provide information on phenotypic differences between cell

types.
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Figure 3.3: Application of the lysosome-targeting viscosity probe
BODIPY-Lys. (A) Chemical structure of BODIPY-Lys. (B) Fluorescence
lifetime dependence of BODIPY-Lys on viscosity. (C) FLIM of BODIPY-
Lys in A549 cells. (D) FLIM of BODIPY-Lys in HMF cells. For panels C
and D, the upper row shows fluorescence intensity images, the middle
row shows fluorescence lifetime maps, and the lower row shows the
corresponding fluorescence lifetime histograms. Scale bars: 5 pm.
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FLIM measurements were subsequently performed in four cancer-
derived cell lines (A549, U-87 MG, MCEFE-7, and HepG2) and four non-
malignant or immortalized cell lines (HMF, WPMY-1, RPE-1, and HEK
293T). Lysosomal membrane microviscosities were consistently higher
in cancer-derived cells, ranging from approximately 200 to 325 cP, com-
pared with 40 to 135 cP in the non-malignant and immortalized cell
lines. Mean microviscosities were approximately 325 cP for A549, 200 cP
for U-87 MG, 250 cP for MCE-7, and 250 cP for HepG2 cells, whereas
HME WPMY-1, RPE-1, and HEK 293T cells exhibited values of approx-
imately 40, 85, 90, and 135 cP, respectively (Fig. 3.3C and D). These
results demonstrate that lysosomal membrane microviscosity differs
substantially between cell types and can distinguish cancer-derived cells
from non-malignant and immortalized cell models.

Lysosomes have emerged as attractive therapeutic targets in cancer
because lysosomal membrane permeabilization can trigger lysosome-
dependent cell death through the release of hydrolytic enzymes into
the cytoplasm. 337135 Unlike apoptosis, this pathway can operate inde-
pendently of caspase activation and may therefore be effective against
apoptosis-resistant cancers.*¥13¢ Among the compounds capable of
inducing lysosome-dependent cell death are cationic amphiphilic drugs
(CADs), which preferentially accumulate within acidic lysosomes and
perturb lysosomal membrane integrity. 137137

To investigate how pharmacological induction of lysosomal mem-
brane permeabilization affects membrane organization, cells were treated
with the CADs sertraline and astemizole. FLIM measurements revealed
that these compounds exerted markedly different effects on lysosomal
membrane microviscosity. In MCF-7 cells, sertraline increased lysosomal
microviscosity from approximately 250 cP to 410 cP, while astemizole
decreased it to approximately 150 cP. Similar trends were observed in
HepG2 cells. Although both compounds are commonly used to induce
lysosomal membrane permeabilization, 3% they produced opposite
effects on lysosomal membrane microviscosity and, consequently, lipid
packing. These observations suggest that lysosomal membrane per-
meabilization may be achieved through different molecular mechanisms
depending on the CAD employed.

Overall, this study establishes BODIPY-Lys as a selective and quantit-
ative FLIM probe for investigating lysosomal membrane microviscosity
in live cells. The results demonstrate that lysosomal membrane micro-
viscosity reflects both cell phenotype and pharmacologically induced
membrane remodeling, providing a sensitive biophysical marker of
lysosomal membrane organization.
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3.4 Quantitative FLIM Imaging of Lipid Droplet Po-
larity with a BODIPY Probe Reveals Biophysical
Signatures of Ferroptosis Resistance

This work aimed to develop a polarity-sensitive fluorescent probe for
quantitative imaging of LD polarity and its role in ferroptosis and the
emergence of drug resistance. LDs are increasingly recognized as dy-
namic organelles involved in cellular lipid homeostasis and protection
against oxidative stress, serving as reservoirs that can sequester and
remodel lipids during metabolic adaptation.13%14? Recent studies have
implicated LDs in ferroptosis,3%!4! a non-apoptotic, iron-dependent
form of regulated cell death driven by lipid peroxidation.!#4? A deep-
red-emitting BODIPY-based probe (BP-Ph-LD)®* was designed with two
methoxyphenyl substituents attached to the BODIPY core (Fig. 3.4D,
lower panel). This substitution eliminates the viscosity sensitivity 34143
characteristic of molecular rotors and shifts the fluorescence emission
into the far-red spectral region (650-800 nm, Fig. 3.4A).

Photophysical characterization established the probe’s sensitivity and
selectivity. BP-Ph-LD exhibited monoexponential fluorescence decays
in organic solvents, with lifetimes decreasing from 1025 ps in non-polar
cyclohexane (Af = 0) to 178 ps in methanol (Af = 0.30), a nearly
six-fold range (Fig. 3.4B). The fluorescence lifetime correlated with the
orientation polarizability (A f) and was essentially insensitive to vis-
cosity, exhibiting identical fluorescence decays in low-viscosity toluene
(0.6 cP) and highly viscous castor oil (930 cP). Fluorescence lifetimes
were also largely insensitive to temperature over the investigated range
(10-70 °C, toluene), exhibiting a relative fluorescence lifetime sensitivity
of only 0.6% °C~L.

In alLDs containing increasing fractions of peroxidised trilinolenin
(TL-OOH), the intensity-weighted lifetime decreased systematically
from 850 ps (0% TL-OOH) to 390 ps (100% TL-OOH), directly linking
lifetime to the chemical polarity conferred by lipid peroxides (Fig. 3.4C).

Simultaneous staining of a mixed aLD/MLV system with BP-Ph-
LD and a planar BODIPY analogue BP-ester'** demonstrated that LD
selectivity arises from molecular shape, not hydrophobicity alone: the
planar BP-ester labeled both structures, whereas BP-Ph-LD accumulated
almost exclusively in aLDs (Fig. 3.4D).
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Figure 3.4: Application of the polarity-sensitive LD probe BP-Ph-LD.
(A) Absorption (solid line) and fluorescence emission (dash-dotted line)
spectra of BP-Ph-LD in cyclohexane. (B) Dependence of fluorescence
lifetime on solvent polarity. (C) FLIM images of BP-Ph-LD in aL.Ds con-
taining different fractions of lipid peroxides (TL-OOH). The correspond-
ing fluorescence lifetime histograms are shown below. (D) Fluorescence
intensity images of BP-ester (green, upper row) and BP-Ph-LD (red,

lower row) in a mixed aLD/MLYV system stained simultaneously with
both probes. Scale bars: 5 pm.
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Having validated the probe, BP-Ph-LD was applied to live MDA-MB-
231 breast cancer cells to investigate LD polarity during ferroptosis and
the emergence of ferroptosis resistance. Co-localization experiments
with the established LD marker BODIPY 493 /503 4> confirmed selective
accumulation of BP-Ph-LD within LDs. Unlike conventional polarity
probes that primarily report membrane hydration or lipid packing, BP-
Ph-LD localizes within the hydrophobic core of LD, where water content
is extremely low. Consequently, changes in fluorescence lifetime can be
interpreted predominantly in terms of lipid composition, particularly
the accumulation of polar lipid peroxidation products. 146147

Under basal conditions, LDs exhibited a mean fluorescence lifetime of
approximately 800 ps, consistent with the low polarity expected for neut-
ral lipid stores. Treatment with the ferroptosis inducer erastin resulted
in a progressive decrease in fluorescence lifetime, from approximately
800 ps under basal conditions to 640 ps after 72 h, indicating increased
LD polarity consistent with the accumulation of lipid peroxides during
ferroptosis. After prolonged treatment, cells that acquired resistance
exhibited a partial recovery of fluorescence lifetime to approximately
680 ps (120 h), suggesting a shift toward less polar and potentially less
peroxidation-prone lipid compositions.

In addition to polarity changes, ferroptosis-resistant cells displayed
morphological LD remodeling. Many LDs adopted irregular, non-
spherical morphologies, which may reflect increased lipid saturation
and a transition toward more ordered or semi-solid lipid phases. !4
FLIM-derived polarity maps further revealed spatial segregation of LD
populations, with less polar LDs preferentially localized near the peri-
nuclear region and more polar LDs distributed toward the cell periphery.

These observations indicate that LD polarity reflects underlying lipid
composition and remodeling during ferroptosis and adaptation to fer-
roptotic stress. Furthermore, the probe design demonstrated that LD
targeting is governed not only by hydrophobicity but also by molecular
shape. The non-planar architecture of BP-Ph-LD promoted selective
partitioning into isotropic LD environments, whereas a planar analogue
distributed between LDs and lipid bilayers.

Overall, this study establishes BP-Ph-LD as a quantitative FLIM probe
for monitoring LD polarity and demonstrates that reduced LD polarity,
non-spherical droplet morphology, and spatial segregation of LD popu-
lations constitute biophysical signatures associated with the emergence
of ferroptosis resistance.
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Conclusions

This work demonstrates the development and application of fluores-
cence lifetime-based molecular probes for quantitative characterization
of lipid microenvironments in live cells. A series of BODIPY-based
fluorescent probes was designed to enable organelle-specific measure-
ments of microviscosity in plasma membranes, LDs, and lysosomes,
establishing FLIM as a quantitative approach for investigating local
physicochemical properties in complex biological systems.

Using viscosity-sensitive molecular rotors, significant differences
in membrane microviscosity were identified between cancer-derived
and non-malignant cell models. Lysosomal membrane microviscosities
were consistently higher in cancer-derived cell lines, enabling their
discrimination based on membrane organization. In lipid droplets,
cancer cells exhibited substantially greater organelle abundance together
with broader and more heterogeneous microviscosity distributions than
non-malignant cells, demonstrating that lipid droplet microviscosity
provides information beyond organelle abundance alone.

The developed probes also enabled quantitative investigation of lipid
remodeling induced by pharmacological treatments. Chemotherapeutic
agents triggered redistribution of LD microviscosity populations, re-
vealing dynamic changes in LD organization during cellular adaptation
to chemotherapeutic stress. In lysosomes, CADS produced opposite
effects on membrane microviscosity despite both inducing lysosomal
membrane permeabilization, suggesting that lysosomal leakage may be
achieved through distinct alterations of membrane organization.

The scope of this approach was further extended through the de-
velopment of a polarity-sensitive LD probe capable of quantifying po-
larity independently of viscosity. This probe demonstrated that LD
polarity increases during ferroptosis as a consequence of lipid perox-
idation and partially decreases upon the emergence of ferroptosis res-
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istance. Ferroptosis-resistant cells additionally exhibited characteristic
biophysical signatures, including reduced LD polarity, non-spherical
LD morphologies, and spatial segregation of LD populations according
to polarity.

Beyond the biological applications, this work provides insight into
the design principles of organelle-targeting fluorophores. In particular,
selective targeting of LDs was shown to depend not only on hydro-
phobicity but also on molecular geometry, with non-planar fluorophores
preferentially partitioning into isotropic LD environments rather than
anisotropic lipid bilayers.

Overall, this thesis establishes fluorescence lifetime-based measure-
ments of microviscosity and polarity as quantitative and spatially re-
solved indicators of membrane organization, lipid composition, and
cellular adaptation. The results demonstrate that these parameters can
reveal biophysical changes associated with cancer, chemotherapeutic
stress, lysosomal membrane permeabilization, ferroptosis, and the emer-
gence of drug resistance, providing new tools for investigating disease-
related cellular remodeling in living systems.
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Santrauka (Summary in
Lithuanian)

Siame darbe pristatomas fluorescencijos gyvavimo trukme pagristy
molekuliniy jutikliuy ktirimas ir taikymas kiekybiniam fizikiniy savybiu
vaizdinimui gyvu lasteliu lipidinése struktirose. Darbo metu, BODIPY
architektiiros pagrindu buvo sukurti mikroklampos jutikliai, pasiZymin-
ladeliams. Sie jutikliai pasizyméjo stipria fluorescencijos gyvavimo
trukmes priklausomybe nuo aplinkos klampos ir minimaliu jautrumu
terpés polisSkumui.

Sie mikroklampos jutikliai buvo pritaikyti membranu mikroklampos
tyrimams vézinése bei nevéZzinése lastelése mikroklampos poky¢iams
ivertinti lasteliniy perturbaciju metu. Tyrimu metu nustatyti reikSmingi
mikroklampos skirtumai tarp véZziniy ir nevéZiniu lasteliu lizosomu
bei lipidiniy laseliy. Taip pat pademonstruoti skirtingi mikroklampos
atsakai i chemoterapeutinius vaistus, demonstruojantys, kad lipidiniu
struktiiry mikroklampa yra jautrus lastelinés btisenos indikatorius. Or-
ganeléms specifiski jutikliai papildomai atskleidé mikroklampos hetero-
geniSkuma lipidiniuose laseliuose.

Sio darbo apimtis buvo i$plésta sukuriant poliskumui jautry BODIPY
jutiklj lipidiniams laSeliams, leidZianti kiekybiskai ivertinti polisku-
mo poky¢ius nepriklausomai nuo lipidiniu struktiry mikroklampos.
Naudojant $§j jutikli buvo parodyta, kad lipidiniu laseliu poliSkumas
ankstyvos feroptozés metu didéja dél lipidu peroksidacijos ir mazéja
vystantis atsparumui.

Apibendrinant, Siame darbe atlikti fluorescencijos gyvavimo trukme
pagristi mikroklampos ir poliSkumo matavimai parodé, kad skirtingi
lasteliu fenotipai bei patologiniai procesai gali biiti identifikuojamos pa-
gal lipidu strukttiros pokyc¢ius bei aplinkai jautriu jutikliy pritaikomuma
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tiriant biofizikinius procesus.

Tikslas

Sio darbo tikslas — sukurti fluorescencijos gyvavimo trukme pagristus
molekulinius jutiklius, skirtus lasteliniy lipidiniu strukttiry fizikiniuy
savybiu kiekybiniam vaizdinimui bei pritaikyti Siuos jutiklius tiriant
mikroklampos ir poliskumo pokycius gyvose lastelése fiziologinémis
bei streso salygomis.

UzZdaviniai

¢ Sukurti dideliu jautrumu bei minimaliais fotofizikiniais artefaktais
pasiZzymincius fluorescencijos gyvavimo trukme pagristus mole-
kulinius rotorius bei poliskumo jutiklius, skirtus gyvu lasteliu
vaizdinimui.

e I8tirti jutikliu fotofizikines savybes tirpaluose ir modelinése lipi-
dinése sistemose, iskaitant ju jautruma klampai bei poliskumui,
taikant nuostovius ir nuo laiko priklausomus fluorescencijos ma-
tavimus bei nustatyti kiekybinius sarysius tarp fluorescencijos
gyvavimo trukmeés ir aplinkos parametru.

* Parodyti jutikliy pritaikomuma vaizdinant modelines lipidines
sistemas bei gyvas lasteles.

* Pagristi aplinkos matavimu biologine reikSme tiriant, kaip mik-
roklampos ir poliSkumo poky¢iai atspindi lasteline biisena bei su
ligomis susijusius procesus.

Darbo aktualumas

Dinamines lasteliu lipidiniu struktiiry biofizikines savybés, tokios kaip
mikroklampa ir poliSkumas, atlieka esminj vaidmenj biologiniy membranu
organizacijoje. Taciau kiekybiniai mikroklampos bei poliSkumo matavi-
mai gyvose lastelése iSlieka sudétingi dél tinkamuy jutikliy, pasizyminciu
aukstu jautrumu, specifiSkumu bei aiskiais optiniais signalais, tritkumo.

75



Siame darbe $ie apribojimai sprendZiami kuriant ir taikant fluorescen-
cijos gyvavimo trukme pagristus molekulinius rotorius bei poliSkumo
jutiklius, pritaikytus matavimams gyvose lastelése. Ypatingas démesys
skirtas jprastu fotofizikiniy artefakty, pavyzdziui, kryZminio jautrio
poliskumui ir klampai, minimizavimui bei patikimuy duomenu gavimui
heterogeniskose lipidinése aplinkose.

Nors organeléms specifiniy jutikliy kiirimas pats savaime néra nauja
sritis, Sioje disertacijoje pateikiama keletas esminiy jutikliy dizaino ir
ju taikymo patobulinimy. Darbo metu buvo sukurtas fluorescencijos
gyvavimo trukme pagristas poliSkumo jutiklis, pasiZymintis raudona
liskuma. Be to, parodyta, kad jutikliu nukreipima i lipidinius laSelius
lemia ne tik jutiklio hidrofobiskumas, bet ir jutiklio molekuliné geomet-
rija: neplokstumineés, nepolinés struktiiros pasizymi didesniu afinitetu
izotropinéms lipidinéms aplinkoms.

Siame darbe sukurti jutikliai buvo pritaikyti biologiskai reik§min-
giems procesams tirti gyvose lastelése. Tai apima lipidiniu laSeliu mikro-
klampos poky¢ius veikiant lasteles chemoterapiniais vaistais, lizosomu
membrany mikroklampos poky¢ius veikiant lasteles katijoniniais amfifi-
liniais vaistais bei poliSkumo poky¢ius, susijusius su lipidu peroksidacija
feroptozés metu ir iSsivystant atsparumui Siam procesui.

Apibendrinant, Sis darbas parodo, kad fluorescencijos gyvavimo truk-
me pagristi mikroklampos ir poliSkumo matavimai suteikia kiekybine
informacija apie lasteline blisena bei su ligomis susijusius procesus. In-
tegruojant jutikliy kiirima, fotofizikine charakterizacija bei lastelinj vaiz-
dinima, Sioje disertacijoje parodoma, kad lipidiniu struktiiry fizikiniuy
savybiu matavimai gali aprasyti lasteline btisena.

Ginamieji teiginiai

* Mikroklampos pokyciai lastelinése organelése atspindi fiziologi-
nes ir patologines lasteliu biisenas, igalindami nustatyti su ligomis
susijusius poky¢ius bei vaistu sukelta poveiki.

* Neplokstuminé molekuliy geometrija skatina fluorescenciniy jutikliu
isiterpima i izotropines lipidines aplinkas.

* Fluorescencija pagristas poliSkumo vaizdinimas leidZia kieky-
biskai jvertinti lipidu peroksidacija.
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Pagrindiniai rezultatai

Zaliai fluorescuojantio, klampai jautraus BODIPY jutiklio kiirimas
plazminés membranos mikroklampos vaizdinimui

Sio darbo tikslas — sukurti klampumui jautry BODIPY fluorescencinij
jutikli, skirta kiekybiniam plazminiy membrany mikroklampos vaizdini-
mui. Siekiant jveikti jprastu fluorescenciniuy jutikliu triikumus, BODIPY
architektiiros pagrindu sukonstruotas tirpus vandenyje, selektyvus plaz-
minéms membranoms bei nejautrus poliSkumo efektams molekulinis
rotorius (BODIPY-PM).

Jutiklio fotofizikinés savybeés istirtos skirtingos klampos bei polis-
kumo tirpaluose, nustatant stipria fluorescencijos gyvavimo trukmés
priklausomybe nuo klampos ir maza jautruma tirpiklio poliSkumui.
Fluorescencijos gyvavimo trukmés vaizdinimo mikroskopija (FLIM) pri-
taikyta jutiklio jvertinimui modelinése bei gyvu lasteliu membranose.

Jutiklis efektyviai isiskverbé tiek i modelines membranas, tiek i plaz-
mines membranas ir tolygiai pasiskirste tiek tvarkiosiose, tiek netvar-
kiosiose lipidinése fazése, leisdamas patikimai vizualizuoti membranos
heterogeniSkuma.

Chemoterapiniy vaisty sukeliamas bimodalinis poveikis lipi-
diniams laSeliams véZinése ir nevéZinése lastelése, nustatytas
naudojant Zaliai fluorescuojantji BODIPY jutiklj

Darbe siekta sukurti i lipidinius laselius nukreipta BODIPY jutiklj kieky-
biniams mikroklampos tyrimams gyvose lastelése. Sukonstruotas Zaliai
fluorescuojantis molekulinis rotorius (BODIPY-LD), pasiZymintis stipriu
fluorescencijos gyvavimo trukmés jautrumu klampai ir maZzu jautrumu
tirpiklio poliSkumui.

Naudojant FLIM, parodyta, kad jutiklis selektyviai Zymi lipidinius
laselius gyvose lastelese. Tyrimai modelinése lipidinése sistemose pa-
tvirtino gebéjima atskirti skirtingas lipidu fazes. Eksperimentai su gyvo-
mis lastelémis atskleidé, kad vézines A549 lastelés pasiZymi didesniu
lipidiniy laseliy skai¢iumi ir platesniu ju mikroklampos pasiskirstymu
nei nevézinés HEK 293T lastelés, parodydami, kad lipidiniu laseliu mik-
roklampa suteikia papildomos informacijos, kurios neatskleidZzia vien
organeliy gausa.
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Be to, kiekybiskai jvertintas chemoterapiniu vaistu doksorubicino ir
etopozido poveikis lipidiniu lageliy mikroklampai. Sie vaistai sukeleé
specifinius, nuo lasteliu linijos priklausancius poky¢ius, ypa¢ chemo-
terapijai atspariose lastelése. Rezultatai rodo, kad lipidu laseliy mikro-
klampa yra dinamiskai reguliuojama ir gali biiti taikoma kaip jautrus
lastelinés biisenos bei atsako i vaistus indikatorius.

Véziniy lasteliy atpaZinimas pagal lizosomy membrany mik-
roklampa naudojant Zaliai fluorescuojantji BODIPY molekulinj
rotoriy

Siuo darbu siekta sukurti i lizosomuy membranas nukreipta molekulinj
rotoriy ir jvertinti lizosomu membranas kaip galima lastelinés biisenos
zymenj. Sukurtas BODIPY jutiklis (BODIPY-Lys), kurio fluorescencijos
gyvavimo trukme stipriai priklauso nuo tirpiklio klampos, taciau beveik
nepriklauso nuo tirpiklio poliSkumo ir aplinkos temperatiros.

FLIM tyrimai parodé, kad jutiklis selektyviai kaupiasi gyvu lasteliu
lizosomu membranose. Modelinése lipidinése sistemose patvirtintas
jutiklio gebéjimas atpaZinti cholesterolio sukeltus membrany tvarkos
poky¢ius.

Nustatyta, kad veéZiniu lasteliu lizosomu membrany mikroklampa
yra reik§mingai didesné nei nevéZiniy lasteliy, todél Sis parametras gali
btiti naudojamas piktybiniy ir nepiktybiniy lasteliy atskyrimui pagal
membrany organizacija. Kationiniai amfifiliniai vaistai sukélé priesin-
gus lizosomy membrany mikroklampos poky¢ius, nors abu indukavo
lizosomuy membrany pralaidumo padidéjima, rodydami, kad lizosomu
membrany paZaida gali bati pasiekiama skirtingais mechanizmais. Sis
tyrimas parodo, kad lizosomu mikroklampa gali biiti funkcinis bioZy-
muo vézinéms lasteléms identifikuoti.

Kiekybinis lipidiniy laSeliy poliSkumo FLIM vaizdinimas BO-
DIPY jutikliu atskleidZia atsparumo feroptozei biofizikinius
poZymius

nimui gyvose lastelése. Sukonstruotas raudonai fluorescuojantis BO-
DIPY jutiklis (BP-Ph-LD), kurio fluorescencijos gyvavimo trukmeé stipriai
priklauso nuo aplinkos poliskumo, bet pasiZymi minimaliu jautrumu
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klampos ar temperatiiros poky¢iams. Tyrime pademonstruota, kad po-
liskumo parametras gali btiti naudojamas kiekybiskai jvertinti lipidu
peroksidu koncentracijq lipidinése sistemose. Taip pat nustatyta, kad
neplokscia jutiklio molekuliné struktiira, kartu su jo hidrofobiskumu,
yra svarbus veiksnys, lemiantis daZzu nukreipima j izotropines aplinkas
(lipidinius laselius). Tai rodo, kad jutiklio stereochemija yra nepakan-
kamai jvertintas, tac¢iau svarbus veiksnys, lemiantis selektyvuy lipidiniu
laseliy Zyméjima.

poliskuma gyvose lastelése. Krities véZio lastelese (MDA-MB-231),
paveiktose feroptoze skatinan¢iu junginiu erastinu, pastebéti dinamiski
poliskumo poky¢iai ankstyvosiose ir vélyvosiose feroptozeés stadijose.

Feroptozei atsparios lastelés pasiZyméjo sumazéjusiu lipidiniu laseliu
poliskumu, pakitusia ju morfologija ir skirtingu poliskumo populiaciju
erdviniu atsiskyrimu, todél $ie poZzymiai gali btiti laikomi biofizikiniais
atsparumo feroptozei Zymenimis. Tyrimas parodé, kad lipidiniy laseliu
poliskumas gali biiti naudojamas kaip biofizikinis parametras, leidZian-
tis atskirti feroptozei atsparias lasteles.

ISvados

Siame darbe pristatomas fluorescencijos gyvavimo trukme pagristu
molekuliniy jutikliy kiirimas ir taikymas kiekybiniam lipidiniy mikroaplinku
apibtidinimui gyvose lastelése. Buvo sukurta BODIPY pagrindu veikianciu
molekuliniy rotoriy serija, leidZianti atlikti organeléms specifinius mik-
roklampos matavimus plazminése membranose, lipidiniuose laseliuose

ir lizosomose, taip pademonstruojant FLIM kaip kiekybini metoda loka-
lioms membranu savybéms tirti sudétingose biologinése sistemose.

Sie jutikliai buvo pritaikyti tirti, kaip membranu mikroklampa kinta
priklausomai nuo lastelés btisenos ir reaguojant i cheminius poveikius.
Nustatyta, kad veéziniu lasteliu lizosomuy membranos pasiZymi didesne
mikroklampa nei nevéZiniy lasteliy, o lipidiniu laseliy mikroklampa
suteikia papildomos informacijos apie lasteliu fenotipa, kurios neatsklei-
dzia vien lipidiniy laseliu gausa.

Sio metodo taikymo galimybeés buvo idpléstos sukuriant poliskumui

ma nepriklausomai nuo membranos mikroklampos. Nustatyta, kad
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lipidiniu la3eliu poliSkumas didéja feroptozés metu dél lipidu perok-
sidacijos ir mazéja vystantis atsparumui feroptozei, kartu atsirandant
btidingiems lipidiniu laseliu morfologijos ir erdvinio pasiskirstymo po-
ky¢iams.

Be to, Siame darbe pateikiamos jzvalgos apie jutikliu dizaina, pa-
rodant, kad jutikliu nukreipimui i lipidinius laselius daro jtaka ne tik
jutiklio hidrofobiskumas, bet ir molekuliné geometrija — neploks¢ios
struktiiros linkusios selektyviai pasiskirstyti izotropinése lipidinése ap-
linkose.

Apibendrinant, Siame darbe fluorescencijos gyvavimo trukme pagristi
mikroklampos ir poliSkumo matavimai pademonstruoja fluorescenciniy
aplinkai jautriy jutikliu pritaikomuma tiriant lastelines biisenas, patolo-
ginius procesus bei lastelinés adaptacijos mechanizmus.
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Viscosity is a key characteristic of lipid membranes — it governs the passive diffusion of solutes and affects
the lipid raft formation and membrane fluidity. Precise determination of viscosity values in biological
systems is of great interest and viscosity-sensitive fluorescent probes offer a convenient solution for this
task. In this work we present a novel membrane-targeting and water-soluble viscosity probe BODIPY-
PM, which is based on one of the most frequently used probes BODIPY-C,o. Despite its regular use,
BODIPY-Cyg suffers from poor integration into liquid-ordered lipid phases and lack of water solubility.
Here, we investigate the photophysical characteristics of BODIPY-PM and demonstrate that solvent
polarity only slightly affects the viscosity-sensing qualities of BODIPY-PM. In addition, with fluorescence
lifetime imaging microscopy (FLIM), we imaged microviscosity in complex biological systems — large
unilamellar vesicles (LUVs), tethered bilayer membranes (tBLMs) and live lung cancer cells. Our study
showcases that BODIPY-PM preferentially stains the plasma membranes of live cells, equally well
partitions into both liquid-ordered and liquid-disordered phases and reliably distinguishes lipid phase
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rsc.li/rsc-advances separation in tBLMs and LUVs.

Introduction

Viscosity is the essential physical characteristic of cell
membranes - it controls diffusion coefficients of lipids and
macromolecules and influences the passive transport of solutes
across the plasma membrane." Furthermore, cell membranes
are microscopically heterogeneous and are able to separate into
liquid-ordered (Lo) and liquid-disordered (Ld) phases that
possess distinct viscosities.>” Viscous Lo phases are of partic-
ular biological importance - ordered microdomains of lipids
and proteins, so called lipid rafts, play a key role in immune
signaling,*” host-pathogen interactions,®® cardiovascular
diseases,’ and cancer."™** Thus, the ability to distinguish Lo
and Ld phases in live cells would benefit studies of membrane
dynamics and biochemical processes associated with lipid raft
formation. Fortunately, lipids in the Lo phase are packed
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tightly, and the Lo phase is much more viscous compared to the
Ld phase, thus the two phases can be distinguished on the basis
of viscosity."*** Precise determination of viscosity values in Lo
and Ld phases would allow comparison of lipid packaging
efficiencies and molecular order changes in the plasma
membrane.

Accurate mechanical viscosity measurements in micron-
scale objects are inherently difficult. Additionally, biological
specimens are highly heterogeneous and viscosity values in
protein-rich Lo domains will differ from Ld domains or the
cytoplasm.'® Precise and quantitative viscosity measurements
on the small scale can be made utilizing fluorescent class of
compounds called molecular rotors."”"** Molecular rotors, when
paired with fluorescence lifetime imaging microscopy (FLIM),
are able to produce spatial microviscosity maps.**** 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 intra-
molecular rotation, which results in a molecular rotor leaving
the fluorescent state.** As the rate of intramolecular rotation is
directly influenced by microviscosity, molecular rotors display
great fluorescence lifetime and fluorescence intensity sensitivity
to local viscosity values.” In high viscosity environments,
intramolecular motion of molecular rotors is restricted and
radiative decay dominates, leading to increased fluorescence
lifetime values and high quantum yields.*® Conversely, in low

RSC Adv, 2023, 13, 19257-19264 | 19257
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viscosity environments, non-radiative decay dominates, causing
the decrease in fluorescence lifetime and quantum yield. Since
the fluorescence intensity is dependent on the local concen-
tration of a fluorophore, it is particularly advantageous to
evaluate viscosity values from the fluorescence lifetime, which
is independent of the fluorophore concentration, and is largely
unaffected by optical properties of the medium or the excitation
setup. Fluorescence lifetimes have been used to quantify
microviscosities of model lipid bilayer systems, as well as live
eukaryotic and prokaryotic cells through FLIM.>*!

Currently, BODIPY-C;/;, (Fig. 1A) is one of the most exten-
sively used molecular rotors for viscosity sensing.*** Previously,
BODIPY-C, /1, and its derivatives were used to quantify viscosity
in polymers,* model lipid membranes,* live cells,***” plasma
membrane,*® mitochondria,* and lysosomes.* Although BOD-
IPY-C,, has a monoexponential fluorescence decay,* which
greatly simplifies data analysis, this rotor lacks affinity for the
higher ordered lipid phases,*”” which decreases its ability to
sense the Lo phase. Due to poor partitioning of BODIPY-C,, into
Lo phases, small Lo domains (e.g. lipid rafts) are easily missed
in biological samples, and especially in live cells.*

Moreover, BODIPY-C,, suffers from unclear localisation of
the probe in higher ordered lipid bilayers*»** - around 10-15%
of BODIPY molecules are localised in such a way that viscosity
changes in a bilayer do not alter their intramolecular rotation.*®
Ultimately, this lowers the average lifetime values and reduces
the probe's sensitivity to viscosity changes.

In this work, we present a novel BODIPY derivative probe,
BODIPY-PM, which carries a long hydrophobic plasma
membrane (PM) targeting group (C;,H,s) together with a polar
sulfonate group SO; ™. The combination of a charged sulfonate
group with a hydrophobic tail and the non-polar BODIPY-core,
mimics natural phospholipid structures and enables firm
positioning of BODIPY-PM into the lipid bilayer (Fig. 1B). We
explore the photophysics of BODIPY-PM and its ability to
distinguish Lo and Ld membrane phases in large unilamellar
vesicles (LUVs), tethered bilayer lipid membranes (tBLMs) and
live cancer cells. LUVs and tBLMs represent one of the most
frequently used model lipid bilayer systems and are often
employed to study and mimic cell membranes.** Specifically, by
comparing fluorescence lifetimes of BODIPY-PM in solvents of
different polarities and viscosities, we show that BODIPY-PM is

EF

BODIPY-PM BODIPY-C

Fig. 1 (A) Structure of one of the most widely used molecular rotor —
BODIPY-C,p, and its improved variant BODIPY-PM. Red arrow indi-
cates intramolecular rotation which causes BODIPY to display viscosity
sensitivity. (B) Supposed positioning of BODIPY-PM in the lipid bilayer.
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affected mainly by the viscosity of the solvent. By performing
time-resolved fluorescence measurements in LUVs with Lo and
Ld lipid compositions, we demonstrate that BODIPY-PM
successfully distinguishes lipid order and displays vastly
different fluorescence lifetimes in Lo and Ld LUVs. Further-
more, with the help of FLIM, we investigate the potential of
BODIPY-PM to distinguish separate Lo domains in tBLMs and
LUVs. Finally, by carrying out FLIM measurements on live lung
cancer cells, we show that BODIPY-PM preferentially localises in
the plasma membrane and is efficient at recognising viscous Lo
phases in the lipid bilayer. To our knowledge, among compa-
rable viscosity probes, BODIPY-PM achieves the largest fluo-
rescence lifetime contrast between the Lo and Ld phases. The
narrow emission spectrum of BODIPY-PM allows for the
multiple dye usage in biological samples and offers a conve-
nient alternative to Kuimova's thiophene*** or Klymchenko's
solvatochromic dyes.*®

Results and discussion
Probe design

Our BODIPY-PM design was based on one of the most appli-
cable and successful rotors up to date - BODIPY-Cj,. Our intent
was to retain the same mechanism of viscosity sensitivity of
BODIPY-C,,, thus we decided to keep the rotation of the phenyl
group versus the BODIPY unhindered and modified the para-
position of the phenyl group. Our aim was to enable the firm
positioning of the probe inside highly ordered lipid phases,
increase the water solubility of the probe and decrease the
possibility of dye aggregation in water. Consequently, we elon-
gated the hydrophobic tail (C;,H,5) and introduced a sulfonate
group - this combination of substituents mimics the structure
of lipids, with polar sulfonate group emerging from the bilayer
and hydrophobic tail serving as a membrane anchor. In addi-
tion to conferring increased water solubility, the sulfonate
group also disrupts dye-dye interactions and confers resistance
to probe aggregation. Finally, the C;,H,5 side chain grants the
dye high affinity for ordered lipid bilayer phases and cell
membranes. The synthesis of BODIPY-PM is described in
the ESLY

Absorption, steady-state and time-resolved fluorescence

In order to investigate the spectroscopic properties of BODIPY-
PM, we carried out absorption, steady-state, and time-resolved
fluorescence experiments in different polarity solvents from
non-polar [chloroform and dichloromethane (DCM)], to very
polar [dimethyl sulfoxide (DMSO) and water] (Fig. 2). The
absorption spectra of BODIPY-PM consist of a low intensity
band at 300-400 nm and the main band in the 450-550 nm
region with maximum positioned at 503 nm (Fig. 2A). The
fluorescence spectra of BODIPY-PM feature a small bath-
ochromic shift with the fluorescence peak at 523 nm and
a Stokes shift of 760 em™" (Fig. 2A). Additionally, BODIPY-PM
displays almost no fluorescence solvatochromism, resulting in
a blue shift of only 3 nm when going from the least polar
chloroform to the most polar water solvent (Fig. 2A). We have

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Fluorescence (dot-dashed lines) and absorption (solid lines) spectra of BODIPY-PM obtained in chloroform, DCM, DMSO and water.

(B) Time-resolved fluorescence decays of BODIPY-PM in chloroform, DCM, DMSO, and water. (C) Time-resolved fluorescence decays of
BODIPY-PM obtained in water—glycerol mixtures of varying viscosities. (D) Fluorescence lifetimes of BODIPY-PM in toluene—castor oil (red dots),
water—glycerol (blue dots) and methanol—glycerol (green dots) mixtures.

also observed that in very non-polar solvents, such as toluene
and cyclohexane, BODIPY-PM does not completely dissolve and
tends to aggregate, producing characteristic red bands in the
fluorescence spectra and increased fluorescence lifetimes
(Fig. S11). In addition, we performed time-resolved fluorescence
measurements in chloroform, DCM, DMSO, and water (Fig. 2B).
In the high polarity solvents, the fluorescence decays of
BODIPY-PM are monoexponential with fluorescence lifetimes
close to 200 ps, while in the low-polarity solvents (cyclohexane,
toluene, chloroform, and DCM) BODIPY-PM displays biexpo-
nential fluorescence decays with an insignificant long lifetime
component (0.5-10%) (Fig. 2B and S17). These data clearly show
that the fluorescence lifetimes of BODIPY-PM are minimally
influenced by the polarity of the solvent. To explore the viscosity
sensitivity of BODIPY-PM, we measured the steady-state and
time-resolved fluorescence responses in water-glycerol
mixtures with varying water—-glycerol compositions that cover
a viscosity range from 1-930 cP, (Fig. 2C and S4t). The fluo-
rescence decays were monoexponential in compositions from
pure water to 40% water-60% glycerol. At higher glycerol
concentrations, the decays become biexponential with low
amplitude short-lifetime component. We note that BODIPY-PM
displays very strong viscosity sensitivity, with fluorescence life-
times ranging from 264 ps in pure water to 5127 ps in pure
glycerol. Additionally, we quantified the fluorescence lifetime of
BODIPY-PM in non-polar toluene-castor oil and methanol-
glycerol calibration mixtures (Fig. 2D, S2 and S67). In contrast to
BODIPY-C,,, which possessed fluorescence lifetimes ranging
from 300 to 800 ps in the solvents of 0.5 cP viscosity,*® BODIPY-
PM exhibits very similar fluorescence lifetimes in mixtures of
different polarity and is mostly influenced by the viscosity of the
mixture itself (Fig. 2D). The insensitivity of BODIPY-PM to
solvent polarity is particularly important since biological
systems, and especially cells, are highly heterogeneous and
accurate viscosity measurements are only possible if the life-
times are not affected by general solvent effects.”” Because of
small fluorescence lifetime values in the non-viscous solvents,
BODIPY-PM features greatly expanded dynamic viscosity range,
which can be calculated from the lifetime ratio at high and low
viscosities, compared to BODIPY-C,,. In the methanol-glycerol
mixtures, the dynamic range of BODIPY-PM is 30.0 compared to
11.2 of BODIPY-C,, in the same mixture.*

To conclude, BODIPY-PM shows almost no sensitivity to
solvent polarity and its fluorescence lifetime is mainly affected
by the local microviscosity.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Determination of lipid order in LUVs and tBLMs

Next, we explored the viscosity sensitivity of BODIPY-PM in Lo
and Ld lipid phases. We prepared LUVs with two distinct lipid
packaging compositions - pure DOPC and pure POPC for Ld
phases, and DOPC : BSM : Chol and DOPC : DPPC : Chol (5:5:
1) LUVs for Lo phases.* The steady-state fluorescence spectra of
BODIPY-PM in the Lo and Ld phases display no sol-
vatochromism, with maxima located at 521 nm (Fig. 3A). We
note that BODIPY-PM successfully integrates into both Lo and
Ld LUVs without any observable aggregation. Most importantly,
the time-resolved fluorescence decays in the Lo phases are
remarkably longer compared to the Ld phases (Fig. 3B), with
biexponential intensity-weighted fluorescence lifetimes being
877 and 1607 ps for DOPC and POPC LUVs, respectively. In
contrast, the biexponential fluorescence lifetimes of BODIPY-
PM in DOPC: DPPC: Chol and DOPC: BSM: Chol LUVs were
3321 ps and 2167 ps, respectively. Although the biexponential
nature of fluorescence decays likely reflects different posi-
tioning of the dye in the bilayer and complicates data analysis,
the ability to determine lipid order and discern Lo and Ld
phases is especially important for determination of biologically
relevant Lo phases, and lipid rafts, via FLIM, particularly in
heterogeneous lipid systems and live cells.

In addition, we tested BODIPY-PM in gel-phase DMPC and
DPPC LUVs. Even though the lipid packaging density in the gel-
phase is significantly higher than in Lo phase, the time-resolved
fluorescence decays of BODIPY-PM were slightly shorter in
DMPC and DPPC LUVs compared to Lo LUVs (Fig. S87). It is
likely that the BODIPY core is sterically too large and is unable
to integrate deeply into densely-packed gel-phase bilayers. To
test this hypothesis, we carried out time-resolved fluorescence
measurements of gel-phase LUVs in the presence of the
quencher Nal (Fig. 3C and S91). The fluorescence lifetimes of
DMPC LUVs sharply dropped from 2674 ps in Nal-free solution,
to 1405 ps in solutions containing Nal (1 M). In contrast, the
time-resolved fluorescence decays of Ld POPC LUVs remained
almost unaffected by the presence of 1 M Nal (Fig. 3C), with
fluorescence lifetimes decreasing from 1607 ps in Nal-free
solution, to 1458 ps in the presence of Nal (1 M). This result
indicates that the fluorescent core of BODIPY-PM is exposed to
solvent in gel-phase LUVs and only the hydrophobic C,,H,; side
chain integrates into the bilayer. On the other hand, the
minimal quenching of BODIPY-PM in Ld LUVs confirms that
BODIPY-PM core is indeed deeply buried inside the bilayer.
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(A) Fluorescence spectra of BODIPY-PM in Ld and Lo LUVs. (B) Time-resolved fluorescence decays of BODIPY-PM in Ld and Lo LUVs. (C)

Time-resolved fluorescence decays of BODIPY-PM in LUVs quenched with Nal. (D) FLIM decays of BODIPY-PM in DOPC : Chol tBLMs with

varying cholesterol levels.

Next, we explored how cholesterol in tBLMs (see Experi-
mental section for tBLM composition) affects the lifetimes of
BODIPY-PM, using FLIM. Cholesterol is one the most important
lipids in eukaryotic cells and is particularly known for its
ordering and condensing effects on lipid bilayers.** For the
preparation of tBLMs we chose pure DOPC (Ld), DOPC: Chol
72:25, DOPC: Chol 60:40, and DOPC: Chol 50:50 composi-
tions. The time-resolved fluorescence decays of BODIPY-PM in
tBLMs become significantly longer with increase in cholesterol
concentration, resulting in the intensity weighted biexponential
fluorescence lifetimes of 500 and 1900 ps for pure DOPC and
DOPC : Chol 50: 50 tBLMs, respectively (Fig. 3D).

Importantly, not only is BODIPY-PM capable of dis-
tinguishing between the Lo and Ld lipid compositions, it also
gives valuable insights into the general lipid packaging effi-
ciency and order of the lipids in the bilayer. The ability of
BODIPY-PM to assess the degree of lipid order may be partic-
ularly useful in studying lipid rearrangement in membranes,
the fusion of membranes, and in monitoring the biophysical
changes in the bilayer upon binding of proteins. Moreover, the
minimal quenching displayed by BODIPY-PM in liquid
membranes is a very convenient property for live cell imaging,
since the probe, buried deeply in the bilayer, is shielded from
extracellular proteins, which may interfere with the viscosity
measurements of the plasma membrane.

Imaging of Lo domains in LUVs, tBLMs and live cells

We used FLIM to test BODIPY-PM on LUVs and tBLMs in which
Lo and Ld phase separation occurs (Fig. 4). For this purpose, we
chose DOPC : DPPC: Chol 1:1:1 LUVs, DOPC : DPPC: Chol 2:
2:1 and DOPC: BSM: Chol 1:1:1 tBLMs, since large, micron-
scale, Lo domains are easily formed in these compositions.*
The Lo domains in the tBLMs formed with characteristic
geometrical features, analogous to the Lo domains observed
with atomic force microscopy in supported lipid bilayers of
similar compositions.* We observed successful staining of both
Lo and Ld phases with BODIPY-PM in both tBLMs and LUVs.
The BODIPY-PM showed particularly high affinity for the Lo
phase, with fluorescence intensities in the Lo phase being
similar (or even 2-times higher in the DPPC case) compared to
the Ld phase (Fig. 4 top panel). Despite the fact that the fluo-
rescence decays in both LUVs and tBLMs were biexponential,
the fluorescence lifetimes of BODIPY-PM in Lo and Ld phases
are vastly different, allowing easy determination of lipid phases

19260 | RSC Adlv, 2023, 13, 19257-19264

via FLIM (Fig. 4 middle panel). Curiously, the fluorescence
lifetimes in DOPC:DPPC:Chol 1:1:1 LUVs were notably
higher in both Lo and Ld phases compared to the fluorescence
lifetimes in the corresponding phases of the DOPC:DPPC:
Chol 2:2:1 tBLMs (Fig. 4A and B). We suppose that the
increase in cholesterol concentration not only orders Ld phase,
but also induces order in Lo domains, consequently making
them more viscous. Similarly, tBLMs with high cholesterol
content, such as DOPC : BSM: Chol 1:1: 1, possessed increased
fluorescence lifetimes in the Ld phases (Fig. 4C).

Finally, we used FLIM to image BODIPY-PM in A549 live
lung cancer cells (Fig. 4D). BODIPY-PM stained the cells in less
than 5 minutes directly from the aqueous solution at 1 pM
concentration. Notably, no signs of cell toxicity or BODIPY-PM
induced morphology changes were observed after staining
(Fig. S101). We also note that BODIPY-PM preferentially
partitions into the plasma membranes of the cells, although
slow internalisation of the dye is also occurring. In addition,
we observed slight clustering of highly ordered lipid domains
in the plasma membranes of lung cancer cells. The ability to
directly observe the heterogeneities of cell membranes, in
combination with lipid order determination, could prove to be
a powerful tool in studying and developing anticancer drugs
that modulate the properties of the plasma membrane.** The
slow internalisation of BODIPY-PM allows for simultaneous
plasma membrane and cytoplasm viscosity measurements.
The large dynamic range of BODIPY-PM viscosity sensitivity is
particularly convenient in detecting small viscosity changes in
cell membranes.

In the case of human lung cancer cells, the intensity-
weighted fluorescence lifetime of BODIPY-PM in the plasma
membrane regions, where the clustering of Lo domains is not
occurring, was about 3250 ps, which corresponds to the
viscosity value of 300 cP in methanol-glycerol calibration
mixtures. In comparison, similar plasma membrane viscosity
values of 290 and 326 cP were obtained by Shimolina et al. in the
colorectal cancer CT26 cells and cervical HeLa cells, respec-
tively.*® In contrast, the fluorescence lifetime of BODIPY-PM in
the more ordered plasma membrane regions of the lung cancer
cells was about 3700 ps, corresponding to a viscosity value of
about 400 cP. The intensity-weighted fluorescence lifetime of
BODIPY-PM in the cytoplasm ranged from 3250 to 3700 ps,
corresponding to the viscosity values of 130 and 180 cP,
respectively. Similar cytoplasmic viscosity values were reported

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FLIM of BODIPY-PM in DOPC/DPPC/Chol 1:1:1 LUVs (A), DOPC/DPPC/Chol 2:2:1 tBLMs (B), DOPC/BSM/Chol 1:1:1 tBLMs (C), live
lung cancer cells (D). The top panel shows images of fluorescence intensity. FLIM images are shown in the middle panel; the lifetime scale is in
picoseconds. The corresponding lifetime histograms are shown in the bottom panel. The lifetime of BODIPY-PM shows a clear increase in Lo

(red colour) phases. Scale bars are 1 um.

in ovarian cancer cells (SK-OV-3) by Kuimova et al., with an
average intracellular viscosity of 140 cP.**

Conclusions

In conclusion, we have synthesised and explored the capabil-
ities of a new BODIPY-based molecular rotor - BODIPY-PM (A,
Fig. 1). We found that addition of a hydrophobic dodecyl group
(-C12H,5) allows the dye to position deeply in liquid-ordered
and liquid-disordered phases of a lipid bilayer. Additionally,
a polar sulfonate group (-SO;~) provides good water solubility
and enables the easy, non-toxic, staining of the cells from
aqueous solutions. We show that fluorescence decays of
BODIPY-PM display minimal sensitivity to solvent polarity, but
are sensitive to viscosity over a large range, from 0.5 to 1000 cP.
Most importantly, FLIM measurements on tBLMs and LUVs,
demonstrate that BODIPY-PM possesses vastly different fluo-
rescence lifetimes in lipid-ordered and lipid-disordered envi-
ronments, allowing this probe to successfully distinguish
membrane phase heterogeneities. Additionally, the extent of
lipid packaging in bilayers can be estimated based on the
dynamic range of viscosity sensing of BODIPY-PM. We have also
discovered that BODIPY-PM is localised deeply in non-gel phase
bilayers and is not susceptible to external quenching effects.
BODIPY-PM preferentially stains the plasma membranes of
eukaryotic cells without causing any changes to the cell
morphology.

Overall, our results demonstrate that BODIPY-PM is capable
of probing viscosities in physically distinct membranes, making

© 2023 The Author(s). Published by the Royal Society of Chemistry

the dye widely applicable in studying lipid packaging and
membrane dynamics in live cells or artificial membranes.

Experimental section

Dyes, reagents, and solvents

The synthetic details of BODIPY-PM, with mass and NMR
spectra, are presented in the ESI. 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 spectra were
recorded on a quadrupole, time-of-flight mass spectrometer
(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
1A9100 series apparatus (Thermo Fisher Scientific) 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 2 mM BODIPY-PM were prepared in methanol or
water and diluted for further experiments in solvents or their
mixtures. All solvents used were spectroscopic grade obtained
from Sigma-Aldrich. DOPC, DPPC, brain sphingomyelin,
cholesterol were obtained from Avanti Polar Lipids (Alabaster,
USA). Solvent mixtures were made by mixing reagents at
different ratios.

RSC Adv, 2023, 13, 19257-19264 | 19261
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Formation of tBLMs and LUVs

Stock solutions of lipids were mixed in appropriate ratios and
placed under gentle gaseous nitrogen stream for at least 2 hours
to evaporate the chloroform. After complete evaporation, PBS
buffer was added on top of lipid film and the mixture was slowly
re-suspended until the characteristic milk colour appeared,
indicating vesicle formation. The total concentration of lipids in
the PBS solution was 1 mM. Afterwards, vesicle mixtures were
poured on top of the 100 nm thick gold surface of mica and
membranes were allow to form for 2 hours. 20-Tetradecyloxy-
3,6,9,12,15,18,22 heptaoxahexatriacontane-1-thiol (WC14) was
used as an anchoring compound in combination with p-mer-
captoethanol in 3:7 molar ratios. For DOPC/DPPC/Chol and
DOPC/BSM/Chol bilayer compositions, the lipids were re-
suspended in hot PBS buffer (60 °C) and the membranes were
formed in an oven, with slow decrease in temperature from 60
to 20 °C over the course of 2 h, after which, the membranes were
gently washed in PBS buffer and an aqueous solution of
BODIPY-PM (1 pM) was added. The membranes were stained (3
min), followed by removal of non-incorporated dye with a PBS
wash.

LUVs were formed by mixing lipids in appropriate ratios,
evaporating the chloroform under nitrogen stream for at least 2
hours. After evaporation, PBS buffer was added on top of the
film. In the case of gel-phase or mixed-phase LUVs, PBS buffer
was heated to 60 °C. After resuspension, mixtures were placed
in an ultrasonic bath (1 h) and extruded through 100 nm or
1000 nm polycarbonate membranes with a syringe extruder
(Avanti Polar Lipids Inc., USA). Extrusions were performed
above the melting temperature of the lipids.

Absorption, steady-state, and time-resolved fluorescence

Absorption spectra were measured using a Jasco V-670 spec-
trophotometer. Fluorescence spectra were recorded with
Edinburgh-F900 (Edinburgh Instruments) fluorimeter using
Fianium white laser, together with bandpass filters (Thorlabs),
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 chan-
nels in time domain. 10 mm quartz cuvettes were used for
absorption and fluorescence measurements with BODIPY-PM
concentration being up to 1 uM. Fluorescence decays of
BODIPY-PM in solvent mixtures and pure solvents were taken at
20 °C.

Imaging of live cells

Cell imaging experiments were done using the A549 human
lung cancer cell line (ATCC). The cells were cultured in Dul-
becco'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 incu-
bated at 37 °C with 5% CO,. Before imaging, cells were seeded
into Ibidi p-Dish (Ibidi) at seeding density of 10 000 cells per mL
and allowed to grow for 24 hours. For cell imaging, cells were
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kept in the 1 uM solution of BODIPY-PM in PBS for 1 min at 37 ©
C and then washed with PBS. FLIM imaging was done using
Leica SP8 with 63 x objective (HC PL APO oil immersion, N.A. -
1.4, Leica).

Fluorescence lifetime imaging microscopy (FLIM)

FLIM was done with a Leica SP8 microscope using 63 x objective
(HC PL APO oil immersion, N.A. - 1.4, Leica). The fluorescence
decay signal was measured over 505-550 nm range using
488 nm white light laser excitation line. The FLIM images were
produced in 256 x 256 pixel resolution with 256 channels in
time domain, pixels were binned in order to have at least 1000
counts at the peak of the decay curve for reliable biexponential
fitting. 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:

lei‘flz
i

Zai‘fi
i

1=

where a; and t; are the amplitudes of the individual compo-
nents. The goodness-of-fit parameter (x*) was 1.3 or less for
both FLIM images and fluorimeter TCSPC decays. Fluorimeter
TCSPC decays of BODIPY-PM were fitted using Edinburgh-F900
software package F900.
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Bimodal effects on lipid droplets induced in
cancer and non-cancer cells by chemotherapy
drugs as revealed with a green-emitting BODIPY
fluorescent probef

*3 Rokas Zvirblis,® Jelena Dodonova-Vaitkaniene, ¢

9 and Gintaras Valin¢ius®

Artdras Polita,
Arun Prabha Shivabalan,® Karolina Maleckaite

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

rsc.li/materials-b

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;o
(Fig. 1B) is one of the most widely used molecular rotors for
viscosity measurements.*”*® Previously, BODIPY-Cy, 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

This journal is © The Royal Society of Chemistry 2024
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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-Cy,. 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

J. Mater. Chem. B, 2024, 12, 3022-3030 | 3023
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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-Cy,,%” 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, ESIt). 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, ESIY).
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;,. 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-
C,0 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 uM 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 pM (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. S7, 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 FLIMimages 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 pm.

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, ESIt). 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 (ICso) of anti-cancerous DNA-damaging
drugs DOX (18 nM for A549 and 20 uM for HEK 293T)***® and ETP
(107 pM for A549 and 22 uM 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, ESIf). Instead, highly viscous and
highly non-viscous LD populations were formed, with viscosities
ranging from 30 to 300 cP (Fig. S8, ESI{).

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, ESIY). 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, ESI¥). Curiously, after 24 h of ETP
treatment, LDs in individual cells had more or less the same
viscosities (Fig. S9C, ESIf).

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
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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 (2ICs) for 48 h. (B) HEK 293T
cells treated with DOX (2ICs) for 48 h. (C) HEK 293T cells treated with ETP (2ICs) 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 ICs, concentrations of DOX
(36 nM for A549 and 40 uM for HEK 293T) and ETP (214 puM for
A549 and 44 pM 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 2ICs, 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 2IC;, 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 2IC5;, 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 IC5, 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

J. Mater. Chem. B, 2024, 12, 3022-3030 | 3027
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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.¥ 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 uM. 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

This journal is © The Royal Society of Chemistry 2024
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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 ai712
i

Z at;
1

1=

where a; and 7; are the amplitudes of the individual compo-
nents. The goodness-of-fit parameter (y*) 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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Lysosomes are dynamic, membrane-bound organ-
elles that play key roles in cellular waste disposal, macromolecule
recycling, and signaling. Disruptions in lysosomal function and
lipid composition are implicated in a wide range of diseases
including lysosomal storage disorders, fatty liver disease,
atherosclerosis, and cancer. Imaging of the lysosomal lipid
composition has the potential to not only enhance the under-
standing of lysosome-related diseases and their progression but "W
also help identify them. In this work, we present a novel viscosity-
sensitive, green-emitting BODIPY probe that can distinguish
between ordered and disordered lipid phases and selectively
internalize into the lysosomal membranes of live cells. Through the
use of fluorescence lifetime imaging microscopy, we demonstrate that lysosomal membranes in multiple cancer cells exhibit
significantly higher microviscosities compared to noncancer cells. The differences in lysosomal microviscosities provide an effective
approach for identifying cancer cells and indicate that malignant cells may possess more oxidized and saturated lysosomal lipid
membranes. Furthermore, we demonstrate the utility of viscosity-sensitive probes in quantifying the compositional changes in
lysosomal membranes by investigating the effects of lysosome-permeabilizing cationic amphiphilic drugs (CADs), sertraline, and
astemizole. Our results reveal that despite their functional similarities, these CADs exert opposite effects on lysosomal
microviscosities in both cancerous and noncancerous cells, suggesting that different mechanisms may contribute to the CAD-
induced lysosomal damage and leakage.

lysosomes, microviscosity, lipids, BODIPY, FLIM, cancer

more tightly packed and hence more ordered.”"" Additionally,
malignant cells typically contain elevated quantities of
saturated lipids,'>"® which often increase the lipid order of
biological membranes.'* In addition to cancer, changes in
lysosomal lipid composition and the accumulation of
cholesterol within lysosomes are also observed in conditions
like atherosclerosis,"® lysosomal storage diseases,'® and fatty
liver disease.'” Consequently, the ability to assess lysosomal
membrane lipid order could not only aid in identifying cancer
cells and provide insights into tumor aggressiveness but also
offer valuable information for research into atherosclerosis,
lysosomal storage diseases, and fatty liver disease. Additionally,
emerging evidence suggests that cancer cells frequently acquire
mutations that allow them to evade therapy-induced apoptosis
while becoming vulnerable to lysosome-dependent cell death,

Since their discovery, lysosomes have been predominantly
associated with the waste disposal and recycling of macro-
molecules.' Today, however, lysosomes are recognized as
versatile signaling organelles with a variety of cellular functions
that are required not only for normal cell survival' but also for
malignant transformation and cancer progression.”” Lyso-
somes not only provide cancer cells with energy and building
blocks but also directly contribute to several common cancer
traits, such as growth signaling, metastasis, angiogenesis, cell
division, and drug resistance.” To meet the altered metabolic
and survival requirements brought about by malignant
transformation, lysosomes undergo morphological and compo-
sitional changes during cancer progression.s'6 Most aggressive
cancers feature enlarged lysosomal volume and more
peripheral localization of the lysosomes.”” Furthermore,
malignant transformations compromise the stability of March §, 2025
lysosomal membranes due to various metabolic and signaling April 2, 2025
abnormalities that increase the production of ROS, which in April 3, 2025
turn oxidize and destabilize lysosomal membrane lipids.® Since April 14, 2025
oxidized lipids feature a greater number of hydrogen bonds in

the hydrophobic core of the bilayer, such lipid bilayers are

© 2025 The Authors. Published by
American Chemical Socie& https://doi.org/10.1021/jacsau.5c00253
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which 6proceeds upon permeabilization of lysosomal mem-
branes.” Notably, lysosome-dependent cell death operates
independently of caspase activation and may be particularly
effective in treating apoptosis-resistant cancers.” A number of
clinically approved cationic amphiphilic drugs (CADs),
commonly used to treat neurological disorders, have been
shown to induce lysosomal membrane permeabilization and
trigger lysosomal-dependent cell death.'® Lysosomal mem-
brane permeabilization here refers to the release of lumenal
contents into the cytosol, potentially leading to lysosome-
dependent cell death.'” CADs typically contain one or more
amine groups that can be protonated at physiological pH,
causing them to accumulate within lysosomes.”® This
accumulation disrupts the cancer-promoting and cancer-
supporting roles of lysosomes>” and destabilizes lysosomal
membranes,m‘m'22 opening promising possibilities for treating
chemotherapy-resistant cancers. While numerous studies have
explored the inhibitory effects of CADs on various enzymes
involved in lysosomal membrane permeabilization,'®***" the
precise impact of CADs on the lipid order of lysosomal
membranes, which likely affects membrane permeabilization,
remains unclear. Furthermore, although structurally different
CADs demonstrate similar effects on lysosomal permeabiliza-
tion and protein inhibition,” it is still unknown whether
different CADs have comparable or distinct effects on the lipid
packaging characteristics of lysosomal membranes.
Microviscosity measurements provide one of the most
convenient ways to track compositional changes in lysosomal
membranes as the microviscosity values are hi§hly influenced
by lipid packing efficiency and lipid order.'”*** For instance,
cholesterol-rich bilayers form highly viscous, liquid-ordered
lipid phases, while highly unsaturated lipids produce non-
viscous and liquid-disordered lipid phases.”®*” The term
microviscosity here refers to the lipid packaging and molecular
mobility of the probe in the local environment. Viscosity-
sensitive dyes, known as molecular rotors, can quantify
microviscosity changes produced by cholesterol variations or
lipid phase separations, making them valuable for studying
compositional changes in lipid systems.”* ™" In the excited
state, molecular rotors can undergo intramolecular rotation,
resulting in a molecular rotor entering the dark state.>”*! Thus,
in low-viscosity environments or disordered lipid bilayers, the
intramolecular rotation of the rotor is not hindered, and
nonradiative decay dominates, resulting in a decrease in the
fluorescence quantum yield and lifetime.*” In contrast, in high-
viscosity environments or ordered lipid bilayers, the intra-
molecular rotation is inhibited, leading to increased fluo-
rescence lifetimes.””> When paired with fluorescence lifetime
imaging microscopy (FLIM), molecular rotors can produce
spatial microviscosity maps of lipid structures, revealing
dynamic changes in the lipid bilayer composition.”*~*° Many
successful BODIPY-based lysosome-targeting viscosity probes,
such as Lyso-V?” and Lyso-B,*® incorporate an electron-rich
morpholine group near the BODIPY core. This design causes
fluorescence quenching via photoinduced electron transfer
(PET) at neutral or basic pH levels. While PET effectively
ensures that the probe is fluorescent only in acidic lysosomes,
it limits the detection of lysosomes in pathological conditions,
where elevated pH levels are common.*”*" Moreover, the
morpholine’s proximity to the BODIPY core in probes such as
Lyso-V interferes with the molecular rotor’s viscosity-sensing
mechanism, reducing its sensitivity to viscosity changes.”’

2005

The aim of this research is to explore the potential for
identifying cancer and noncancer cells based on lysosomal
membrane microviscosity and to demonstrate the broad
applicability of microviscosity measurements in evaluating
the effects of lysosome-targeting chemotherapeutic drugs. To
the best of our knowledge, no studies to date have investigated
the possibility of using lysosomal membrane fluidity as a
biomarker for cancer detection. In this work, we introduce
BODIPY-Lys, a BODIPY-C,, derivative with high specificity
for lysosomes and a fluorescence lifetime-based ability to
measure the microviscosity of lysosomal membranes. We
explore the photophysical properties of BODIPY-Lys and
demonstrate that the fluorescence lifetime of BODIPY-Lys is
mainly affected by the viscosity and not the polarity or
temperature of the environment. Using BODIPY-Lys in
combination with FLIM, we image lysosomal microviscosities
in four distinct human cancerous and noncancerous cell lines.
Our results reveal that lysosomal membrane microviscosities in
cancerous cells are about three times higher compared to
noncancerous cells, indicating that the biophysical properties
of lysosomal membranes could serve as a biomarker for
malignancy detection. Finally, we assess the effects of two
commonly used CADs, sertraline (Ser) and astemizole (Ast),
on lysosomal membrane microviscosities in both cancerous
and noncancerous cell lines. Although Ser and Ast share similar
mechanisms for inducing lysosomal membrane permeabiliza-
tion, microviscosity measurements show that both CADs have
opposite effects on lipid bilayer fluidity in cancerous cell lines.

The design of BODIPY-Lys is based on one of the most widely
used and successful molecular rotors to date, BODIPY-C,,. To
retain the viscosity-sensitive mechanism of BODIPY-C,,, we
preserved the rotation of the phenyl group relative to the
BODIPY core unhindered and modified the para-position of
the phenyl group by introducing a morpholine group (Figure
1A). The morpholine group provides BODIPY-Lys with
reasonable water solubility and becomes protonated only in
the acidic environment of the lysosomes, leading to the gradual
accumulation of BODIPY-Lys in these organelles. The distant
placement of the morpholine group from the BODIPY core
prevents PET from occurring and enables the detection of
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Figure 1. (A) Structures of one of the most widely used molecular
rotors, BODIPY-C10, and its variant for lysosomes, BODIPY-Lys.
Red arrows indicate intramolecular rotation, which causes BODIPY to
display viscosity sensitivity. (B) Supposed positioning of BODIPY-Lys
in the lysosomal membrane.

https://doi.org/10.1021/jacsau.5c00253
JACS Au 2025, 5, 2004-2014



A1D — Cycichexane B ——Cyclohexane G o Dp5000 . -
G ||' AT Chlorolorm | — Chloraform o baei-Glrosd }_//
U — Methancl = — pbathanol - T
3 [} § “owso”  Stooo ouso £1000 _ -
Zo0s | *_iﬁ S e=lrF 3 1000, /
@ i . = :'__:: o
go4 i Z 100 S 100 2 :
=4 )I' \ £ 5 = /
o2 E £ 5
4 " = 100 o
0.0d s 10 1058 L S His
300 400 500 BOD 70O o 1 2 3 0 . & e N TRl
Wavelength (nm) Time (ns) Time (ns) Viscosily (cP)

Figure 2. Photophysical characterization of BODIPY-Lys. (A) Fluorescence (dotted-dashed lines) and absorption (solid lines) spectra of BODIPY-
Lys obtained in cyclohexane, chloroform, DMSO, and methanol. (B) Time-resolved fluorescence decays of BODIPY-Lys in cyclohexane,
chloroform, DMSO, and methanol. (C) Time-resolved fluorescence decays of BODIPY-Lys obtained in methanol—glycerol mixtures of varying
viscosities. (D) Fluorescence lifetimes of BODIPY-Lys in methanol—glycerol mixtures.

lysosomes with elevated pH levels. The hydrophobic core of into universal viscosity values, facilitating comparisons to other
BODIPY, along with the phenyl ring, likely integrates into the microviscosity measurements in various organelles. BODIPY-
lysosomal lipid membrane, while the protonated morpholine Lys displays excellent viscosity sensitivity, with fluorescence

group keeps the probe anchored to the inner leaflet of the lipid lifetimes ranging from 71 ps in methanol (0.6 cP) to 4545 ps in
bilayer (Figure 1B). The synthesis of BODIPY-Lys is described pure glycerol (1457 cP) (Figure 2C,D). The fluorescence
in the electronic Supporting Information. decays of BODIPY-Lys were monoexponential in methanol/
glycerol mixtures up to 50% glycerol. Beyond 60% glycerol,
BODIPY-Lys exhibited biexponential decays with a low-
amplitude, short-lifetime component (Figure S2). Further-
more, BODIPY-Lys displays a broader dynamic viscosity range
than BODIPY-C10, owing to its lower fluorescence lifetime
values in nonviscous solvents. The dynamic viscosity range,
which can be calculated from the fluorescence lifetime ratio at

To investigate the photophysical characteristics of BODIPY-
Lys, we performed absorption, steady-state, and time-resolved
fluorescence measurements in solvents with varying polarities,
from nonpolar cyclohexane to polar DMSO (Figure 2). Since

lysosomal membranes contain substantial amounts of proteins high and low viscosities, is 64.0 for BODIPY-Lys in methanol—
41 P N N
and carbohydrates,” a lipid order probe must remain glycerol mixtures, compared to 11.2 for BODIPY-C10 in the
31

insensitive to environmental polarity to accurately measure
the microviscosity of the protein-rich lipid bilayer. Similar to
BODIPY-C,,,*' BODIPY-Lys exhibits two absorption bands: a
low-intensity band in the 300—400 nm region and a main band
in the 450—52S nm region (Figure 2A). The fluorescence
spectra of BODIPY-Lys display a minor red shift as the solvent
polarity increases, with the fluorescence peak maximum
shifting from 522 nm in cyclohexane to 525 nm in DMSO

same mixture.”

To assess whether the protonation of the morpholine group
affects the photophysical properties of BODIPY-Lys—an
important factor at the acidic pH of lysosomes—we conducted
steady-state and time-resolved fluorescence measurements in
methanol, ethanol, and isopropyl alcohol with added sulfuric
acid (Figure S3). The protonation of morpholine did not
significantly affect the fluorescence lifetimes or intensities, with

(Figure 2A). The absence of red-shifted bands in the changes in fluorescence lifetimes limited to only a few
fluorescence spectra demonstrates that BODIPY-Lys does picoseconds following the addition of sulfuric acid (Figure S3).
not form aggregates or dimers in either pzolar or nonpolar Finally, since BODIPY dyes occasionally display temperature
solvents, unlike many other BODIPY dyes." sensitivity,*> which could interfere with their use at
To assess how solvent polarity influences the fluorescence physiological temperatures, we quantitatively assessed BODI-
lifetimes of BODIPY-Lys, we performed time-resolved PY-Lys’s temperature sensitivity by conducting temperature-
fluorescence measurements in cyclohexane, toluene, chloro- dependent fluorescence decay measurements in DMSO
form, dichloromethane, methanol, and DMSO (Figures 2B and (Figure S4). The temperature sensitivity was evaluated using
§1). BODIPY-Lys exhibited monoexponential fluorescence the relative sensitivity parameter S over a temperature range of
decays in all solvents, with lifetimes ranging from 126 ps in 20—70 °C (eq 1).**
cyclohexane to 138 ps in DMSO. The correlation between the
solvent polarity and fluorescence lifetimes was marginal, with S=_ 167/6TI % 100%
only slight variations across solvents. For instance, BODIPY- - < ° (1)
Lys displayed lifetimes of 71 ps in methanol (0.63 cP), 116 ps
in dichloromethane (0.43 cP), and 151 ps in chloroform (0.56 The expression for S represents the percentage change in
cP), indicating minimal dependence on solvent polarity lifetime per degree of temperature change, where 7 is the
(Figure S1). In contrast, the fluorescence lifetimes of fluorescence lifetime and 6T is the temperature change in
BODIPY-C,, range from 300 to 800 ps in low-viscosity degrees Celsius (°C). The fluorescence lifetimes of BODIPY-
solvents of varying polarities.”’ Lys showed minimal temperature dependence with a relative
To evaluate the viscosity sensitivity of BODIPY-Lys and sensitivity S value of just 0.15%/°C (Figure S4). In summary,
construct a fluorescence lifetime-viscosity calibration curve, we our findings confirm that the fluorescence lifetimes of
performed time-resolved and steady-state fluorescence meas- BODIPY-Lys are mainly influenced by solvent viscosity, with
urements of BODIPY-Lys in methanol—glycerol mixtures only negligible effects from solvent polarity and temperature.
spanning a viscosity range from 0.6 to 1457 cP (Figures 2C This makes BODIPY-Lys a reliable probe for microviscosity
and S2). This calibration curve enables the conversion of measurements in biological, protein-rich environments, even at
BODIPY-Lys fluorescence lifetimes in lysosomal membranes physiological temperatures.
2006 https://doi.org/10.1021/jacsau.5c00253
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Given that cholesterol is distributed heterogeneously in
biological membranes and lipid bilayers contain ordered
nanodomains,** it is essential for a membrane probe to
partition into both liquid-ordered (Lo) and liquid-disordered
(Ld) lipid phases while accurately assessing their micro-
viscosity. In this context, we aimed to evaluate BODIPY-Lys’s
ability to differentiate between Lo and Ld phases based on
their microviscosity and to examine the probe’s response to
varying cholesterol concentrations in the Ld phase. To achieve
this, we performed FLIM on BODIPY-Lys in giant unilamellar
vesicles (GUVs) composed of Ld (DOPC), Lo (DOPC/
DPPC/Chol), and intermediate Ld-Lo (DOPC/Chol) lipid
phases.

BODIPY-Lys successfully stained both Lo and Ld lipid
phases at a dye-to-lipid ratio of 1:800, displaying intensity-
weighted fluorescence lifetimes of approximately 1160 ps in
the Ld (DOPC) phase and 3610 ps in the Lo (DOPC/DPPC/
Chol) phase (Figures 3 and SS). These fluorescence lifetimes
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Figure 3. FLIM of BODIPY-Lys in DOPC, DOPC/Chol (75/25),
DOPC/Chol (50/50), and DOPC/DPPC/Chol (1:5:5) GUVs. The
corresponding BODIPY-Lys fluorescence lifetime histogram is shown
in the bottom panel. Scale bars are 2 ym.

correspond to viscosities of 55 ¢P for DOPC and 520 cP for
DOPC/DPPC/Chol and are in good agreement with both
theoretically and experimentally determined values of approx-
imately 50 cP for DOPC***" and experimentally measured
values of 413 + 128 cP for the Lo phase of DOPC/DPPC/
Chol.** By integrating into highly ordered lipid phases and
displaying significant fluorescence lifetime differences between
Lo and Ld phases, BODIPY-Lys can distinguish lipid phases
based on their microviscosity. This capability is particularly
valuable for detectiné highly ordered lipid domains in
lysosomal membranes.

The addition of cholesterol to Ld (DOPC) GUVs led to a
significant increase in the intensity-weighted fluorescence
lifetimes of BODIPY-Lys, rising from 1160 ps in pure
DOPC GUVs to 1490 ps (80 cP) in DOPC/Chol (75/25)
GUVs and 1790 ps (130 cP) in DOPC/Chol (50/50) GUVs
(Figure 3). This result is consistent with cholesterol’s role in
organizing and condensing Ld lipid bilayers.”® The biexpo-
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nential nature of BODIPY-Lys fluorescence decays in GUVs
likely arises from the probe adopting multiple orientations
within the lipid bilayer. Similarly, the transition from
monoexponential decays in solvents to multiexponential
decays in lipid membranes has been attributed to the adoption
of multiple orientations in other BODIPY derivatives.”"*>

Importantly, BODIPY-Lys’s ability to distinguish between
Lo and Ld lipid phases and accurately reflect cholesterol-
induced changes in lipid order can be used to estimate
cholesterol and unsaturated lipid concentrations in lysosomes
as well as to study biophysical changes in lysosomal
membranes upon protein binding and to image the ordering
and disordering effects of small molecules.

Next, we performed FLIM of BODIPY-Lys in four different
human cancer lines: lung cancer (AS49), glioblastoma (U-87),
breast cancer (MCF-7), and liver cancer (HepG2). In all cases,
BODIPY-Lys was added to the cell medium at 0.5 uM
concentrations without washing, yielding excellent fluores-
cence intensities in the lysosomes, which were about 100 times
higher compared to the cytoplasm (Figure 4). To verify the
lysosomal localization of BODIPY-Lys, we performed fluo-
rescence colocalization in HepG2 cells with fluorescent dye
neutral red, a known lysosomal marker (Figure $6).”
BODIPY-Lys displayed excellent colocalization with neutral
red and effectively labeled lysosomal membranes across a
broad range of lipid orders, including both highly ordered and
disordered lysosomes (Figures 4 and 5). Of note, no
morphological changes were observed in live cells following
BODIPY-Lys staining (Figure S7), indicating low probe
toxicity, consistent with the generally low toxicity of BODIPY
dyes.>* To ensure that the microviscosity measurements are
accurate, we recorded the steady-state fluorescence spectra of
BODIPY-Lys in lysosomes and confirmed the absence of red-
shifted fluorescence bands, indicating that BODIPY-Lys does
not aggregate in the lysosomal membranes and exhibits
properties similar to those observed in organic solvents (Figure
S8). FLIM analysis revealed that the fluorescence decays of
BODIPY-Lys in lysosomal membranes were biexponential,
suggesting that the probe adopts multiple orientations within
the lipid bilayer, similar to its behavior in GUVs (Figures S8
and S9).

Interestingly, all investigated cancer cell lines contained
moderately viscous and ordered lysosomes, with mean
BODIPY-Lys intensity-weighted fluorescence lifetimes of
2730 ps (325 cP) in AS49, 2150 ps (200 cP) in U-87, and
2400 ps (250 cP) in both MCF-7 and HepG2 cells (Figure 4).
Notably, the number of lysosomes per cell varied significantly,
with HepG2 cells having fewer but larger lysosomes compared
to other cell lines. To compare lysosomal membrane
microviscosities between cancerous and noncancerous cells,
we performed FLIM of BODIPY-Lys in four noncancerous
human cell lines: human mammary fibroblasts (HMFs),
prostate myofibroblasts (WPMY-1), retinal pigment epithe-
lium (RPE-1), and human embryonic kidney (HEK 293T)
cells (Figure S). BODIPY-Lys exhibited mean intensity-
weighted fluorescence lifetimes of about 920 ps (40 cP) in
HMF, 1460 ps (85 cP) in WPMY-1, 1500 ps (90 cP) in RPE-
1, and 1800 ps (135 cP) in HEK 293T cells. In contrast to
cancer cell lines, where lysosomal membrane microviscosities
ranged from 200 to 325 cP, noncancerous cells exhibited

https://doi.org/10.1021/jacsau.5c00253
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Figure 4. FLIM of BODIPY-Lys in human cancerous cell lines. (A) Human lung cancer AS49. (B) Human glioblastoma U-87. (C) Human breast
cancer MCF-7. (D) Human liver cancer HepG2. The top panel shows images of the fluorescence intensity. FLIM images are shown in the middle
panel. The corresponding lifetime histograms with mean fluorescence lifetimes 7,, and corresponding viscosities in the methanol—glycerol
calibration mixtures are shown in the bottom panel. Scale bars are § ym.
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Figure 6. FLIM of BODIPY-Lys in human cancerous cell lines treated with CADs Ser and Ast. (A) MCF-7 cells treated with Ser for 24 h. (B)
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significantly lower lysosomal microviscosities, ranging from 40
to 135 cP. The distinct differences in BODIPY-Lys
fluorescence lifetimes between cancerous and noncancerous
cells indicate that lysosomal membranes in cancer cells have a
much higher lipid packing efficiency and are more ordered.
Additionally, the lysosomal membranes in cancerous cells,
particularly in U-87 and HepG2 (Figure 4B,D), exhibited
significant heterogeneity in microviscosity, both between and
within individual cells, indicating that the lipid composition of
each lysosome varies significantly in cancer. In contrast,
lysosomes in noncancerous cells displayed a lower degree of
heterogeneity (Figure S). Given that the fluorescence lifetime
response of BODIPY-Lys to viscosity is nonlinear, differences
between 1000 and 2000 ps, as seen in noncancerous RPE-1
cells, result in relatively modest changes in microviscosity, from
45 to 165 cP (Figure SC). Meanwhile, even in a relatively
homogeneous cancer cell line like MCEF-7, BODIPY-Lys
lifetime variations from 2000 to 3000 ps correspond to much
greater differences in microviscosity, ranging from 165 to 390
cP (Figure 4C).

We hypothesize that lysosomal membranes in malignant
cells likely contain a higher amount of saturated lipids, which
often form highly viscous Lo lipid phases. In support of this
hypothesis, various studies have shown that cancer cells
overexpress fatty acid synthase, which increases the production
of saturated fatty acids and leads to a more saturated
lipidome.'>"* Additionally, cancer-specific signaling and
metabolic abnormalities result in an increased reactive oxygen
species (ROS) generation,8 which can oxidize membrane
lipids, further increasing microviscosities due to enhanced
hydrogen bonding in the lipid bilayer’s hydrophobic core. To
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confirm the presence of elevated ROS levels in our selected cell
lines, we performed fluorescence intensity imaging using the
commercially available ROS detection probe DCFH-DA.*
The fluorescence intensities of DCF, the ROS-oxidation
product of DCFH-DA, were approximately S—6 times higher
in the cancerous cell lines HepG2 and U-87 compared to the
noncancerous HMF and WPMY-1 cells, indicating significantly
elevated ROS levels in malignant cells (Figure S10). Moreover,
DCF fluorescence intensities were markedly uneven in
cancerous cells, whereas noncancerous cell lines exhibited
more uniform fluorescence intensities. This pattern closely
resembled the highly heterogeneous lysosomal microviscosities
observed in cancerous HepG2 and U-87 cells, further
supporting the link between ROS generation and membrane
microviscosity alterations. Thus, both the greater generation of
ROS and the higher saturated lipid levels likely contribute to
the elevated lysosomal membrane microviscosities observed in
cancerous cells. The high degree of lipid order displayed in
cancerous lysosomal membranes may also be biologically
significant, as changes in lipid order can affect cell signaling
and alter the function of membrane proteins, such as ion
channels and transporters.”® Furthermore, highly ordered
membranes may limit the passive diffusion of chemo-
therapeutic drugs into the lysosomes as passive diffusion is
largely dependent on membrane viscosity. Crucially, the
significant differences in BODIPY-Lys fluorescence lifetimes,
corresponding to the large differences in microviscosities
between cancerous and noncancerous lysosomes, offer
potential for detecting malignant phenotypes or assessing
cancer-associated cellular abnormalities.

https://doi.org/10.1021/jacsau.5c00253
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Next, we treated MCF-7, HepG2, and RPE-1 cells for 24 h
with half-maximum inhibitory concentrations (ICs,) of two
commonly used CADs, Ser (27.5 uM for MCF-7, 21 uM for
HepG2, and 21.5 yM for RPE) and Ast (12.6 uM for MCF-7,
11.3 uM for HepG2, and 9 uM for RPE). The ICy, value
represents the drug concentration required to induce 50% cell
death. The ICs, concentrations of Ser and Ast in all
investigated cell lines were determined by an MTT assay
(Figure S11). Ser and Ast belong to the same class of CADs
that inhibit the lysosomal enzyme sphingomyelin phospho-
diesterase 1 (SMPD1),” responsible for the breakdown of
sphingomyelin into ceramide and phosphorylcholine.”” The
inhibition of SMPD1 reduces the hydrolysis of sphingomyelin,
leading to its accumulation in the lysosomes®® and a decreased
efflux of cholesterol from the lysosomes.” Both Ser and Ast are
hypothesized to induce lysosomal membrane permeabilization,
leakage, and distortion through sphingomyelin accumulation
and the detergent-like effects of CADs.%° Therefore, we
expected Ser and Ast to increase lysosomal membrane
microviscosities due to their ability to increase the concen-
trations of cholesterol and sphingomyelin, as both lipids are
known for their ability to form viscous and ordered lipid
phases."*

By performing FLIM of BODIPY-Lys, we observed that Ser-
treated MCF-7 and HepG2 cells displayed increased lysosomal
microviscosities, with mean intensity-weighted fluorescence
lifetimes of BODIPY-Lys increasing from 2400 ps (250 cP) in
untreated cells to 3100 ps (410 cP) and 3170 ps (425 cP) in
MCF-7 and HepG2 cell lines, respectively (Figure 6A,C).
Surprisingly, Ast-treated MCF-7 and HepG2 cells exhibited
decreased lysosomal microviscosities, with mean intensity-
weighted fluorescence lifetimes of BODIPY-Lys decreasing to
about 1900 ps (150 cP) and 2340 ps (23S cP) in MCF-7 and
HepG2 cell lines, respectively (Figure 6B,D). Despite both
CADs being known for inducing lysosomal membrane
permeabilization, leakage, and inhibition of SMPD1,%’ Ser
and Ast exhibited opposite effects on the microviscosities of
lysosomal membranes, with only Ast treatment resulting in less
viscous, more fluid lysosomal membranes in cancer cells. The
microviscosity measurements suggest that the mechanisms by
which Ser and Ast permeabilize lysosomal membranes and
induce lysosomal leakage may differ. We hypothesize that the
different effects of Ast and Ser on the lysosomal membrane
microviscosities may arise from the additional detergent-like
properties of CADs.” In particular, larger Ast molecules with
multiple lipophilic phenyl groups may integrate more easily
into the lipid bilayer, exerting stronger detergent effects and
creating more disordered, less viscous membranes compared to
Ser. Of note, both Ser and Ast treatments resulted in larger
lysosomes in cancer cells, likely due to inhibited lipid efflux and
subsequent lipid accumulation (Figures 6 and S12). Moreover,
in both Ser- and Ast-treated cells, lysosomes exhibited an
irregular cellular distribution, formed clusters, and adopted
irregular, noncircular shapes. Additionally, particularly large
lysosomes in HepG2 cells showed discontinuities in BODIPY-
Lys fluorescence intensities, likely due to ruptured lipid
bilayers (Figures 6 and S10). We hypothesize that Ser-induced
lysosomal leakage occurs through the distortion of lysosomal
membranes and the formation of pores in the lipid bilayer. In
contrast, Ast may induce lysosomal leakage through both the
distortion and pore formation in the lysosomal membranes as
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well as by directly permeabilizing the lipid bilayer through the
formation of an Ld lipid phase. Disordered lipid bilayers are
generally more permeable to small solutes due to their
increased fluidity, which allows for greater movement of
molecules across the membrane.®’

Interestingly, both Ast and Ser treatments resulted in a
heterogeneous population of lysosomes with varying micro-
viscosities in cancer cell lines (Figure 6). In both HepG2 and
MCE-7, lysosomes with the highest microviscosities consis-
tently showed reduced BODIPY-Lys accumulation, indicated
by decreased fluorescence intensities relative to those of less
viscous lysosomes. We attribute this reduced accumulation of
BODIPY-Lys in highly viscous lysosomes to an increase in
lysosomal pH rather than highly ordered membranes hindering
probe penetration. This is supported by the fact that Ast-
treated cancer cells, despite not displaying high lysosomal
microviscosities, still showed uneven BODIPY-Lys fluores-
cence intensities, with more viscous lysosomes consistently
displaying lower fluorescence signals (Figure 6B,D). The
increase in lysosomal pH in CAD-treated cells is a well-known
effect, driven in part by the basic nature of CADs and their
membrane-permeabilizing effects, which facilitate the escape of
H* ions.”> Since BODIPY-Lys uptake is pH-dependent, its
accumulation decreases in lysosomes with higher pH levels, as
the morpholine group of BODIPY-Lys is less likely to become
protonated. We hypothesize that the heterogeneous popula-
tions of lysosomes with two distinct microviscosities in Ast-
and Ser-treated cancer cells appear due to the continuous
formation of new lysosomes. As CADs increase the lysosomal
pH, it is likely that lysosomes with the lowest fluorescence
intensities of BODIPY-Lys have accumulated higher amounts
of CADs, while lysosomes with the highest BODIPY-Lys
fluorescence intensities are likely newly formed and have not
yet experienced a CAD-induced pH increase. In Ser-treated
cancer cells, BODIPY-Lys fluorescence lifetimes ranging from
2000 to 3000 ps likely indicate newly formed lysosomes, which
share similar fluorescence lifetimes to those in untreated cells
(Figure 6A,C). In contrast, lysosomes with BODIPY-Lys
fluorescence lifetimes between 3000 and 4000 ps have likely
accumulated significant amounts of Ser, leading to an increase
in pH, reduced BODIPY-Lys fluorescence intensities, and
inhibited cholesterol efflux, which in turn increase the
microviscosity of lysosomal membranes. Similarly, in Ast-
treated cells, lysosomes with the highest microviscosities show
decreased fluorescence intensities, indicating a high accumu-
lation of Ast (Figure 6B,D). However, unlike in Ser-treated
cells, Ast treatment leads to a reduction in lysosomal
microviscosity in cancer cells. We believe Ast exerts a stronger
detergent-like effect on lysosomal membranes compared with
Ser, initially reducing their microviscosity. Only after a
significant buildup of cholesterol and sphingomyelin occurs,
as a result of SMPD1 inhibition, do the fluorescence lifetimes
of BODIPY-Lys rise to the 2000—3500 ps range (Figure
6B,D). Thus, Ast likely initially disrupts the lipid bilayers of
lysosomal membranes through its detergent action, with the
subsequent accumulation of cholesterol and sphingomyelin,
leading to increased microviscosities. In contrast, Ser likely
does not cause an initial disruption of the lipid bilayer, and the
accumulation of cholesterol and sphingomyelin alone results in
the observed increase in microviscosities.

Similar to the cancerous cell lines, a 24 h treatment of RPE-1
cells with Ser resulted in increased lysosomal microviscosities
(Figure S14), with mean BODIPY-Lys fluorescence lifetimes
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increasing from 1500 ps (90 cP) to 2620 ps (300 cP). Given
that the lysosomes in RPE-1 cells are nonviscous and
presumably contain modest levels of saturated and oxidized
lipids,">"? the accumulation of sphingomyelin and cholesterol
following Ser treatment is likely insufficient to create the
almost Lo lysosomal membranes observed in Ser-treated
cancer cells. In contrast to the cancer cell lines, Ast treatment
of RPE-1 cells resulted in slightly increased lysosomal
microviscosities, with mean intensity-weighted fluorescence
lifetimes of BODIPY-Lys increasing from 1500 ps (90 cP) to
1700 ps (120 cP). Most likely, the accumulation of
sphingomyelin and cholesterol in the initially unsaturated
and nonoxidized lysosomal lipid bilayer overcomes the
detergent action of Ast, resulting in increased lipid bilayer
microviscosities. Additionally, CAD-treated RPE-1 cells did
not exhibit significant variations in lysosomal microviscosities
(Figure S14), indicating that nearly all lysosomes respond
similarly to the particular CAD treatment. Such microviscosity
uniformity may be a result of slower lysosomal biogenesis in
noncancer cells compared to malignant ones.* Finally, the
fluorescence intensities of BODIPY-Lys in CAD-treated RPE-1
cells were uniform, suggesting that the pH values in different
lysosomes are comparable (Figure S14).

In conclusion, we synthesized and investigated the photo-
physical properties of a new BODIPY-based molecular rotor,
BODIPY-Lys. We showed that fluorescence decays of
BODIPY-Lys are sensitive to viscosity over a large range,
from 0.5 to 1457 cP, while remaining largely unaffected by
solvent polarity and temperature. Through time-resolved
fluorescence measurements on GUVs with Lo and Ld lipid
phases, we demonstrated that BODIPY-Lys exhibits signifi-
cantly different fluorescence lifetimes in Lo and Ld environ-
ments, enabling it to distinguish lipid phase transitions and
assess cholesterol-induced changes in the Ld phase properties.
Notably, BODIPY-Lys preferentially partitions into the
lysosomes of live cells with minimal staining of the cytoplasm
or plasma membrane. Our findings reveal that lysosomal
membranes in cancerous cells exhibit about three times greater
microviscosities compared to those in noncancerous cells,
enabling the identification of cancerous cells through the
imaging of lysosomal membrane microviscosities. Furthermore,
our exploration of the effects of CADs Ser and Ast on
cancerous and noncancerous cell lines has revealed that despite
their functional similarity, these CAD exert opposite effects on
the microviscosities of lysosomal membranes in cancerous
cells, with Ser increasing the microviscosities and Ast
decreasing them. Additionally, we discovered that in cancerous
cells, both CADs induce two distinct populations of lysosomes
with differing lipid phases, whereas CAD-treated noncancerous
cells display relatively homogeneous lysosomal microviscos-
ities. Our findings not only advance the understanding of
lysosomal dynamics but also provide insights that could guide
future research into the interplay between lipid composition
and cellular health.

The synthetic details of BODIPY-Lys, with mass and NMR spectra,
are presented in the Supporting Information. NMR spectra were
recorded on a Bruker Ascend 400 spectrometer (400 MHz for 'H,
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100 MHz for *C, 128.4 MHz for ''B, 376.5 MHz for '°F). NMR
spectra were referenced to residual solvent peaks. HRMS spectra were
recorded on a quadrupole time-of-flight mass spectrometer (micro-
TOF-Q 1II, Bruker Daltonics). Column chromatography was
performed using silica gel 60 (0.040—0.063 mm) (Merck). Thin-
layer chromatography (TLC) was performed using TLC-aluminum
sheets with silica gel (Merck 60 F254). Visualization was
accomplished by using 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 using
known procedures. Stock solutions of 1 mM BODIPY-Lys were
prepared in methanol or DMSO and diluted for further experiments
in solvents or their mixtures. All solvents used were of spectroscopic
grade and obtained from Sigma-Aldrich. DOPC, DPPC, and
cholesterol were obtained from Avanti Polar Lipids. Ser and Ast
were obtained from Sigma-Aldrich, and 10 mM stock solutions of Ser
and Ast were prepared in DMSO and diluted for subsequent
experiments. Neutral Red and DCFH-DA were purchased from
Sigma-Aldrich. 10 and S mM stock solutions of Neutral Red and
DCFH-DA were prepared in DMSO and diluted for use in live cell
imaging staining.

GUVs were formed by mixing lipids in appropriate ratios, followed by
the addition of BODIPY-Lys at a dye-to-lipid ratio of 1:800. The
resulting chloroform solution was then deposited onto a clean indium
tin oxide (ITO) slide and evaporated under a nitrogen stream for at
least 2 h. After drying, a chamber was assembled by using two ITO
slides separated by a spacer and filled with a 400 mM sucrose
solution. Electroformation was carried out by applying a sinusoidal
voltage of 1 V at 10 Hz for 2 h, followed by a 30 min detachment
phase at 2 Hz. For the DOPC/DPPC/Chol (1/5/S) mixture,
electroformation was performed at an amplitude of 2.5 V and above
the lipid melting temperature.

Absorption spectra were measured by using a Jasco V-670
spectrophotometer. Fluorescence spectra were recorded with an
Edinburgh-F900 (Edinburgh Instruments) spectrophotometer using a
Fianum white laser, together with band-pass filters (Thorlabs),
emitting at 488 nm as an excitation source. Fluorescence decays were
measured by using time-correlated single-photon counting. Fluo-
rescence decays had 5000 counts at the peak of the decay, with a 20
ns time window and 4096 channels in the time domain. 10 mm quartz
cuvettes were used for absorption and fluorescence measurements,
with BODIPY-Lys concentrations of up to 2 yM. Fluorescence decays
of BODIPY-Lys in solvent mixtures and pure solvents were taken at
20 °C. The instrument response function (IRF) was recorded using a
scattering sample, and its full width at half-maximum was 415 ps.

RPE-1, HepG2, A549, U-87, HEK 293T, MCE-7, and WPMY-1 cell
lines were purchased from ATCC, and HMF cells were purchased
from the National Cancer Institute of Lithuania. All of the imaged
cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (FBS), 100 IU/mL
penicillin, and 100 pg/mL streptomycin (Thermo Fisher). The cells
were incubated at 37 °C in 5% CO,. Before imaging, cells were seeded
into an Ibidi p-Dish (Ibidi) at a seeding density of 10,000 cells/mL
and allowed to grow for 24 h. For cell imaging, a 0.5 uM BODIPY-Lys
solution (in DMSO) was added to the culture medium for 5 min at 37
°C. FLIM imaging was done at room temperature using a Leica SP8
microscope with a 63x objective (HC PL APO oil immersion, N.A.
—1.4, Leica). For ROS imaging, cells were incubated with S uM
DCFH-DA in an FBS-free medium for 30 min, followed by
replacement with a fresh cell medium.
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FLIM was done 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 by using a
488 nm filter-supported white light laser excitation line. The FLIM
images were produced in 512 X 512 pixel resolution with 128
channels in the time domain. The pixels were binned to have at least
1000 counts at the peak of the decay curve for reliable biexponential
fitting. Only lysosome-containing pixels in the FLIM images were
fitted. Lysosomes were identified based on their 100-fold greater
fluorescence counts per pixel relative to the cytoplasm. The IRF was
measured by recording the laser reflection signal on a glass coverslip.

FLIM images were analyzed with FLIMFIT software (v4.6.1, Imperial
College London). The biexponential fluorescence decay model with
intensity-weighted mean lifetimes (eq 2) was applied for FLIM
measurements:

P Zag’
Za,

@)

where g; and 7; are the amplitudes of the individual components. The
goodness-of-fit parameter (y) was 1.3 or less.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00253.

BODIPY-Lys spectra: fluorescence and absorption in
various solvents (Figures S1 and S2); influence of
protonation (Figure S3); temperature-dependent fluo-
rescence decays in DMSO (Figure S4); NMR and
HRMS (Figures $16—520); microscopy: colocalization
of BODIPY-Lys and Neutral Red (Figure S6); bright-
field images after BODIPY-Lys addition (Figure S7);
assessment of ROS levels (Figure S10); high-magnifica-
tion images of lysosomal morphology (Figure S12);
imaging of CADs in the noncancerous RPE-1 cell line
(Figure S14); MTT assays (Figure S11); and synthesis
of BODIPY-Lys (Figure S15) (PDF)
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ABSTRACT: The efficacy of ferroptosis-based cancer therapies is

often limited by acquired resistance, but the underlying adaptive

mechanisms, particularly those involving lipid droplet (LD) o
remodeling, remain poorly understood. Existing methods for

studying ferroptosis do not quantitatively capture the biophysical

changes in LDs that support cell survival. Here, we report BP-Ph-

LD, a red-emitting BODIPY probe that enables the quantitative ‘%,

mapping of LD polarity via fluorescence lifetime imaging "
microscopy (FLIM). Using this probe, we monitored the LD SRR
dynamics in breast cancer cells undergoing prolonged treatment

with the ferroptosis inducer erastin. The resistant state was

characterized by a marked decrease in LD polarity, indicating a

metabolic shift toward more saturated and less oxidizable lipids.

This shift coincided with spatial segregation of LDs: nonpolar LDs clustered near the nucleus, whereas more polar, peroxide-rich
LDs localized at the cell periphery. Morphologically distinct, nonspherical LDs also emerged in resistant cells. In early ferroptosis, in
contrast, LD polarity and positioning correlated with mitochondrial integrity, linking biophysical adaptation to organelle protection
under oxidative stress. Collectively, these findings identify LD polarity as a functional biomarker for ferroptosis resistance and
introduce a quantitative optical tool to investigate biophysical adaptation during drug tolerance in cancer.

KEYWORDS: ferroptosis, lipid droplets, fluorescence lifetime imaging microscopy, polarity, drug resistance, BODIPY

H INTRODUCTION such as BODIPY-C,;'" and Liperfluo,'” detect lipid perox-
idation by irreversibly reacting with reactive oxygen species
(ROS), offering only a transient snapshot of oxidative activity
rather than a quantitative measure of the resulting lipid
peroxides.”” Because cells can neutralize ROS or repair the
resulting lipid damage,'*'® these probes fail to capture the
downstream biochemical and biophysical adaptations within
lipid environments that accompany the development of
ferroptosis resistance.

To overcome this limitation, we hypothesized that polarity, a
key biophysical parameter, could serve as a marker of
ferroptosis resistance. Polarity is influenced by the chemical
environment, and in the nonpolar surroundings of an LD, the
incorporation of oxygen-containing functional groups, a
characteristic feature of lipid peroxidation,'® causes a
significant increase in local polarity, reflecting enhanced

Lipid droplets (LDs) are cytoplasmic, lipid-rich organelles that
regulate lipid storage, metabolism, and signaling in health and
disease.””” Composed of cholesterol esters and triacylglycerols
enclosed by a phospholipid monolayer (Figure 1A), LDs can
act as dynamic reservoirs that mitigate lipid peroxidation and
oxidative stress.”* Recent studies implicate LDs in ferropto-
sis,”® a nonapoptotic, iron-dependent cell death pathway
driven by lipid peroxidation.® Ferroptosis has gained significant
attention in cancer biology as a potential strategy to overcome
chemotherapy resistance, particularly in tumors that evade
apoptosis.z8

However, the efficacy of ferroptosis-inducing agents is often
limited by the adaptability of the cancer cells. A subpopulation
of cells can survive the initial ferroptotic insult and
subsequently develop resistance, leading to treatment failure
and tumor relapse.”’’ The mechanisms that govern this
transition from a ferroptosis-sensitive to a resistant state,
particularly those enabling long-term survival, remain poorly
understood."’

While the role of LDs in ferroptosis is increasingly
appreciated, our ability to monitor the dynamic changes
within them remains limited. Conventional fluorescent probes,

Received: October 13, 2025
Revised:  December 2, 2025
Accepted: December 17, 2025
Published: December 22, 2025

© 2025 The Authors. Co-published by . .
Nanjing University and American https://doi.org/10.1021/cbmi.5c00193
C¥|emica| Society 867 Chem. Biomed. Imaging 2026, 4, 867876

-4 ACS Publications



Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

%%3&@

Figure 1. (A) Schematic representation of LDs, illustrating heterogeneity in polarity, which is influenced by differences in lipid peroxidation levels.
(B) Chemical structure of BP-Ph-LD with proposed probe orientation in lipid bilayers and LDs.

hydrogen bondin% capacity and dipolar interactions with the
local medium.'”"® By measuring the LD polarity, we can
indirectly but quantitatively assess the accumulation of lipid
peroxides. This approach moves beyond detecting transient
ROS and provides a quantitative readout of the lipid
compositional changes that underlie resistance.

Here, we introduce BP-Ph-LD (Figure 1B), a red-emitting
BODIPY polarity probe specifically optimized for quantitative
imaging using fluorescence lifetime imaging microscopy
(FLIM). Unlike intensity-based measurements, the fluores-
cence lifetime is an intrinsic photophysical property that
remains unaffected by probe concentration, photobleaching, or
signal inhomogeneity, enabling quantitative, calibration-free
imaging in live cells. We characterized BP-Ph-LD and
confirmed that its fluorescence lifetime is sensitive to solvent
polarity but remains insensitive to viscosity or temperature.

Using BP-Ph-LD with FLIM, we tracked LD polarity
dynamics in MDA-MB-231 breast cancer cells during extended
treatment with the ferroptosis inducer erastin.'” FLIM revealed
a dynamic adaptation process during resistance development.
Over time, LDs reorganized spatially: nonpolar LDs localized
near the nucleus, while polar, peroxide-rich LDs were pushed
to the periphery, suggesting functional segregation into lipid
reservoirs and detoxification sinks. Most strikingly, we
observed the emergence of nonspherical, nonpolar LDs,
which may result from the accumulation of high-melting-
point lipids, likely saturated or monounsaturated species.

Together, these findings highlight the value of polarity
sensing as an effective strategy to resolve biophysical
heterogeneity in LDs and identify polarity-based signatures
of ferroptosis resistance. BP-Ph-LD enables this through a
lifetime-based readout, offering a sensitive optical tool to study
lipid-based survival strategies in resistant cancer cells.

B RESULTS AND DISCUSSION

Probe Design

We based our probe design on a BODIPY core, a widely used
scaffold for imaging lipid environments in LDs,” lysosomes,”"
the plasma membrane,””** and mitochondria.”* While most
BODIPY dyes function as environment-insensitive fluoro-
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phores, a subset has been engineered as molecular rotors,
where fluorescence lifetime responds to local viscosity.”
Building on this framework, we aimed to eliminate viscosity
sensitivity while enhancing the responsiveness to environ-
mental polarity.

To achieve this, we introduced two phenyl groups at the f3-
positions of the BODIPY core (Figure 1B). This substitution
suppresses the intramolecular rotation responsible for
viscosity-dependent fluorescence and extends conjugation,
promoting red-shifted emission and polarity sensitivity.*®
Additional methoxy and ester groups establish a modest
push—pull electronic effect and improve the aqueous solubility
for live-cell imaging.

Beyond electronic tuning, we aimed to improve LD
selectivity by modulating the molecular geometry. In contrast
to lipid bilayers, where phospholipids are vectorially organized
with headgroups and acyl chains aligned directionally and
packed tightly, LDs consist of disordered triacylglycerols that
lack orientational constraints. We reasoned that nonplanar
probes would disrupt the ordered packing of bilayers by
forcing lipid tails to bend around bulky substituents, creating
an energetic barrier to insertion (Figure 1B). In BP-Ph-LD, the
methoxyphenyl groups adopt a tilted conformation relative to
the BODIPY plane,27 producing a cross-like, nonplanar
architecture. We hypothesized that this nonplanar shape
would be energetically disfavored within the highly ordered
anisotropic environment of membranes, yet readily accom-
modated by the isotropic, disordered interior of LDs.

While prior LD-targeting strategies have emphasized hydro-
phobicity,”>***° our findings highlight that nonplanar
molecular geometry is a key, and perhaps underappreciated,
design parameter for achieving exceptional LD selectivity by
exploiting the unique disordered, nonvectorial lipid environ-
ment. The synthesis of BP-Ph-LD is provided in the
Supporting Information.

Absorption, Steady-State, and Time-Resolved
Fluorescence

We investigated the photophysical properties of BP-Ph-LD to
assess its suitability as a polarity sensor in biological
environments. For this purpose, we conducted absorption,

https://doi.org/10.1021/cbmi.5c00193
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Figure 2. Photophysical characterization of BP-Ph-LD. (A) Absorption (solid lines) and fluorescence (dot-dashed lines) spectra of BP-Ph-LD in
cyclohexane, toluene, THF, and methanol. (B) Time-resolved fluorescence decays of BP-Ph-LD in cyclohexane, toluene, chloroform, THF, and
methanol. (C) Time-resolved fluorescence decays of BP-Ph-LD in castor oil and toluene. (D) Temperature-dependent time-resolved fluorescence

decays of BP-Ph-LD in toluene.
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Figure 3. (A) Fluorescence intensity images of BP-ester (green, top) and BP-Ph-LD (red, bottom) the mixed aLD/MLYV system. (B) FLIM images
of BP-Ph-LD in aLDs with different lipid peroxide content, with the corresponding fluorescence lifetime histograms shown below. Scale bars: 5 yim.

steady-state, and time-resolved fluorescence measurements in
solvents of varying polarities, viscosities, and temperatures
(Figure 2). Like many other BODIPY derivatives, BP-Ph-LD
exhibits two distinct absorption bands: a primary one in the
visible region (500—700 nm) and a weaker, higher-energy
band at 375—450 nm (Figure 2A). However, in contrast to
conventional green-emitting meso-phenyl BODIPY dyes,***°
both bands are notably red-shifted. This shift primarily arises
from extended 7-conjugation introduced by additional phenyl
substituents on the BODIPY core and is further enhanced by
the modest push—pull character of the methoxyphenyl donor
and ester acceptor groups. The probe shows minimal negative
solvatochromism in absorption, with the peak maximum
shifting only slightly from 630 nm (cyclohexane) to 626 nm
(methanol). This polarity-independent absorption is a key
advantage, ensuring consistent excitation efficiency across
diverse cellular environments.

In contrast, the fluorescence emission of BP-Ph-LD is both
polarity-sensitive and strongly red-shifted compared with
conventional BODIPY dyes. The emission spectrum spans
the far-red region (650—850 nm), with a moderate

869

solvatochromic shift from 682 nm in nonpolar cyclohexane
to 713 nm in polar methanol (Figure 2A). In toluene, the
fluorescence quantum yield of BP-Ph-LD was determined to be
® = 9.3% using Nile Blue in ethanol (® = 27%) as the
reference standard (Figure S1).*' This far-red fluorescence
represents a substantial departure from the green fluorescence
typical of most BODIPY derivatives and is particularly
advantageous for biological imaging due to its deeper tissue
penetration, lower autofluorescence, and reduced photo-
toxicity. To quantify this polarity dependence, we performed
time-resolved fluorescence measurements in a series of solvents
(Figures 2B and S2). BP-Ph-LD exhibited monoexponential
decays that shortened dramatically from 1025 ps in cyclo-
hexane to 178 ps in methanol. We used the Lippert—Mataga
polarity parameter (Af, eq 1), which combines the solvent’s
dielectric constant (¢) and refractive index (n) into a single
value, to establish a calibration curve for converting measured
lifetimes into standardized polarity values (Figure S3).

e—1 -1
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Figure 4. FLIM of BP-Ph-LD in live MDA-MB-231 human breast cancer cells. (A) Untreated cells, (B) erastin-treated for 24 h, (C) 72 h, and (D)
120 h. Top panel: fluorescence intensity images. Middle panel: FLIM maps. Bottom panel: corresponding lifetime histograms with intensity-
weighted average fluorescence lifetimes (). Cells were stained with 250 nM BP-Ph-LD, which remained in the medium during imaging. Scale

bars: S pm.

Many BODIPY dyes display fluorescence lifetime sensitivity
to viscosity,’>*> which can complicate polarity measurements
when the two parameters are not correlated in biological
environments. We therefore assessed the viscosity dependence
of BP-Ph-LD by comparing its fluorescence decay in low-
viscosity toluene (17 = 0.6 cP) with that in highly viscous castor
oil (n 920 cP). After correction for the natural
autofluorescence of castor oil by subtracting its background
decay, the resulting lifetime profile for BP-Ph-LD was nearly
identical to its decay in toluene (Figure 2C). This result
indicates that BP-Ph-LD’s fluorescence lifetime is insensitive to
viscosity, effectively isolating its response to changes in
polarity.

Finally, we evaluated the probe’s temperature sensitivity, as
the fluorescence lifetime of some BODIPY derivatives can be
inherently temperature-dependent.’”> We measured fluores-
cence decays in toluene across a 10—70 °C range (Figure 2D)
and calculated the relative sensitivity (S, eq 2), defined as the
change in lifetime (67) per degree of temperature change
(8T).** Although the lifetime decreased from 759 ps (10 °C)
to 499 ps (70 °C), the decays remained monoexponential
throughout the temperature range. This corresponds to a low
sensitivity value of S = 0.6%/°C, confirming that physiological
temperature variations are unlikely to interfere with the
polarity measurements.

s= 167/6TI

T

X 100%
@

Validating LD Selectivity and Lipid Peroxidation Response

To evaluate BP-Ph-LD as an LD probe, we assessed two key
characteristics: selectivity for LDs over phospholipid bilayers
and polarity-sensitive fluorescence lifetime response to lipid
peroxidation. BP-Ph-LD was designed with methoxyphenyl
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substituents at the S-positions of the BODIPY core to enhance
polarity sensitivity and red-shift emission, while reducing
bilayer affinity by disrupting the planar packing of
phospholipids (Figure 1B).

To test this, we prepared artificial LDs (aLDs; trilinolenin/
DOPC, 90/10 mol %), which are inevitably accompanied by
multilamellar vesicles (MLVs) from excess DOPC. This mixed
system therefore contains both neutral lipid cores and ordered
phospholipid bilayers, enabling direct assessment of probe
partitioning. When costained with BP-Ph-LD and a structurally
related planar BODIPY-ester lacking methoxyphenyl groups,™
BP-Ph-LD selectively accumulated in aLDs with negligible
fluorescence in MLV membranes (Figure 3A, bottom). In
contrast, the planar BODIPY-ester stained both environments,
showing only a modest enrichment in aLDs (20% higher
intensity, Figure 3A, top). These results show that LD
selectivity cannot be explained by hydrophobicity alone,
since both probes are highly hydrophobic. Instead, it arises
from the cross-shaped geometry of BP-Ph-LD, which is
energetically disfavored in tightly packed bilayers but readily
accommodated in isotropic neutral lipid cores.

To test whether BP-Ph-LD reports lipid peroxidation
through a lifetime response, we prepared aLDs with increasing
fractions of trilinolenin peroxide (TL-OOH). FLIM measure-
ments revealed a systematic decrease in intensity-weighted
lifetime with higher TL-OOH content, from 850 ps in
nonoxidized aLDs to 650 ps (75/25 TL/TL-OOH), 480 ps
(50/50), and 390 ps in fully oxidized aLDs (Figure 3B). This
trend is consistent with the higher polarity of the lipid
peroxides. Across all lipid environments, BP-Ph-LD displayed
biexponential decays. This transition from the monoexponen-
tial profiles observed in solvents to biexponential behavior in
lipid assemblies is consistent with the adoption of multiple

https://doi.org/10.1021/cbmi.5c00193
Chem. Biomed. Imaging 2026, 4, 867—-876
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Figure 5. FLIM of BP-Ph-LD in erastin-treated live MDA-MB-231 human breast cancer cells. (A) Cells treated with erastin for 120 h. (B) High-
magnification view of the same region, highlighting nonspherical LDs. Top panel: fluorescence intensity images. Middle panel: FLIM maps. Bottom
panel: corresponding lifetime histograms with intensity-weighted average fluorescence lifetimes (7,,). Cells were stained with 250 nM BP-Ph-LD,

which remained in the medium during imaging. Scale bars: 5 ym.

probe orientations within the lipid matrix, a phenomenon
previously reported for other BODIPY derivatives.”®*” Steady-
state spectra measured in LDs showed no additional bands and
fluorescence maxima comparable to those of cyclohexane,
supporting the absence of aggregation (Figure S4).

Together, these results demonstrate that BP-Ph-LD
combines high LD selectivity, achieved through its nonplanar
geometry, with clear sensitivity to polarity changes arising from
lipid peroxidation. Our findings highlight the molecular shape
as a critical, yet underappreciated, design parameter for next-
generation LD probes.

Tracking Lipid Droplet Polarity Changes in Cells Adapting
to Ferroptosis

To validate BP-Ph-LD as a live-cell LD polarity sensor, we first
confirmed its targeting specificity, photophysical properties,
and biocompatibility. Colocalization with the benchmark LD
dye BODIPY 493/503%° confirmed selective accumulation of
BP-Ph-LD in LDs of live MDA-MB-231 cells, yielding over
100-fold higher fluorescence intensity in LDs relative to the
cytoplasm (Figure SS). The probe’s emission spectra in LDs
closely matched those measured in organic solvents (Figure
S6), and fluorescence lifetime analysis revealed biexponential
decay kinetics, consistent with previous observations in model
lipid systems. These results indicate that BP-Ph-LD remains

monomeric within LDs and adopts multiple conformations in a
lipid-rich environment. Importantly, at the working concen-
tration (250 nM), BP-Ph-LD showed no detectable effects on
cell morphology, and MTT assays performed after 24 h of
probe incubation confirmed maintained cell viability at
concentrations up to 5 uM, supporting its suitability for live-
cell imaging (Figures S7 and S8). Before analyzing ferroptosis-
induced changes in LD polarity, we confirmed that DMSO-
treated cells showed no detectable changes in LD polarity
relative to untreated controls and that LD polarity remained
stable in cells cultured for 120 h, demonstrating that prolonged
probe exposure and extended culture duration do not induce
polarity drift (Figure S9). Additionally, we verified that
treatment with erastin elevated ROS levels using the ROS-
sensitive fluorescent probe H,DCFDA (Figure $10).* Finally,
treatment of cells with 25 uM of H,0, for 2 or 4 h resulted in a
marked decrease in BP-Ph-LD fluorescence lifetime in LDs,
demonstrating that BP-Ph-LD is sensitive to oxidative
conditions that are known to promote lipid peroxidation
(Figure $11).%

Having established the probe’s performance, we used BP-Ph-
LD to track LD polarity dynamics during ferroptosis and
adaptation to ferroptotic stress (Figure 4). In untreated cells,
BP-Ph-LD reported a mean fluorescence lifetime of 800 ps,

871 https://doi.org/10.1021/cbmi.5c00193
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consistent with the expected low polarity of LDs under basal
conditions (Figure 4A). The probe resolved modest cell-to-cell
differences in the LD polarity, likely reflecting metabolic
heterogeneity within the cancer cell population.

Following erastin treatment (2.2 yM, 24 h IC;, determined
by MTT assay, Figure S12), LD polarity increased, evidenced
by a decrease in lifetime to 690 ps after 24 h (Figure 4B). This
likely reflects lipid peroxide accumulation, as LDs act as sinks
for these reactive species."’ Concurrently, the number of LDs
increased, suggesting an acute adaptive response that
sequesters lipid peroxides and buffers redox damage.

By 72 h, LDs exhibited further polarity increase (mean
lifetime 640 ps) and enlarged, sometimes reaching micrometer-
scale sizes (Figure 4C). This continued accumulation of polar
lipids is consistent with sustained lipid peroxidation during
prolonged erastin exposure and may indicate enhanced lipid
storage as part of the acute adaptive response.

At 120 h, when cells had become resistant to erastin, we
observed clear morphological changes: LDs became highly
abundant, occupying much of the cytoplasm, and mean LD
polarity partially recovered (lifetime 680 ps; Figure 4D).
Parallel MTT assays indicated reduced erastin susceptibility at
this stage, with ICs, values increasing by more than 4-fold
(Figure S12).

Notably, the LD morphology also changed: many LDs
adopted irregular shapes (Figures 4D and $). To verify that
these nonspherical structures were not caused by dye
aggregation, we measured steady-state fluorescence spectra
and time-resolved decays directly from the irregularly shaped
LDs and confirmed that both photophysical signatures were
consistent with those of nonaggregated BP-Ph-LD (Figure
S13). Additionally, these structures persisted, even at a lower
probe concentration (100 nM) (Figure S13). Normally, LDs
are spherical because surface tension drives liquids to minimize
their surface area.*” The appearance of nonspherical LDs
suggests a phase transition to a solid or semisolid state.*’
Despite this morphological shift, BP-Ph-LD lifetimes remained
both high and spatially uniform within individual LDs,
indicating that their cores still consisted of a single,
predominantly nonpolar environment (Figure SA). Addition-
ally, high-magnification imaging confirmed that the observed
phenomenon reflected a single continuous structure rather
than multiple clumped LDs (Figure SB).

Importantly, the extent of this morphological remodeling
varied considerably between cells: some exhibited strongly
irregular LD shapes, whereas others showed only minor
distortions or maintained mostly spherical LDs (Figures 4D, S,
and S13). Moreover, even among apparently normal spherical
LDs, we observed polarity gradients with more oxidized
(higher polarity) LDs localizing toward the cell periphery and
less oxidized LDs near the nucleus (Figure 4D). These patterns
suggest that LD remodeling and redistribution may act in
parallel: some LDs solidify and become inert, while others
remain liquid-like and are repositioned within the cell, where
peripheral, more oxidized LDs may act as sinks that isolate
lipid peroxides, and central, less oxidized LDs can continue to
support lipid metabolism.

We hypothesize that this morphological transformation of
LDs may reflect metabolic remodeling rather than local
oxidative damage. Specifically, prolonged erastin treatment
could plausibly shift lipid synthesis toward saturated or
monounsaturated fatty acids with higher melting points,
potentially reducing the peroxidation susceptibility. As these
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lipids accumulate beyond their solubility limit in the LD core,
LDs may undergo a phase transition into solid or semisolid
states, where internal packing forces override the rounding
effect of surface tension. Such irregularly shaped solidified LDs
may serve as visual and biophysical markers of long-term
ferroptosis resistance. While most current models focus on
neutralizing or preventing lipid peroxides, our findings suggest
an alternative, complementary strategy: cells adapt by
fundamentally changing LD composition, replacing peroxidiz-
able polyunsaturated fatty acids (PUFAs) with inert, saturated
lipids to build a more permanent, peroxide-resistant lipid
reservoir.

Previous reports propose that LDs protect cells by
sequestering peroxidizable lipids away from critical mem-
branes, thereby buffering oxidative stress.****> Our observations
refine this view by revealing a two-phase, time-dependent
function of LDs during ferroptosis. In the acute phase of
erastin-induced stress, LDs accumulate and sequester lipid
peroxides, which may limit immediate membrane damage yet
create a latent risk if these oxidized lipids are later mobilized.
As ferroptosis progresses, LDs become spatially heteroge-
neous: more oxidized, high-polarity LDs localize toward the
cell periphery, while less oxidized LDs remain perinuclear. This
distribution likely reflects a protective diversion strategy,
shuttling peroxidized lipids away from essential organelles
such as mitochondria and the endoplasmic reticulum,
consistent with the established role of LDs in buffering
PUFA-induced lipotosxicity."’

In cells that survive prolonged erastin treatment, LDs
undergo likely morphological remodeling, adopting non-
spherical structures that are consistent with more ordered,
possibly solid-like states. Such remodeling may reflect changes
in lipid composition or packing that reduce the susceptibility to
peroxidation. This shift suggests an adaptive metabolic
response: by altering LD organization and phase behavior,
cells may limit lipid peroxide accumulation and, thereby,
enhance resilience under ferroptotic stress. Together, the
peripheral recruitment of oxidized LDs and the emergence of
irregular LD structures likely represent coordinated adapta-
tions that mitigate oxidative damage during long-term stress.
These observations highlight BP-Ph-LD’s utility not only for
visualizing LD polarity but also for revealing structural and
metabolic signatures associated with ferroptosis resistance.

Linking Lipid Droplet Polarity to Ferroptotic
Mitochondrial Changes

Recognizing that LDs closely interact with mitochondria,
contribute to mitochondrial lipid balance,"*° and can sequester
lipid peroxides,*' while ferroptosis-induced oxidative stress
leads to mitochondrial fra§mentation, cristae disruption, and
membrane depolarization, 47 we next explored whether LD
polarity changes during early ferroptosis correlate with
mitochondrial preservation. Although prior studies have
examined LD abundance during ferroptosis,***>** the relation-
ship between LD peroxide content, spatial distribution, and
mitochondrial integrity remains poorly resolved. We hypothe-
sized that LDs may protect mitochondria by acting as sinks for
toxic lipid peroxides, with polarity shifts reflecting this
protective capacity. Based on our earlier observation that LD
abundance increases during ferroptosis (Figure 4), we sought
to determine whether early polarity changes at 24 h coincide
with differences in mitochondrial morphology. To test this, we
performed dual labeling with BP-Ph-LD (250 nM) and

https://doi.org/10.1021/cbmi.5c00193
Chem. Biomed. Imaging 2026, 4, 867—-876



Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

Lietirme {pa}

i
=
-

5

| 2

=]

250
D e Erastin-treated ___-L__
223 et p ! o
x i -] S
NN / ﬂ-%&lf;_;\ o
L P 2}’/ N - (o g L \\«
e L - [ R
W= NG =Ny
5 Tl % o
LDs non-polar polar non-polar polar
L) non-abundant abundant bund bund
Mitochondria fragmented
network network

&

swollen, vesicular

Figure 6. BP-Ph-LD and R6G imaging in live MDA-MB-231 human breast cancer cells. (A) Untreated control cells. (B,C) Cells treated with
erastin for 24 h. Top panels: merged fluorescence intensity images (BP-Ph-LD, red; R6G, green). Middle panels: FLIM maps of BP-Ph-LD. (D)
Cartoon representations summarizing lipid droplet polarity and mitochondrial morphology corresponding to each condition. Arrows highlight
representative cells with distinct LD polarity and abundance patterns. Scale bars: 5 ym.

rhodamine 6G (R6G, 100 nM) to simultaneously visualize LD
polarity (via FLIM) and mitochondrial structure (via intensity
imaging) while also capturing LD-mitochondria spatial
relationships (Figure 6).

In untreated MDA-MB-231 cells, mitochondria formed an
elongated reticular network, while LDs were mostly nonpolar
(800—850 ps) and peripherally distributed (Figure 6A). After
24 h of erastin treatment, cells diverged: some maintained
relatively intact mitochondrial networks (Figure 6B), whereas
others displayed pronounced swelling and fragmentation
(Figure 6C). Cells with preserved mitochondria consistently
exhibited abundant LDs of moderate polarity (700—800 ps),
often positioned perinuclearly and in close proximity to the
mitochondrial network (Figure 6B). These LDs may act as
sinks for lipid peroxides, thereby limiting mitochondrial
damage. In contrast, cells with abundant but nonpolar LDs
(>800 ps) showed severe mitochondrial fragmentation,
particularly when LDs were confined to the periphery (Figure
6C). Likewise, low LD abundance also correlated with
mitochondrial disruption, even when the remaining LDs
were more polar (Figure 6C).

To ensure that the observed LD—mitochondria relationships
arise from ferroptotic conditions rather than general oxidative
stress, we performed pretreatment with the antioxidant vitamin
E, a known ferroptosis suppressor,” ' followed by con-
tinuous coincubation during erastin exposure. Under these
conditions, cells largely preserved an elongated mitochondrial
network and exhibited markedly reduced LD polarity shifts
(BP-Ph-LD lifetimes of 770 ps), approaching values in
untreated cells (Figure S14). Additionally, early time-point
imaging confirmed that LD polarity begins to decrease before
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substantial mitochondrial fragmentation becomes apparent
(Figure S15).

Collectively, these observations suggest that mitochondrial
preservation during early ferroptosis may depend on three
conditions: (i) high LD abundance, (ii) proximity of LDs to
mitochondria, and (jii) uptake of lipid peroxides, as reflected in
their polarity. Nonpolar LDs may simply indicate failure to
acquire peroxides, leaving them within mitochondrial mem-
branes where they promote damage. While correlative, these
findings support a model in which LD remodeling contributes
to mitochondrial integrity under ferroptotic stress.

Bl CONCLUSIONS

In conclusion, we synthesized and characterized BP-Ph-LD, a
red-emitting BODIPY-based polarity probe whose fluorescence
lifetime is sensitive to solvent polarity but is largely unaffected
by viscosity or temperature. The nonplanar probe design
confers higher LD selectivity over lipid bilayers, enabling
reliable polarity mapping in live cells. Using this probe, we
showed that LD polarity increases progressively during
ferroptosis, allowing the monitoring of changes in ferroptotic
cells by LD-targeted lifetime imaging. At advanced stages,
polarity changes were accompanied by distinct structural
remodeling: some cells displayed spatial segregation of LDs,
with polar LDs relocating to the periphery while less polar LDs
remained perinuclear, whereas other cells developed morpho-
logically distinct, nonspherical LDs that may reflect a transition
to solid or semisolid lipid phases. Furthermore, LD polarity
and positioning correlated with mitochondrial integrity, as cells
enriched in perinuclear polar LDs generally preserved
mitochondrial morphology, whereas those lacking such LDs
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displayed fragmentation and swelling. Together, these
observations highlight LD polarity and morphology as markers
of ferroptotic adaptation and resistance and demonstrate BP-
Ph-LD as a useful tool for uncovering biophysical changes in
cancer cell survival.

B EXPERIMENTAL SECTION

Dyes, Reagents, and Solvents

Synthetic details of BP-Ph-LD, including NMR and HRMS spectra,
are provided in the Supporting Information. NMR spectra were
recorded on a Bruker Ascend 400 spectrometer (400 MHz for 'H,
100 MHz for *C, 128.4 MHz for ''B, and 376.5 MHz for °F) and
referenced to residual solvent signals. High-resolution mass spectra
(HRMS) were acquired on a quadrupole time-of-flight spectrometer
(microTOF-Q_II, Bruker Daltonics). Column chromatography was
performed on silica gel 60 (0.040—0.063 mm, Merck). TLC was
carried out on silica gel 60 F,g, aluminum sheets (Merck) and
visualized under UV light. Melting points were determined in open
capillaries using a digital melting point apparatus (IA9100 series,
Thermo Fisher) and are uncorrected. Reagents and solvents for
BODIPY synthesis were purchased from commercial suppliers and
purified by standard procedures when necessary. Stock solutions of
BP-Ph-LD were prepared in toluene (2 mM) or DMSO (500 uM)
and diluted with the appropriate solvents or mixtures for experiments.
All solvents were of spectroscopic grade (Sigma). DOPC and
trilinolenin were obtained from Avanti Polar Lipids. Stock solutions
of erastin (10 mM), BODIPY 493/503 (1 mM), and a-tocopherol
(10 mM) were prepared in DMSO, while rhodamine 6G (100 yM)
was prepared in water; all stocks were diluted prior to use. BP-ester
was synthesized as described previously.”® For MTT viability assays,
cells were seeded in a 96-well plate, allowed to attach overnight, and
then treated for 24 h with varying doses of erastin or with BP-Ph-LD
at the indicated concentrations. MTT reagent (Sigma) was added at a
final concentration of 0.5 mg/mL and incubated for 1 h. The medium
was then removed, and the formed formazan crystals dissolved in
DMSO. Optical density at 570 nm was measured, and cell viability
was calculated as a percentage relative to control cells.

Formation of Artificial Lipid Droplets

Artificial lipid droplets (aLDs) were prepared by mixing trilinolenin
and DOPC at a 90:10 mol % ratio, followed by gentle vortexing to
ensure homogeneity. For oxidized droplets, trilinolenin was first
treated with 10 #uM methylene blue and irradiated at 633 nm for 1 h
to induce lipid peroxidation. The resulting lipid peroxides were
purified by silica gel column chromatography before being mixed with
DOPC.

Absorption, Steady-State, and Time-Resolved
Fluorescence

Absorption spectra were recorded on a Jasco V-670 spectropho-
tometer. Steady-state fluorescence spectra were collected on an
Edinburgh F-900 spectrometer (Edinburgh Instruments) using
excitation at 633 nm (Fianum white laser). Time-resolved
fluorescence decays were measured by time-correlated single-photon
counting (TCSPC) with a 20 ns time window and 4096 channels,
acquiring 5000 counts at the peak of the decay. Measurements were
performed in 10 mm quartz cuvettes at BP-Ph-LD concentrations <2
1M to avoid aggregation. All fluorescence decays were recorded at 20
°C.

Imaging of Live Cells

The human breast cancer MDA-MB-231 cell line was obtained from
ATCC. Cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 IU/
mL penicillin, and 100 pg/mL streptomycin (Thermo Fisher).
Cultures were maintained at 37 °C in a humidified atmosphere with
5% CO,. For imaging, cells were seeded into Ibidi y-Dishes (Ibidi) at
a density of 10 000 cells/mL and allowed to grow for 24 h. BP-Ph-LD
was added to the culture medium at a final concentration of 250 nM
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(in DMSO), and the cells were incubated for 15 min at 37 °C prior to
imaging.

Fluorescence Lifetime Imaging Microscopy (FLIM)

FLIM was performed on a Leica SP8 microscope equipped with a
63X oil-immersion objective (HC PL APO, NA 1.4, Leica). Excitation
was provided by the 633 nm line of a white-light laser, and
fluorescence was collected in the 650—720 nm range. Images were
acquired at 512 X 512 pixel resolution with 128 time channels. Pixels
were binned to achieve at least 1000 counts at the decay maximum,
ensuring reliable biexponential fitting. Only LD-containing pixels were
analyzed; LDs were defined as regions with a 100-fold higher
fluorescence intensity per pixel relative to the surrounding cytoplasm.
The instrument response function (IRF) was measured from the
scattered laser signal of a glass coverslip.

Data Analysis

TCSPC. Solution-phase fluorescence decays were analyzed by using
the native software of the Edinburgh F900 spectrometer (Edinburgh
Instruments). Decays were fitted to a monoexponential model, and
fits with reduced chi-squared (y?) values <1.5 were considered
acceptable.

FLIM. FLIM images were analyzed using FLIMFIT software
(v4.6.1, Imperial College London). Fluorescence decays were fitted to
a biexponential model, and intensity-weighted mean lifetimes were
calculated according to eq 3

Z,» “iTrz
2.4 (3)

where g; and 7; are the amplitude and lifetime of component i,
respectively. Fits were considered acceptable when the reduced chi-
squared (i) value was <1.3.

7=

Bl ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/cbmi.5c00193.

BP-Ph-LD photophysics: quantum yield; absorption and
fluorescence spectra in various solvents; fluorescence
lifetime as a function of solvent orientation polar-
izability; steady-state fluorescence spectra in LDs;
colocalization of BP-Ph-LD and BODIPY 493/503;
brightfield images after BP-Ph-LD addition; cell viability
assays; synthesis of BP-Ph-LD; and NMR and HRMS
(PDF)

B AUTHOR INFORMATION
Corresponding Author

Arturas Polita — Department of Biospectroscopy and
Bioelectrochemistry, Institute of Biochemistry, Life Sciences
Center, Vilnius University, Vilnius LT-10257, Lithuania;
Department of Organic Chemistry, Center for Physical
Sciences and Technology, Vilnius LT-10257, Lithuania;

orcid.org/0009-0004-4944-112X;
Email: arturas.polita@gmec.vu.lt

Authors

Ruta Bagdonaité — Department of Biospectroscopy and
Bioelectrochemistry, Institute of Biochemistry, Life Sciences
Center, Vilnius University, Vilnius LT-10257, Lithuania

Zeynep Ozlem Cinar — Department of Biospectroscopy and
Bioelectrochemistry, Institute of Biochemistry, Life Sciences
Center, Vilnius University, Vilnius LT-10257, Lithuania

https://doi.org/10.1021/cbmi.5c00193
Chem. Biomed. Imaging 2026, 4, 867—-876



Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

Rokas Zvirblis — Department of Biothermodynamics and Drug
Design, Institute of Biotechnology, Life Sciences Center,
Vilnius University, Vilnius LT-102S7, Lithuania

Jelena Dodonova-Vaitkuniené — Department of Organic
Chemistry, Faculty of Chemistry and Geosciences, Institute of
Chemistry, Vilnius University, Vilnius LT-0322S, Lithuania

Complete contact information is available at:
https://pubs.acs.org/10.1021/cbmi.5c00193

Notes

The authors declare no competing financial interest.

B REFERENCES

(1) Olzmann, J. A; Carvalho, P. Dynamics and functions of lipid
droplets. Nat. Rev. Mol. Cell Biol. 2019, 20, 137—155.

(2) Onal, G.; Kutly, O.; Gozuacik, D.; Dokmeci Emre, S. Lipid
Droplets in Health and Disease. Lipids Health Dis. 2017, 16, 128.

(3) Lee, H.; Horbath, A; Kondiparthi, L; Meena, J. K; Lei, G
Dasgupta, S.; Liu, X.; Zhuang, L.; Koppula, P.; Li, M,; et al. Cell cycle
arrest induces lipid droplet formation and confers ferroptosis
resistance. Nat. Commun. 2024, 15, 79.

(4) Lin, Z; Liu, J.; Kang, R; Yang, M.; Tang, D. Lipid Metabolism
in Ferroptosis. Adv. Biol. 2021, S, 2100396.

(5) Liang, D; Minikes, A. M, Jiang, X. Ferroptosis at the
intersection of lipid metabolism and cellular signaling. Mol. Cell
2022, 82, 2215-2227.

(6) Dixon, S. J.; Olzmann, J. A. The cell biology of ferroptosis. Nat.
Rev. Mol. Cell Biol. 2024, 25, 424—442.

(7) Wang, Y.; Wu, X;; Ren, Z; Li, Y.; Zou, W.; Chen, J.; Wang, H.
Overcoming cancer chemotherapy resistance by the induction of
ferroptosis. Drug Resist. Updates 2023, 66, 100916.

(8) Liu, Y;; Lu, S;; Wu, L. 1; Yang, L; Yang, L; Wang, J. The
diversified role of mitochondria in ferroptosis in cancer. Cell Death
Dis. 2023, 14, S19.

(9) Zhang, X; Li, X; Xia, R;; Zhang, H.-S. Ferroptosis resistance in
cancer: recent advances and future perspectives. Biochem. Pharmacol.
2024, 219, 115933.

(10) Friedmann Angeli, J. P.; Krysko, D. V.; Conrad, M. Ferroptosis
at the crossroads of cancer-acquired drug resistance and immune
evasion. Nat. Rev. Cancer 2019, 19, 405—414.

(11) Drummen, G. P. C,; van Liebergen, L. C.; den Kamp, J. A. O;
Post, J. A. C11-BODIPY**'/*!, an oxidation-sensitive fluorescent lipid
peroxidation probe: (micro)spectroscopic characterization and
validation of methodology. Free Radical Biol. Med. 2002, 33, 473—490.

(12) Yamanaka, K.; Saito, Y.; Sakiyama, J.; Ohuchi, Y.; Oseto, F.;
Noguchi, N. A novel fluorescent probe with high sensitivity and
selective detection of lipid hydroperoxides in cells. RSC Adv. 2012, 2,
7894—7900.

(13) Feng, H.; Stockwell, B. R. Unsolved mysteries: How does lipid
peroxidation cause ferroptosis? PLoS Biol. 2018, 16, No. €2006203.

(14) Ho, H.; Aoki, N.; Eguchi, M.; Gao, M.; Suzuki, H.; Mikami, M.;
Chiba, H.; Hui, S.-P. Vitamin K2 Attenuates Mitochondrial Damage
in Renal Proximal Tubular Cells. J. Agric. Food Chem. 2025, 73,
21857—-21868.

(1S) Kraft, V. A. N,; et al. GTP Cyclohydrolase 1/Tetrahydro-
biopterin Counteract Ferroptosis through Lipid Remodeling. ACS
Cent. Sci. 2020, 6, 41—53.

(16) Do, Q.; Zhang, R; Hooper, G.; Xu, L. Differential
Contributions of Distinct Free Radical Peroxidation Mechanisms to
the Induction of Ferroptosis. JACS Au 2023, 3, 1100—1117.

(17) Wong-ekkabut, J; Xu, Z.; Triampo, W.; Tang, 1-M.; Peter
Tieleman, D.; Monticelli, L. Effect of Lipid Peroxidation on the
Properties of Lipid Bilayers: A Molecular Dynamics Study. Biophys. J.
2007, 93, 4225—4236.

(18) M’Baye, G.; Mély, Y.; Duportail, G.; Klymchenko, A. S. Liquid
Ordered and Gel Phases of Lipid Bilayers: Fluorescent Probes Reveal

875

Close Fluidity but Different Hydration. Biophys. J. 2008, 95, 1217—
1225.

(19) Co, H. K. C; Wy, C.-C,; Lee, Y.-C; Chen, S. h. Emergence of
large-scale cell death through ferroptotic trigger waves. Nature 2024,
631, 654—662.

(20) Polita, A.; Zvirblis, R.;; Dodonova-Vaitkuniené, J.; Shivabalan,
A. P.; Maleckaité, K; ValinCius, G. Bimodal effects on lipid droplets
induced in cancer and non-cancer cells by chemotherapy drugs as
revealed with a green-emitting BODIPY fluorescent probe. J. Mater.
Chem. B 2024, 12, 3022—3030.

(21) Bagdonaite, R; ivirblis, R.; Dodonova-Vaitkunieng, J.; Polita,
A. Cancer Cell Identification via Lysosomal Membrane Micro-
viscosities Using a Green-Emitting BODIPY Molecular Rotor. JACS
Au 20285, S, 2004—2014. .

(22) Polita, A.; Stancikaite, M.; Zvirblis, R,; Maleckaité, K,;
Dodonova-Vaitkunien¢, J.; Tumkevicius, S.; Shivabalan, A. P,;
Valincius, G. Designing a green-emitting viscosity-sensitive 4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) probe for plasma
membrane viscosity imaging. RSC Adv. 2023, 13, 19257—19264.

(23) Polita, A.; Bagdonaité, R.; Shivabalan, A. P.; Valinlius, G.
Influence of Simvastatin and Pravastatin on the Biophysical Properties
of Model Lipid Bilayers and Plasma Membranes of Live Cells. ACS
Biomater. Sci. Eng. 2024, 10, 5714—5722.

(24) Yang, Z,; He, Y.; Lee, J-H.; Park, N.; Suh, M.; Chae, W.-S;
Cao, J; Peng, X;; Jung, H,; Kang, C; Kim, J. S. A Self-Calibrating
Bipartite Viscosity Sensor for Mitochondria. J. Am. Chem. Soc. 2013,
135, 9181-9185.

(25) Paez-Perez, M.; Kuimova, M. K. Molecular Rotors: Fluorescent
Sensors for Microviscosity and Conformation of Biomolecules. Angew.
Chem,, Int. Ed. 2024, 63, No. €202311233.

(26) 2virb]js, R.; Maleckaité, K.; Dodonova-Vaitkuniené, J.; Jurgutis,
D.; Zilénaité, R.; Karabanovas, V.; Tumkeviius, S.; Vysniauskas, A. A
red-emitting thiophene-modified BODIPY probe for fluorescence
lifetime-based polarity imaging of lipid droplets in living cells. J. Mater.
Chem. B 2023, 11, 3919—3928.

(27) Gémez-Duran, C. F. A; Esnal, L; Valois-Escamilla, L; Urias-
Benavides, A.; Bafuelos, J.; Lopez Arbeloa, I; Garcia-Moreno, L;
Pena-Cabrera, E. Near-IR BODIPY Dyes a la Carte—Programmed
Orthogonal Functionalization of Rationally Designed Building Blocks.
Chem.—Eur. ]. 2016, 22, 1048—1061.

(28) Collot, M.; Fam, T. K.; Ashokkumar, P.; Faklaris, O.; Galli, T.;
Danglot, L.; Klymchenko, A. S. Ultrabright and Fluorogenic Probes
for Multicolor Imaging and Tracking of Lipid Droplets in Cells and
Tissues. J. Am. Chem. Soc. 2018, 140, 5401—5411.

(29) Zhao, Y.; Shi, W.; Li, X.; Ma, H. Recent advances in fluorescent
probes for lipid droplets. Chemv. Commun. 2022, 58, 1495—1509.

(30) Polita, A.; Toliautas, S.; Zvirblis, R.; VySniauskas, A. The effect
of solvent polarity and macromolecular crowding on the viscosity
sensitivity of a molecular rotor BODIPY-C,,. Phys. Chem. Chem. Phys.
2020, 22, 8296—8303.

(31) Sens, R; Drexhage, K. H. Fluorescence quantum yield of
oxazine and carbazine laser dyes. J. Lumin. 1981, 24—25, 709—712.

(32) Kuimova, M. K. Mapping viscosity in cells using molecular
rotors. Phys. Chem. Chem. Phys. 2012, 14, 12671—12686.

(33) Vysniauskas, A; Cornell, B,; Sherin, P. S.,; Maleckaité, K;
Kubénkovd, M.; Izquierdo, M. A; Vu, T. T,; Volkova, Y. A;
Budynina, E. M.; Molteni, C.; Kuimova, M. K. Cyclopropyl
Substituents Transform the Viscosity-Sensitive BODIPY Molecular
Rotor into a Temperature Sensor. ACS Sens. 2021, 6, 2158—2167.

(34) Zhou, J; del Rosal, B; Jaque, D.; Uchiyama, S.; Jin, D.
Advances and challenges for fluorescence nanothermometry. Nat.
Methods 2020, 17, 967—980.

(35) Cui, A; Peng, X; Fan, J.; Chen, X;; Wu, Y.; Guo, B. Synthesis,
spectral properties and photostability of novel boron—dipyrrome-
thene dyes. J. Photochem. Photobiol,, A 2007, 186, 85—92.

(36) Dent, M. R;; Lépez-Duarte, L; Dickson, C. J.; Geoghegan, N.
D.; Cooper, J. M; Gould, I. R;; Krams, R.; Bull, J. A.; Brooks, N. J;
Kuimova, M. K. Imaging phase separation in model lipid membranes

https://doi.org/10.1021/cbmi.5c00193
Chem. Biomed. Imaging 2026, 4, 867—-876



Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

through the use of BODIPY based molecular rotors. Phys. Chem.
Chem. Phys. 2018, 17, 18393—18402. .

(37) Olsinov4, M.; Jurkiewicz, P.; Poznik, M.; Sachl, R.; Prausovs,
T.; Hof, M.; Kozmik, V.; Teply, F.; Svoboda, J.; Cebecauer, M. Di-
and tri-oxalkyl derivatives of a boron dipyrromethene (BODIPY)
rotor dye in lipid bilayers. Phys. Chem. Chem. Phys. 2014, 16, 10688—
10697.

(38) Wang, K; Ma, S; Ma, Y.; Zhao, Y.; Xing, M.; Zhou, L.; Cao,
D.; Lin, W. Aurone Derivative Revealing the Metabolism of Lipid
Droplets and Monitoring Oxidative Stress in Living Cells. Anal. Chem.
2020, 92, 6631—6636.

(39) Reiniers, M. J.; van Golen, R. F.; Bonnet, S.; Broekgaarden, M.;
van Gulik, T. M;; Egmond, M. R; Heger, M. Preparation and
Practical Applications of 2,7’-Dichlorodihydrofluorescein in Redox
Assays. Anal. Chem. 2017, 89, 3853—3857.

(40) Zheng, Y; Sun, J; Luo, Z; Li, Y,; Huang, Y. Emerging
mechanisms of lipid peroxidation in regulated cell death and its
physiological implications. Cell Death Dis. 2024, 15, 859.

(41) Jarc, E; Petan, T. A twist of FATe: Lipid droplets and
inflammatory lipid mediators. Biochimie 2020, 169, 69—87.

(42) Thiam, A. R;; Farese Jr, R. V.,; Walther, T. C. The biophysics
and cell biology of lipid droplets. Nat. Rev. Mol. Cell Biol. 2013, 14,
775-786.

(43) Mahamid, J.; Tegunov, D.; Maiser, A.; Arnold, J.; Leonhardt,
H,; Plitzko, J. M.; Baumeister, W. Liquid-crystalline phase transitions
in lipid droplets are related to cellular states and specific organelle
association. Proc. Natl. Acad. Sci. U.S.A. 2019, 116, 16866—16871.

(44) Chen, X,; Kang, R; Kroemer, G.; Tang, D. Organelle-specific
regulation of ferroptosis. Cell Death Differ. 2021, 28, 2843—2856.

(45) Bai, Y.; Meng, L.; Han, L,; Jia, Y.; Zhao, Y.; Gao, H.; Kang, R;
Wang, X,; Tang, D.; Dai, E. Lipid storage and lipophagy regulates
ferroptosis. Biochem. Biophys. Res. Commun. 2019, 508, 997—1003.

(46) Talari, N. K; Mattam, U.; Meher, N. K; Paripati, A. K;
Mahadev, K; Krishnamoorthy, T.; Sepuri, N. B. V. Lipid-droplet
associated mitochondria promote fatty-acid oxidation through a
distinct bioenergetic pattern in male Wistar rats. Nat. Commun. 2023,
14, 766.

(47) Li, D.; Li, Y. The interaction between ferroptosis and lipid
metabolism in cancer. Signal Transduct. Targeted Ther. 2020, S, 108.

(48) dos Santos, A. F.; Friedmann-Angeli, J. P. Troubling bonds:
lipid unsaturation promotes selenium dependency and sensitivity to
ferroptosis. EMBO Mol. Med. 2024, 16, 2657—2659.

(49) Hu, Q; Zhang, Y,; Lou, H.; Ou, Z; Liu, J.; Duan, W.; Wang,
H.; Ge, Y.; Min, J.; Wang, F.; Ju, Z. GPX4 and vitamin E cooperatively
protect hematopoietic stem and progenitor cells from lipid
peroxidation and ferroptosis. Cell Death Dis. 2021, 12, 706.

(50) Luo, S.; Zeng, Y.; Chen, B; Yan, J.; Ma, F.; Zhuang, G.; Hao,
H,; Cao, G,; Xiao, X; Li, S. Vitamin E and GPX4 cooperatively
protect treg cells from ferroptosis and alleviate intestinal inflammatory
damage in necrotizing enterocolitis. Redox Biol. 2024, 75, 103303.

(51) Hinman, A;; et al. Vitamin E hydroquinone is an endogenous
regulator of ferroptosis via redox control of 15-lipoxygenase. PLoS
One 2018, 13, No. e0201369.

CAS BIOFINDER
HELPS YOU FIND
YOUR NEXT
BREAKTHROUGH
FASTER

Navigate pathways, targets, and
diseases with precision

Explore CAS BioFinder

876 https://doi.org/10.1021/cbmi.5c00193
Chem. Biomed. Imaging 2026, 4, 867—-876



NOTES



NOTES



Artaras Polita

Design and Application of BODIPY Probes for Fluorescence Lifetime
Imaging of Local Viscosity and Polarity in Lipid Microenvironments

Doctoral Dissertation
Natural Sciences
Biophysics (N 011)

Fluorescencijos gyvavimo trukmés jutikliy kiirimas ir taikymas
lokalios klampos ir poliSkumo vaizdinimui lipidinése mikroaplinkose

Daktaro disertacija
Gamtos mokslai
Biofizika (N 011)

131



Vilnius University Press
Saulétekio av. 9, Building III, LT-10222 Vilnius
Email: info@leidykla.vu.lt, www.leidykla.vu.lt
Print run of 15 copies

132



	Abbreviations
	Abstract
	Objectives
	Actuality
	Defending Statements

	1 Introduction
	1.1 Lipid Microenvironments and Physical Properties of Cellular Membranes
	1.2 Fluorescent Probes as Reporters of Membrane Microenvironments
	1.3 Molecular Rotors
	1.4 Polarity-Sensitive Probes

	2 Experimental
	2.1 Materials and Reagents
	2.2 Formation of Artificial Lipid Systems
	2.2.1 Large Unilamellar Vesicles (LUVs)
	2.2.2 Tethered Lipid Bilayer Membranes (tBLMs)
	2.2.3 Giant Unilamellar Vesicles (GUVs)
	2.2.4 Artificial Lipid Droplets (aLDs)

	2.3 Absorption, Steady-State, and Time-Resolved Fluorescence
	2.4 Cell Culture and Imaging Sample Preparation
	2.5 Fluorescence Lifetime Imaging Microscopy (FLIM)
	2.6 Data Analysis
	2.6.1 Time-Correlated Single-Photon Counting (TCSPC)
	2.6.2 Fluorescence Lifetime Imaging Microscopy (FLIM)


	3 Results and Discussion
	3.1 Designing a green-emitting viscosity-sensitive 4, 4-difluoro-4-bora-3a, 4a-diaza-s-indacene (BODIPY) probe for plasma membrane viscosity imaging
	3.2 Bimodal effects on lipid droplets induced in cancer and non-cancer cells by chemotherapy drugs as revealed with a green-emitting BODIPY fluorescent probe
	3.3 Cancer Cell Identification via Lysosomal Membrane Microviscosities using a Green-Emitting BODIPY Molecular Rotor
	3.4 Quantitative FLIM Imaging of Lipid Droplet Polarity with a BODIPY Probe Reveals Biophysical Signatures of Ferroptosis Resistance

	Conclusions
	Bibliography
	Santrauka (Summary in Lithuanian)
	Uždaviniai
	Darbo aktualumas
	Ginamieji teiginiai
	Pagrindiniai rezultatai
	Išvados

	Acknowledgements
	Conference Presentations
	Other Publications
	Publications by the Author
	 Designing a green-emitting viscosity-sensitive 4, 4-difluoro-4-bora-3a, 4a-diaza-s-indacene (BODIPY) probe for plasma membrane viscosity imaging
	 Bimodal effects on lipid droplets induced in cancer and non-cancer cells by chemotherapy drugs as revealed with a green-emitting BODIPY fluorescent probe
	 Cancer cell identification via lysosomal membrane microviscosities using a green-emitting BODIPY molecular rotor
	 Quantitative FLIM Imaging of Lipid Droplet Polarity with a BODIPY Probe Reveals Biophysical Signatures of Ferroptosis Resistance


