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Abstract

Key points

Membrane fluidity is a crucial parameter for cellular physiology. Recent
evidence suggests that fluidity varies between cell types and states and

in diseases. As membrane fluidity has gradually become an important
considerationin cell biology and biomedicine, it is essential to have reliable
and quantitative ways to measure itin cells. In the last decade, there has been
significant progress both in chemical probes and inimaging tools to make
membrane fluidity measurements easier and more reliable. We have recently
established arobust pipeline, using confocal imaging and new environment-
sensitive probes, which has been successfully used for several studies. Here
we present our detailed protocol for membrane fluidity measurement from
labeling to imaging and image analysis. The protocol takes ~4 h and requires
basic expertisein cell culture, wet lab and microscopy.
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e This protocol describes a robust
pipeline for measuring plasma
membrane fluidity using confocal
imaging and new environment-
sensitive probes. Detailed steps
cover the labeling and imaging of
cells and the subsequent image
analysis.

e Compared with other methods
for measuring membrane
fluidity, this approach is easy

to implement, as it can be
performed with confocal
microscopes and does not
require a sophisticated data
analysis pipeline.
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Introduction

Besides ihe barrier function E)etween the different compartments, cellular membranes are
involved in multiple cellular processes such as cell signaling, endocytosis and exocytosis,
intracellular trafficking, cell migration and cell division'*. They are highly complex, consisting
of lipids, glycolipids, membrane-associated proteins, glycoproteins and proteoglycans’.
Hundreds of structurally diverse lipids* are asymmetrically distributed across and within the
bilayer leaflets’. Collective biophysical properties of the plasma membrane such as membrane
thickness, mobility, order, fluidity, polarity, tension, curvature or phase transition are highly
intertwined and can be largely attributed to the lipid species present in the membrane®”. For
example, saturated lipids decrease membrane fluidity, while mono- and polyunsaturated lipids
increaseit, and cholesterol is an adaptive modulator of membrane fluidity”. Remodeling of
membrane fluidity occurs as aresult of alterations in the cell lipidome, and it has been linked
to many physiological processes. For instance, changes in membrane fluidity accompany

cell proliferation®® and differentiation'®", and it can affect the overall mobility of migratory
cells** and promote/inhibit activity ofimmune cells . If lipid homeostasis is disrupted, so is
the fluidity of cellular membranes, which has been associated with tumor progression'”'® and
neurodegenerative and cardiovascular diseases”'m.:

Given the role of membrane fluidity in multiple cellular processes, the interest in measuring
it hasincreased within the last decades. Therefore, multiple fluorescent probes, so called
environment-sensitive probes, have been developed and characterized”. Depending on their
immediate environment, these probes exhibit a change in fluorescence intensity, emission
wavelength or lifetime that can be measured by advanced microscopy tools. Different
environment-sensitive probes can sense different membrane biophysical properties such
as order, viscosity and tension, among others?. For membrane fluidity measurements,
solvatochromic probes have become particularly popular and can distinguish disordered
membranes (unsaturated lipids) from ordered membranes (saturated lipids) by a red shiftin the
emission wavelength?.

Here, itis critical to clarify the use of the term ‘fluidity’. Membrane fluidity, order and lipid
packing are often used interchangeably in literature. Indeed, such biophysical parameters
are closely linked in membranes and are challenging to dissect experimentally. We consider
fluidity as an overarching parameter of cellular membranes that can be measured via multiple
means, which will be discussed later. Here, we focus on the spectral shift of solvatochromic
probes, which give quantitative insights on membrane fluidity by measuring membrane order.
The underlying mechanism of the emission shift for these probes is solvent relaxation: with
more molecules (that is, water molecules in biological systems) in the solvation envelope of the
fluorophore, the system can relax resulting in decreased energy of the excited state, hence the
probe exhibits ared shift?*. Multiple features of the membrane can affect solvent relaxation,
such as acyl chain saturation of lipids and cholesterol content. Depending on such parameters,
the membrane can be more ‘ordered’ or ‘disordered’. Disordered membranes are loosely
packed and more hydrated, which is why solvatochromic probes are subjected to more solvent
relaxation and their emission spectra are red shifted*. The spectral shift of the probes is often
examined using spectral or two-channel/ratiometric imaging and subsequent quantification
by calculation of intensity ratios or the generalized polarization (GP) parameter. Anincrease
indisorder within the membrane environment experienced by environment sensitive probes
causes the probe to exhibit a shift toward longer wavelengths leading to lower intensity ratios
(GP values)®?*. Generally, amore disordered environment is more fluid, as experienced by
these probes; however, the absolute GP values are highly dependent on the probe and imaging
system. Technical details of the GP measurements and the strengths of this approach are
described herein. Limitations to this approach are also considered in the ‘Limitations’ éection.

Development of the protocol
Historically, two-photon microscopy was used with the solvatochromic probe Laurdan, and two
channel emissions were collected using beam splitters and two detectors”. Membrane fluidity
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is usually quantified via the GP parameter, which s calculated according to equation (1) using
the two channels./, (ordered channelintensity) and /,(disordered channel intensity) refer to the
fluorescence intensity measured from the channel centered at the left-hand or right-hand side
of the emission spectrum, respectively,

Io_ld

GP = .
Io+ld

@

Based onits definition, GP can vary from -1 (low order) to +1 (high order), and it does not
depend on absolute intensity values but rather on the spectral shift of the fluorescent probe.
The GP values obtained for the same sample but with different instruments, detectors and
settings might show variations as these parameters change the intensity values measured
atdifferent wavelengths. Therefore, itisimportant to note that the GP value obtained with
equation (1) isan empirical parameter. To account for differences between different instrument
settings, detector settings and sensitivities, a calibration factor (G) can be used®. The G factor
is often obtained by measuring the environment-sensitive probe in a solvent such as dimethyl
sulfoxide (DMSO). Alternatively, a reference membrane can be used before every measurement,
and the data can be presented as AGP (that is, GP,pie = GPreference)” -

Subsequently, two-channel confocal imaging in combination with environment-
sensitive probes has been used to measure the GP parameter>®*’, The availability of confocal
microscopes, as well as probes in the visible spectrum have increased the applicability of these
measurements. Recently, spectral confocal microscopy has permitted the recording of the
full emission spectrum of probes, by dispersing the emitted light onto an array of detectors
(Fig.1). We and others exploited this over the last years to measure the full spectrum of the
probein cellular membranes. Compared with the two-channel mode, spectralimaging allows
to select the best combination of wavelengths (that is, position and width of emission windows)
toimprove both signal-to-noise and GP resolution?***. Here, we present our protocol for
measuring membrane fluidity using two-channel and spectral confocal imaging with newly
developed environment sensitive probes.

Application of the method

Two-color or spectral imaging in combination with environment-sensitive probes has been

used to study various aspects of cell biology including membrane asymmetry*>* (Box 1),

apoptosis®, protein mobility***’, endocytosis and maturation of endosomes®**°, voltage
sensingin neurons*, segregation of:GPl-anchored proteins*, lipid transfer from lipoproteins
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Fig.1|Ratiometricimaging with two- -channel or spectral confocal fluidity. This can be quantified using environment-sensitive dyes and spectral or
m microscopy to measure membrane fluidity. Eukaryotlc plasmamembranes are two-channel confocal imaging.
heterogeneousin lipid composition, which can give rise to distinct membrane
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BOX1

Membrane fluidity and membrane asymmetry

Lipidomic analysis revealed that the cytoplasmic cell membrane peripheral proteins and hence accelerate surface reactions at the
leaflet contains twice as many acyl chain unsaturations than the cytoplasmic leaflet. The high packing of the exoplasmic leaflet
exoplasmic leaflet. A consequence of this compositional asymmetry seems further to guide plasma membrane localization of single-

is fluidity asymmetry, with the outer leaflet being highly ordered pass transmembrane proteins with an asymmetrically shaped

and the inner monolayer displaying lower ordering®'. The reasons transmembrane domain®, meaning that asymmetric packing

for a cell to spend a significant amount of energy to produce an could somehow guide protein transport. Interestingly, lipid order
asymmetrically packed cell membrane could be diverse. A highly asymmetry is conserved in endosomes and lysosomes but probably
packed and rigid outer leaflet should provide resistance toward absent in the endoplasmic reticulum or the Golgi apparatus®,
physical stress and intrusion of xenobiotics, while a relatively fluid reinforcing the hypothesis that it might provide protection toward the
inner leaflet should facilitate insertion and diffusion of cytoplasmic outside media.

to membranes* and cell differentiation'®**, as well as membrane fluidity at:the immune
synapse™*. Inamore recent application, spectral imaging was used to measure how muscle
ageing is correlated with suboptimal fluidity of membranes in the muscle tissue*®. In another
study, the impact of modulating cellular glycosphingolipid metabolism and autophagy on
myeloma bone disease viamembrane fluidity remodeling was revealed”. Cell differentiation
was also studied in the context of membrane fluidity. Matias et al. showed that alpha-
ketoglutarate, a natural compound playing major role in cellular respiration, induces T cell
differentiation via lipid remodeling, which results in changes in membrane fluidity*s. Finally,
as anew step in membrane fluidity measurements, high-throughput experiments have been
performed in human serum-derived lipoproteins as well as viruses to show the membrane
fluidity of thousands of particles in a single particle manner* (Box 2).

Comparison with other methods

Membrane fluidity can be measured by other means. As mentioned, ratiometric imaging of
environment-sensitive probes gives insights about membrane fluidity via measuring membrane
order. Similarly, diffusion of molecules residing in the membrane can be an estimate of
membrane fluidity. Fluorescence correlation spectroscopy and fluorescence recovery after
photobleaching have often been used to measure the diffusion in membranes®’. Membrane

BOX2

Fluidity of nanoscale bioparticles

Lipid bilayers are abundant in the human body beyond the cellular of VLPs was performed for example for influenza®, Ebola and
context. Small nanosized lipid particles and vesicles are used for Marburg viruses® as well as for HIV-19°¥, Yet, the majority of such
molecular transport and cell-cell communication. Furthermore, measurements have been performed in cuvettes (or also by lipid
pathogenic agents, bacteria and enveloped viruses possess their extraction from virions and reforming them into artificial vesicles®),
own lipid membranes, which are of great physiological importance ignoring the possible heterogeneity of lipid order within the sample.
for host cell infection. Lastly, a variety of drug delivery systems utilize Recent technologies enabled the analysis of single nanometer-sized
nanoparticles containing lipid bilayers for targeted drug delivery as particles in several fluorescence channels, which allowed for fluidity
well as for protecting the active substance from immune responses. measurements in a high throughput manner®. This single particle

Environment-sensitive probes have been employed for profiling method was used to elucidate the fluidity of exosomes,
quantitative evaluation of the fluidity of such lipid bilayers. For virus-like particles, artificial liposomes and lipid nanoparticles. Such
example, fluidity of extracellular vesicles was studied in context biophysical characterization of nanoscale bioparticles in health and
of parasitical infections such as gastrointestinal parasites® and disease can prove valuable for discovery of novel metabolic disease
malaria®. For virus-like particles, the biophysical characterization markers as well as novel drug targets.
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fluidity via diffusion can also be inferred from single particle tracking measurements®’.

Aless common technique to assess membrane fluidity via local viscosity of lipid membranes
is fluorescence anisotropy*>**>. Compared with these techniques, spectral imaging with
environment-sensitive dyes is easier to implement. It can be performed with confocal
microscopes and does not require a sophisticated data analysis pipeline. Throughput is also
anadvantage in spectralimaging since it is feasible to measure hundreds of cellsin ashort
amount of time, while diffusion techniques are slow and limited to a few cells. On the other
hand, the main advantage of the diffusion measurements with fluorescence correlation
spectroscopy, fluorescence recovery after photobleaching and single particle tracking are that
they are well-controlled experimental systems where absolute values can be determined and
compared across different labs, while GP is an empirical parameter, which will be discussed in

the ‘Limitations’ section.

Membrane fluidity can be determined by measuring changes in the photophysical
properties of probes other than their spectra, such as fluorescence lifetime (Box 3). This
approachis advantageous, since it does not rely on absolute intensity values, and, therefore,
is not sensitive to variability introduced by improper staining or photobleaching. Among
thelifetime-based techniques, fluorescence lifetime imaging microscopy (FLIM) measures
viscosity of membranes by means of molecular rotors, which show a different relaxation
time of fluorescence depending on the local viscosity**. However, lifetime decay curves need
to be fitted with a proper model that requires prior assumptions on the number of lifetime
components. The quality of the fit strongly depends on the total photon budget, especially
when analyzing highly heterogeneous systems, such as live cells. Recently, it has been shown
that theresolutionin lifetime depends also on the range of wavelengths chosen to acquire
the decay curves®. FLIM is also a relatively low-throughput, computational- and expertise-

demanding technique®.

BOX3

FLIM to measure membrane fluidity

As an alternative to intensity-based spectral imaging of two-channel
imaging, FLIM has several advantages. The fluorescence lifetime is an
inherent property of a fluorophore, which is independent of absolute
fluorescence intensity and fluorophore concentration. Further,
fluorescence lifetime is not affected by nonuniform illumination and

is less sensitive to absorption and scattering events compared with
intensity-based measurements™. As excited fluorophores decay
within nanoseconds, fast electronics together with efficient photon
detectors are crucial for the temporal resolution required. FLIM can

be implemented on wide-field illumination as well as laser scanning
microscopy systems, and both frequency-domain and time-domain
measurements are possible, the latter being the most common
(time-correlated single photon counting)®. After acquisition of photon
arrival histograms (fluorescence decays), the fluorescence lifetime

is commonly estimated by curve fitting, deconvolution or phasor
methods®®. FLIM has a wide range of biological applications both

in vitro and in vivo using autofluorescence®™ or fluorescent probes'*''.
Further, FLIM-Forster resonance energy transfer measurements
enable cellular interaction studies in vitro and in vivo'*",

One of the applications of FLIM is measuring membrane fluidity
changes using fluorescent probes that change their fluorescent
lifetime in response to their environment. Although often used
in intensity-based imaging several solvatochromic probes, such
as Laurdan'®, Di-4-ANEPPDHQ'®®, push-pull pyrene dye PA'”" Nile

Red'°®, NR12S and NR12A, among others, also report on their
environment by changes in their lifetime. Thereby, these probes
have individual sensitivities to different lipid environments. As an
alternative to solvatochromic dyes, mechanosensitive planarizable
push-pull probes (commercialized as Flipper-TR) that incorporate
into membranes have been developed and gained popularity'©"°.
Flipper has been shown to be sensitive to lipid packing as well as
membrane tension®. Efforts to direct the Flipper probe location to
specific organelles within the cell have been successful and allow an
organelle-specific readout of lipid packing and membrane tension
using FLIM™. Also molecular rotors such as BODIPY and derivatives
can incorporate into membranes and report on membrane
viscosity'.

Application of these probes to measure fluidity of both synthetic
and biological membranes is not trivial and requires strong expertise for
reproducible data acquisition. In-depth characterization of the probes’
lifetime in different lipid environments in crucial before application
in more heterogeneous biological membranes™. Acquisition
parameters such as laser repetition rate and detector settings need to
be optimized for successful data analysis (for example, curve fitting)
and lifetime resolution, respectively. Further, acquisition of sufficient
photons for subsequent analysis needs to be ensured, resulting in
long acquisition times (often slower than intensity-based imaging)>°°.
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Recent work has combined the use of environment-sensitive probes with flow cytometry
to measure membrane fluidity in live cells in a high throughput and high correlative manner®?.
While flow cytometry allows a drastic increase in the number of measured cells, it requires
robust probes and staining, as it does not provide the spatial resolution to assess probe
localization and staining efficiency or uniformity. Imaging flow cytometry can provide low-
resolutionimages, which can be sufficient to evaluate these parameters; however, the spectral
flexibility to choose the optimal spectral regions can still be a limitation. This can be overcome
with recent spectral flow cytometry tools>®. There are other nonimaging techniques to measure
membrane fluidity of model membranes such as nuclear magnetic resonance and surface
plasmon resonance’*“’; however, these techniques are low throughput and often not applicable
tolive cell measurements.

Limitations

GP is not an absolute parameter

GP values obtained from microscopy images highly depend on the optical setup as well as

the wavelengths used for the calculations. Despite some efforts for interlab calibration using
reference solvents and G factor®, there is still a mismatch of GP values for model membranes of
known lipid compositions. To account for differences caused by optical settings, instruments
and external parameters that can vary daily, aknown membrane can be measured before every
measurement (such as 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)), and the data can be
presented as the difference between the sample and the known membrane (AGP)”. Therefore,
one should not take GP values in literature as absolute and should rather focus on differences in
GP between samples for quantitative analysis.

Each probe is different

GP measurements are highly probe specific and monitor relative disorder within a particular
system and using a particular microscope setup. For example, AGP between two experimental
conditions could be different when different probes are employed. To be able to compare the
absolute values across different experiments, the experimental setup and the probe should be
the same. Therefore, the probes must be characterized rigorously in defined systems*>* % for
the following parameters in the next sections.

Probe behavior in the membrane

Our measurements are heavily influenced by the probe’s ability to locate in the membrane
and sense its environment. Therefore, our readout is very sensitive to any chemical and
photophysical phenomena occurring in the probe’s vicinity. For example, the sensing
capabilities of probes depend heavily on their location in the membrane plane, for example,
whether they are close to the head group of the lipids or buried deep in the acyl chain
region®>®’, Molecular dynamic simulations are often used to determine the probe location in
the membrane plane, as performed for the localization of the probes we use in this protocol®.
Additionally, the leaflet localization of the probes also affects the final readout. Most
noninternalized probes are designed to reside in the outer leaflet of the plasma membrane,
hence, they predominantly report therein®®, Besides axial localization within the membrane
plane, lateral partitioning of the probes in heterogeneous membranes should also be
considered. For example, if a probe partitions predominantly into disordered domains, the
final readout will be biased toward more fluid membranes. The ideal probe should exhibit
equipartitioning. Itis not trivial to account for this because measuring the partitioning of
these probes in biologically relevant phase-separated membranes is challenging. Initially,
such partitioning experiments of environment sensitive probes were performed in liposomes
with either ordered or disordered membranes’®; however it does not reflect the partitioning
behavior when two phases coexist in a single membrane. Partitioning measurements for
Laurdanin phase separated giant vesicles showed equipartitoning’; however, later it was shown
that domainsin giant vesicles are not representative of plasma membrane domains. Thisis a
notable issue because depending on the packing of the membrane, both quantumyield and
partitioning change’”%; hence, partitioning measurements need to be carried out in biologically
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complex systems, such as giant plasma membrane vesicles (GPMVs)”. Even then, it is not

easy to dissect whether the changes in fluorescence stem from partitioning or quantumyield
differences in the two membrane environments. In summary, probe partitioning and quantum
yield in domains stay as limitations for GP measurements, particularly when membrane
heterogeneity is investigated. In this protocol, we do not aim to study membrane heterogeneity

butrather overall membrane fluidity.

Probe localization in the cell

Ideally, the probes should localize in the structure of interest such as plasma membrane,
mitochondrial membrane, lysosomal membrane and so on. Latest developmentsin dye
localization have increased the efficiency of probe targeting into specific organelles®®*"*
(Box 4). However, it is still technically challenging to achieve high targeting efficiency for
different cell types. Although with different kinetics, all solvatochromic dyes will eventually
internalize and diffuse into the intracellular environment; therefore, plasma membrane
measurements might be limited to shorter acquisitions. Typical time ranges span from a few

minutes to hours, depending on the selected dye and cell type.

Spatial and temporal resolution

Fluorescence microscopy is spatially limited by light diffraction, which restricts the maximum
obtainable resolution to ~250 nm. Distinct lipid environments that are smaller or in closer
proximity than the diffraction limit cannot be resolved. This limitation can be overcome by
super-resolutionimaging techniques. Nile Red-based plasma membrane polarity sensitive dyes
are compatible with stimulated emission depletion (STED)”>” and single-molecule localization
microscopy®. Super-resolution techniques, however, require more advanced equipment. In
addition, our sensing ability of the environment is often limited by the temporal resolution of
the instruments. The process of solvent relaxation (usually in a few nanoseconds) is significantly
faster thanimage acquisition time, hence steady-state measurements of GP is the average

BOX4

Organelle-specific environment-sensitive probes

While this protocol focuses on plasma membrane fluidity
measurements, organelle fluidity can also be measured with the same
protocol and by using organelle specific fluidity probes. Fluidity of
intracellular membranes has been studied to a much lesser extent
compared with the plasma membrane. Using unspecific probes to
measure organelle fluidity is challenging as it requires robust image
segmentation and colocalization with established organelle markers.
This also implies that high throughput methods such as flow cytometry
cannot be used for such purposes. Therefore, additional efforts have
been made into expanding the environment-sensitive probe toolkit
from plasma membrane specific probes to organelle specific probes.
The solvatochromic probes DXB-NIR and PK reveal polarity
differences of lipid droplets and endoplasmic reticulum compared
with the plasma membrane in live cells"*". PK can also differentiate
polarity in whole organisms (that is, zebra fish embryos) similar to
Laurdan®®"™. As the first probe to explore mitochondrial polarity
by ratiometric imaging, BOB was used to examine differential
mitochondrial polarity in cancer cells independent of membrane
potential™. But also other probes such as NRTP"'®, RCN"” as well as
RV-1 (ref. 118) and MMP"® probe mitochondrial polarity, viscosity or
both, respectively. Targeting specifically the lysosomes, Lyso-Bis a
BODIPY-based probe sensing lysosomal viscosity in live cells'°.

Recently, probes with the same solvatochromic unit but
different organelle specificity have been developed to facilitate the
comparison of fluidity of different organelles. One example is Nile
Red derived probes, which were synthesized with chemical groups
targeting ER, mitochondria, Golgi apparatus, lipid droplets and
lysosomes, which can unravel organelle specific membrane fluidity™'.
For these probes, it is essential to evaluate the organelle targeting
efficiency with well-established organelle specific markers.

Environment-sensitive probes can also be directed to specific
organelles of nanoscale environments by genetic targeting.
Haloalkane derivatives of BODIPY'® or Flipper'®®, which bind to Halo-
tags, can be used to sense local microviscosity or membrane tension
and lipid packing in live cells, respectively. Similarly, Nile Red has
been conjugated to a Halo-tag binding group via a linker, to sense the
polarity in the cytosol, endoplasmic reticulum, Golgi apparatus, inner
and outer plasma membrane leaflet, as well as defined structures
such as actin, microtubules and chromatin'. Nile Red has also been
modified to bind the SNAP-tag to measure polarity, for example,
around SNAP-tagged membrane proteins'®. Further efforts have
been made to customize Nile Red to specifically probe the lipid
environment around :GPCRS126, the insulin receptor and :GPI-anchored

proteins'”’.

Nature Protocols


http://www.nature.com/NatProtocol

Protocol

of several relaxation events’”’®, Therefore, the extent of the averaging depends on the dwell
time and size of the focal spot, and these two parameters can be optimized for high-resolution
fluidity measurements. For this purpose, time-resolved emission spectroscopy has been
applied to observe the nanoscale development of solvent relaxation and other photophysical
phenomena that environment sensitive probes undergo in membranes®*”’,

Experimental design

Overview of the protocol

The protocol (Fig. 2) starts with preparing the cells 1-2 d before the measurements (Steps 1-3).
The microscope setup is calibrated with beads coated with a synthetic membrane of known
fluidity (Steps 4-16). Next, the cells are labeled with environment-sensitive dyes (Steps 17-20).
Imaging is performed using either two-channel or spectral imaging modality of the microscope
(Steps 21-24), and the data are analyzed using a custom Fiji plugin (Steps 25-34).

Expertise needed to implement the protocol

Sample preparation requires familiarity with basic wet lab procedures and involves handling

of small volumes (<1 mL) of chloroform. For cell sample preparation, cell culture experience is
required. Albeit well established, confocal imaging might require user training; understanding
the basic principles behind fluorescence microscopy is crucial for parameter optimization and
high-quality data acquisition. Data analysis on ImageJ/Fiji benefits from knowledge on digital
image fundamentals. The researchers with limited microscopy and image analysis skills should
conduct initial experiments on robust controls. Lastly, researchers should observe national and
local regulations regarding biosafety, cell culture, organic solvent handling and laser safety.

Experimental parameters

For robust measurements, it is crucial to have suitable probes and optical systems, prepare the
samples properly and acquire and analyze the data carefully. In the next sections, we discuss
these parameters.

Selecting a fluorescent probe. Foroptimal membrane fluidity measurements, solvatochromic
probes should have certain properties. Ideally, they should be bright and fluorogenic, resulting
in a high signal-to-noise ratio; strongly sensitive to immediate environment; suited for live-
cellimaging atlow concentration and toxicity; emissive in narrow emission bands to combine
them with other probes; and specific to a certain cellular compartment (for example, plasma
membrane with minimal internalization). The classical solvatochromic probes Prodan and

1 Cellculture 2  Microscope setup and calibration 3 Cell labeling

0O
& 7\
LJI;EL Calibration beads \zg Qg

Environment-sensitive

probes
Steps 1-3 Steps 4-16 Steps 17-20
4 Image acquisition 5 Data analysis
Channel 1 Channel 2 Fluidity map calculation
A
Steps 21-24 Steps 25-34

Fig.2|Overview of the protocol. The major parts of the protocol are shown with the associated procedure steps.
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Laurdan were first used to study membranes in the early 1990s*7°, and ~15 years later, di-4-
ANEPPDHQ emerged®'. While these probes have been widely used to study membrane fluidity
in different contexts, they do not fulfil all the above-mentioned criteria®*®. High internalization
rates and low photostability are the disadvantages of Laurdan®. Di-4-ANEPPDHQ®, on the
other hand, suffers from complex photophysics and a broad emission spectrum. While Nile
Red exhibits solvatochromism, high photostability and fluorescence quantumyield, it is
readily internalized and localizes to allmembranes and, therefore, not suited for organelle-
specific membrane fluidity measurements®®®!, Probes used in this protocol are derived from
the solvatochromic dyes Prodan/Laurdan (Pro12A)®® and Nile Red (NR12A, NR12S and NR4A)®’.
These probes are plasma membrane specific and bright, covering different spectral regions.
The protocolisalso applicable to alternative solvatochromic dyes.

Of note, the biophysical mechanisms underlying the emission shift are not directly
disclosed by the GP value or intensity ratios. Furthermore, it is often assumed that
solvatochromic probes report on membrane properties in the same manner; however, in-depth
characterization of Laurdan, di-4-ANEPPDHQ, NR12S, NR12A and Pro12A have revealed that
probes exhibit different sensitivities to different liquid membrane properties®®, This is mostly
due to their diverse locations and orientations within the membrane®®. Molecular dynamics
simulations unraveled the locations of Laurdan and di-4-ANEPPDHQ®, as well as Pro12A, NR12S
and NR12A% in different lipid environments, which contributed to our understanding of probe
response to their environment. For example, Pro12A is more sensitive to cholesterol content
changes, while NR12A is able to sense lipid saturation with higher sensitivity®>. Knowledge of
these sensitivities is highly beneficial for application of these probes in different biological
contexts. Assuch, it is advisable to combine data from probes, such as Pro12A and NR12S/
NRI12A, to obtain more information on the sample.

The spectral properties of the dyes are important factors to consider when selecting
adye (Table1). NR12A is superior in terms of photostability and brightness, permitting the
use of lower laser powers and dye concentrations. When using a second fluorescent tagged
biomolecule, such as a fluorescent protein, the absorption/emission spectra of the fluorophores
must be analyzed to avoid significant spectral overlap. In principle, NR12A and NR4A can be
used in combination with blue-shifted fluorophores, while Pro12A allows the simultaneous
use of red and far-red dyes. The absence of spectral overlap must be confirmed experimentally
with sensitive spectroscopic or microscopic methods. An overlap canintroduce a major biasin
fluidity measurements where the sensor and fluorophore are in close proximity, since excited
molecules can transfer energy through radiative or nonradiative processes, such as Forster
resonance energy transfer, altering the measured emission spectrum and consequently the
calculated GP values.

Concentration of the probes s also a crucial parameter, which should be low enough not
to change the membrane properties itself but high enough to obtain a sufficient signal to
noise ratio. At high concentrations, the probes themselves can change the fluidity®?, especially
combined with continuousillumination. Table 1 suggests a concentration where we obtain
enough signal to noise ratio, but the membranes are not affected by the probes.

Table 1| Recommended dyes for plasma membrane fluidity quantification

Dye Typical Excitation Spectral Brightness Channel1 Channel2 Labeling Photobleaching
in confocal bandwidth concentration

Pro12A 405 nm 410-600 nm + 440 nm 500 nm 200-500nM  High

Laurdan 405 nm 410-600 nm  + 440 nm 500 nm 200-500nM  High

NR12A 488,561 nm 540-700 nm  +++ 590 nm 650 nm 20-50 nM Medium

NR12S 488, 561 nm 510-700 nm  ++ 570 nm 650 nm 200-500nM  Medium

NR4A 488, 561 nm 540-700 nm  +++ 590 nm 650 nm 200-500nM  Low
Di-4-ANEPPDHQ 488 nm 500-700 nm ++ 570 nm 650 nm 200-500nM  Medium

Recommended concentrations are for spectral confocal imaging of cells. This may vary depending on the nature of the experiments and samples.
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The time span of the experiment can also influence the choice of a fluorescent probe. When
performing time-lapse measurements, one should opt for NR4A, as it allows for long-term
imaging without photobleaching derived intensity loss due to its exchangeable nature”. The
time between dye addition and measurement needs to be carefully considered to avoid biases
derived from dye internalization (‘Limitations’ section). Ideally, dye internalization rates should
be measured, as they can greatly differ among cell types.

Available systems and spectral versus two-channel imaging. Here, we will provide protocol

for two different imaging modalities to measure membrane fluidity, namely two-channel

and spectral imaging. Spectral imaging refers to the simultaneous acquisition of the whole
emission spectrum of a fluorescent dye in every pixel of the microscopy image (Fig. 3a). Thisis
typically achieved by using a diffraction grating, a prism or an acousto-optic modulator that
spectrally disperses emitted light to an array of detectors, each of them constituting a spectral
channel. During the last decade, microscope manufacturers have developed commercial setups
equipped with spectral detection, often referred to as lambda imaging. It is, however, essential
that all channels of the spectrum are obtained simultaneously with a single scan instead of
asequential scan of each channel. Sequential scanning will lead to inaccurate spectrum and
fluidity values due to bleaching between the channel scans. Note that simultaneous spectral
detection might not be included in default configurations and rather be offered as an optional
module. Spectralimaging offers multiple advantages compared with the traditional two-
channel approach. First, it provides higher fluidity resolution by selecting narrower spectral
windows (Fig. 3b). This allows wavelength ranges showing the highest fluidity sensitivity to

be chosen, thereby improving resolution as opposed to two-channel systems where typically
broad emission windows areimaged. Additionally, spectral imaging provides information for
advanced analyses, such as phasor plots, spectral unmixing or thresholding, which are not
covered in this protocol. Naturally, by selecting a narrower detection window fewer photons
are collected, decreasing signal-to-noise ratios and increasing statistical uncertainty (Fig. 3c).
Therefore, for low labeling efficiency samples, one can either combine multiple spectral
channelsin different wavelength ranges or use two-channel imaging to increase signal at the
expense of GP resolution (Fig. 3a).

Spectral imaging is not essential for fluidity measurements and might not be readily
available to most researchers. Hence, it is important to note that this protocol is also applicable
to microscopes not equipped with spectral detection. Spectralimaging is advantageous for
theinitial wavelength determination for the highest GP resolution (Fig. 3), but once these
wavelengths are decided (whichis provided in Table 1 for selected probes), any confocal
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Fig. 3| Adjusting emission detection ranges for optimal GP resolution. a, In %pectral imaging, the emission signal is
separated in multiple spectral channels. b, Combining channels decreases GP resolution, as measured by the difference
in GP of NR12A between POPC and 1,2-diarachidoyl-sn-glycero-3-phosphocholine (DAPC) BSLBs upon combining of 9 nm
spectral channels. The gray shaded area shows standard deviation of three experiments. ¢, The channel combination
increases signal-to-noise ratios, resulting in higher GP precision. The conditions are the same asinb.
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setup providing two spectrally separated channels in the suitable spectral range is applicable
to perform fluidity measurements. Many commercial microscopes allow for manual tuning
emission detection windows, while others rely on the use of fluorescent filters with fixed
bandwidth. Inthe latter case, one should use filters that correspond to the lower and higher
wavelengths of the emission spectrum (see Table 1 for ideal wavelengths for GP calculation).
Note thatin Table 1, as the breadth of collection range increases, GP resolution decreases

(Fig. 3b); therefore, for two-channelimaging, one should choose a spectral range that is narrow
enough for good GP resolution and broad enough for sufficient signal.

Sample preparation. Reliability and reproducibility of GP values require optimization of
several parameters during sample preparation and data acquisition. First, before performing
experiments in live cells, careful titration of the environment-sensitive dyes should be carried
out. High concentrations of the probe might trigger internalization, diffusion into subcellular
membranes or cell death. Thus, itis advisable to define an optimal dye concentration-per-cell
number ratio and maintain it for the same set of experiments. The optimal ratio might change
from dye to dye or in different cell types. Furthermore, the internalization rate of dye might be
temperature- and time-dependent and could be minimized by operating at lower temperatures
and with shorter incubations. Temperature is a critical parameter since, besides influencing
theinternalization rate of the probe, it can affect the fluidity of the lipid bilayer. Therefore, for
the same set of experiments, it isimportant to perform the analysis of membrane fluidity under
the same controlled temperature. Finally, for optimal image quality, high precision cover glass
slides with 170 pm thickness should be used.

If cells need to be treated, for instance, with drugs or transfection agents, it needs to
be performed before labeling the cells. Transfections are typically done 1-2 d before the
experiment. The timing of drug treatments highly depends on the type of drugs and their
mechanism of action. Membrane-modifying drugs, such as cyclodextrins, can show their effect
within an hour. Metabolic drugs, which target certain pathways, can take up to days to show
their effect. If a priori timing for the drug effect does not exist, a time-course experiment should
be performed.

Data acquisition. To obtainreproducible GP measurements, it is crucial that the intensity
values are well above background noise and lie within the dynamic range of the detector (that s,
no saturation of pixels). Laser power and detector gain tuning is a straightforward way to ensure
sufficient signal-to-noise and avoid saturation (Fig. 4). However, it isimportant to remember
that these two parameters have a different effect on the total intensity; while the intensity
increases linearly with increased laser power at low laser powers (linearity breaks at high laser
powers as the fluorophores saturate), it increases in anonlinear fashion with increased detector
gain. Therefore, different combinations of laser power and gain levels should be tested to
identify an optimal operation range.

Figure 4 shows the effect of laser power and detector gain levels on pixel intensity and
GP distribution. Both the use of low laser power or detector gain result in low signal-to-noise
ratios (Fig. 4b,d, top) with few pixels above the intensity threshold, leading to GP histograms
with low pixel counts (Fig. 4a,c, top). On the other hand, too high laser power or detector gain
cause pixel saturation (Fig. 4b,d, bottom), yielding GP values of O (Fig. 4a,c, bottom), since the
pixel values inboth channels are the same (equation (1)). These pixels are not informative and
should be avoided by optimizing laser power and detector gain or removed during analysis.
Appropriate laser power and detector gain will result in normally distributed GP histograms
(Fig.4a-d, middle).

After identifying the optimal laser power and detector gain combination, it isimportant
to confirm the photostability of the probe under those conditions, as the excitation light can
induce photobleaching, decreasing emission intensity (Fig. 5a). Moreover, bleaching might
introduce artifacts in the measurement of membrane fluidity (Fig. 5b) and should be avoided
by reducinglaser power. According to equation (1), GP values should not be affected by a
decrease inintensity due to photobleaching, sinceitis a ratiometric measurement. However,
the plotsinFig. 5b suggest otherwise, particularly for NR12A, which shows anincrease in
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low (0.5%) (top), medium (3%) (middle) and high (18%) (bottom) laser power gain for channel 2 (1= 646 nm) of spectral images of POPC-coated BSLBs stained
for channel 2 (=646 nm) of spectral images of POPC-coated BSLBs stained with NR12A at constant laser power (3%). Note that the recommended laser power
with NR12A at constant detector gain (750 V). ¢,d, Effect of detector gain on and detector gain vary from system to system.

median GP with illumination time. This phenomenon might be ascribed to light-induced
changesin the probe or the photoblueing effect, which would shift the emission toward shorter
wavelengths, thus yielding apparent higher GP values®. For experiments requiring continuous
sampleillumination, we recommend using NR4A, since its exchangeable nature prevents
photobleaching-induced signal loss and artifacts”.

Another important factor to consider when analyzing membrane fluidity is the polarization
of light. Some microscopes offer linearly polarized light, which will preferentially excite dyes
inspecific orientations due to photoselection®, causing a difference in brightness along
the directions perpendicular and parallel to the dipole moment of the laser beam. Large
brightness differences can make thresholding challenging, requiring low threshold values
and, subsequently, increasing the background contribution to the GP estimation. Due to this

a b Fig. 5| Effect of continuousillumination on intensity and GP. a, Continuous
100 0.3 excitation of BSLBs labeled with Pro12A and NR12A induces photobleaching,
causing signal loss. This is reduced by using the exchangeable probe NR4A. The
. 80 02 mean image intensity normalized to the first value. b, Excitation light can also
) — NR4A ’ — NR4A cause an artificial increase of GP. The lines are means, and the shaded areas are
z — NR12A & — NRI2A standard deviations of three independent measurements.
2 — Pro12A < — Pro12A P )
2 40 0.1
<
20
0
0
0 50 100 0 20 40
Time (s) Time (s)
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Fig. 6 | Polarization of the excitation beam can cause photoselectionand
artificial GP fluctuationin asingle object. a, Intensity (left) and GP (right)

Intensity GP b — Linear polarization
+Depolarizer

. S 05 images of NIH/3T3-derived GPMVs obtained by treating the cells with25 mM
© T .
2 S PFA and2mM DTT in a buffer condition described previously”. Top: the vesicles
-3 stained with Pro12A show photoselection when excited with linearly polarized
e % light, whichis avoided by introducing a depolarizing element. Scale bars, 5 um.
5 < b, Median GP values across the equatorial plane of Pro12A-stained GPMVs without
g , (linear polarization) or with (+depolarizer) adepolarizing element. The lines are
g B means, and the shaded areas are standard deviations of ten measurements.
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preferential excitation, GP values will be lower in dimmer regions (i.e., perpendicular to the light
polarization) and oscillate between a maximum and minimum value, when profiling along the
membrane (Fig. 6a,b). By introducing a depolarizing element (often a quarter-wave plate) in

the microscope’s optical path, this effect will disappear, thus yielding a GP that variesonly as a
function of local environment (Fig. 6a,b). Finally, to avoid optical aberrations due to refractive
index mismatch, it is advised to use waterimmersion objectives, since oil or air objectives can
cause significant aberrations in live cell samples thicker than a few microns®.

In conclusion, when setting up an experiment to measure membrane fluidity, one should
follow the steps: (1) select a suitable dye compatible with the experiment (for example, good
photostability for GP measurement over time, blue- or red-shifted emission for combination
with other fluorescent dyes and so on); (2) identify optimal microscope settings (that s,
laser power and detector gain) to avoid background noise and saturated pixels; (3) check for
photostability of dye with selected microscope settings and, in case of photobleaching, retune
laser power and detector gain accordingly; (4) utilize a depolarizing element to eliminate
photoselection effects.

Calibration. Apartfromoptimizingthe parameters mentioned above, system performance
should be evaluated regularly (for example, monthly or bimonthly). AGP between two different
lipid compositions, such as an ordered membrane (for example, 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC):Chol) and adisordered membrane (DOPC or 1-palmitoy]-2-olveoyl-sn-
glycero-3-phosphocholine (POPC)) is a robust way to perform this calibration (Fig. 8), During
thefirst test with these calibration samples, wavelength ranges need to be determined to
maximize GP resolution. In this protocol, we will calibrate the system with bead supported lipid
bilayers (BSLBs) composed of DOPC, POPC and DPPC:Chol; however, it could also be performed
using giant liposomes. BSLBs are robust membrane systems where lipid bilayers are formed on
the surface of glass beads with well-defined size (we will use 5 pm in this protocol). They are easy
toimage, homogeneous in terms of size and lipid composition and their coating efficiency can
readily be evaluated with the uniform and continuous membrane signal in microscopy images.

Data analysis. Accompanying this protocol, we include an ImageJ/Fiji macro toolimplementing
auser-friendly graphical interface to calculate GP values from spectral and two-channel data
(Fig.7).ImageJ and its refined version Fiji are powerful image processing programs that offer
advanced functions for microscopy data analysis. Researchers with no coding experience can
easily processimages via the user interface, through the implemented functions or community-
developed plugins. Givenits widespread use, community resources and support are widely
available online. Alternatively, users can employ other processing tools to analyze spectral
imaging data, such as Python. We recently released an advanced software, VISION, based on
Python with an easy-to-use graphical user interface®, which allows to profile GP fluctuations
along the membrane of individual cells and correlate these fluctuations with other biophysical
properties or proteins expression. However, it is beyond the scope of this protocol.

The image analysis workflow starts by defining channel 1 (/,) and channel 2 (/;) for GP
calculation (equation (1)). These can be two individual channels (number of channels of 1)
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Fig.7 | Image analysis pipeline. Details of image analysis are shown using the provided tool.

from spectral or two-channel acquisitions or acombination of consecutive spectral channels
(number of channels >1) ifincreased signal-to-noise is required, at the expense of GP resolution
(Fig. 3 and ‘Available systems and spectral versus two-channel imaging’ section). Then,
thresholding is performed to select pixels within an intensity range to remove background
signal. Amean filter can be applied to smoothenimages during thresholding. Advanced
options allow for thresholding in individual channels, although we recommend employing the
sum of channels1and 2 as areference for thresholding (the thresholding channel is defined
aschannell +2). Thresholding onindividual channels can help in defining plasma membrane
regions by filtering out internalized dyes by using channel 1, which would present a blue shifted
signal. This canlead to bias of the obtained results and should be used only by advanced users.
Inthe next step, saturated pixels are removed, as they do not represent the real emission signals
and, thus, should not be used for GP quantification (Figs. 4 and 9). Only the pixels of channels
belonging to channel1and channel 2 are evaluated for saturation. Lastly, the GPis calculated in
allremaining pixels and presented to the user in a pseudocolored GP image, with some statistic
parameters, such as GP histogram, median, mean and standard deviation. Critically, analysis
parameters must be kept consistent to compare different experimental conditions.

Materials

Biological materials

. HeLaéells(ATTC,CCL-2,https://scicrunch.org/resolver/RRlD:CVCL_OO30)

« HEK-293T cells (ATTC, CRL-1573, https://scicrunch.org/resolver/RRID:CVCL_0045)

« NIH/3T3 cells (ATTC, CRL-1658, https://scicrunch.org/resolver/RRID:CVCL_0594)
A CAUTION Thecelllines used inyour research should be regularly checked to ensure they
are authentic and are not infected with fnycoplasma.
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Fig. 8| Calibration measurements of artificial membranes. a, IE/Iontage

of Pro12A stained DPPC:Chol, POPC and DOPC BSLBs imaged with spectral
module. b, Spectra of the probes in DPPC:Chol, POPC and DOPC BSLBs obtained
from spectralimages. The lines are means, and the shaded areas are standard

deviations of three independent measurements. ¢,d, Representative GP images
(c) and GP quantification (d) of Pro12A stained BSLBs. e,f, Two-channel confocal
and GP images (e) and GP quantification (f) of DPPC:Chol, POPC and DOPC BSLBs
stained with Prol12A. Scale bars, 10 pm.

Reagents
Dyes
« NR4A (Cytoskeleton, cat. no. MG06)
NR12A (Cytoskeleton, cat. no. MGO7)
NR12S (Cytoskeleton, cat. no. MGOS8)
Prol12A (Cytoskeleton, cat. no. MG09)
DMSO (as dye solvent) (Merck, cat. no. D260)

Calibration

« POPC (Avanti Polar Lipids, cat. no. 850457)

« DOPC (AvantiPolar Lipids, cat. no. 850375)

« DPPC (AvantiPolar Lipids, cat. no. 850355)

 Cholesterol (Avanti Polar Lipids, cat. no. 700000)

« PBStablets (Merck, cat.no.P4417)

 Liposome Buffer
- 150 mM NaCl (Sigma-Aldrich, cat. no. S7653)
- 10 mM HEPES (Sigma-Aldrich, cat. no. H4034)
- Ultrapurewater:
- NaOH (Sigma-Aldrich, cat. no. S5881)
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NR12A. For better comparison, the GP map using correct parameters is provided

« Chloroform (aslipid solvent) (Merck, cat. no. C2432)
A CAUTION Inhaling chloroformis hazardous due to its toxicity. Conduct steps involving
chloroforminafume hood.

« Silicabeads, 5 um (Bangs Laboratories, cat. no. SS05003)
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Cell culture
« Dulbecco’s modified Eagle medium (DMEM; Thermo Fisher Scientific, cat. no.11965092)
» Fetal bovine serum (Merck, cat. no.F7524)
« Leibovitz’s L-15 medium without phenol red (Thermo Fisher Scientific, cat. no. 21083027)

Equipment

« Laser scanning confocal microscope equipped with 40-60x water immersion objective lens
(‘Available systems and spectral versus two-channel imaging’ in ‘Introdiction’). The results
presented here are obtained from Zeiss LSM 780 microscope with spectral GaAsP detector

« (Optional) Differential interference contrast slider (for example, Zeiss PA 63x/1.40111,
cat.no.426957-0000-000)
A CRITICAL Circularly polarized light prevents photoselection in the xy plane, which
changes measured GP values.

 Biosafety cabinet:

« Incubator

« 1.5mLtubes (Eppendorf, cat.no. 0030125150)

 Eight-well glass bottom microslides (Ibidi, cat. no. 80827)

+ 25cm?’ Culture flasks with vent cap (Corning, cat. no.430639)

« Amber glass 2 mL vials (Merck, cat.no 27083-U)

« Screw cap for 2 mL vials with PTFE liner (Merck, cat. no 27091-U)

« Emmi40HC Ultrasonic bath sonicator (Emag):

» Branson Ultrasonics Sonifier 250 (Branson):

 Microslide 18-well glass bottom (Ibidi, cat. no. 81817)

« Zetasizer Ultra Dynamic Light Scattering (Malvern):

Software
« Fiji, downloaded from https://fiji.sc
« Fluidity calculator from https://github.com/pcarravilla/fluiditycalculator/tree/main

Reagent setup

Cell growth medium

Prepare cell medium following the provider’s instructions or guidelines from ATCC. Here, for
HEK-293T, HeLa and NIH/3T3 cells we used DMEM (without pyruvate) complemented with

10% fetal bovine serum. Growth medium can be stored for up to 3 months at 4 °C. Always handle
growth medium under sterile conditions.

Dye solutions

Dyes are usually provided as alyophilized powder, which should be stored following
manufacturer instructions. Before usage, resuspend the powder in DMSO and aliquot at
0.5-1mM stock concentration. Prepare small volume aliquots to avoid repeated freeze-thaw
cycles. DMSO-resuspended dyes should be kept at —20 °C and protected from the environment
light. If preserved correctly, they can be stored for up to 2 years.

Liposome buffer

Mix the NaCl (final concentration of 150 mM) and HEPES buffer (final concentration of 10 mM) in
ultrapure water. Then, adjust the pH to 7.4 with concentrated NaOH. This buffer can be stored at
room temperature (21-25°C) for up to ayear if kept sterile.

Equipment setup
Install the analysis tool (first time only):
« Aninstallation video guide for this can be found at https://www.youtube.com/
watch?v=luqoejFVw4s
« Find your Fijiinstallation directory and navigate to the macros/toolsets folder
« Copy thefile Fluidity Calculator.ijm file and the icons folder in the toolsets directory
« Copythegp-viridis.lut filein the luts directory
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Procedure

Cellseeding 1-2 dbefore the experiment
® TIMING 60 min,

1

Seed the cells onimaging slides. Seeding density varies among cell types, but a density

0f 50,000 cells/cm? can be used as a starting reference. Use glass or imaging-compatible
polymer surfaces. Use no. 1.5 glass (0.17 mm thick, high precision) for best results. This
protocolis optimized for adherent cells but can be adapted to suspension cells.

Grow cells for at least 24 h in growth medium until they reach 50-70% confluence.
Depending on the cell type, alternative confluence levels might be desired. Itis
recommended that measurements are performed on cells showing matching confluency.
4 TROUBLESHOOTING

(Optional) Expose the cells to the relevant treatment, for example, transfection or drug
treatment (‘Experimental design’ section).

A CRITICAL STEP Avoid treating cells with toxic concentrations. Cell death willinduce
rapid internalization of fluorescent dyes that will then report on inner (and more fluid) cell
membranes. Inner membrane labeling can be easily identified during imaging (Fig. 9).

Calibration sample preparation

® TIMING 90 min

A CRITICAL The following calibration steps (Step 4 and 5) should be followed only when
evaluating the performance of the system, which should be carried out monthly or bimonthly.
4. Prepareliposomes as follows:

5.

« Transfer 10 pL from a stock of lipid solution (10 mg/mL in chloroform) into a1.5 mL
tube
A CAUTION Common laboratory pipettes are not optimized for retaining organic
solvents and chloroform might leak during lipid solution handling. Use pipettes suited
for organic solvents.

 Dry up thelipid solution under a gentle nitrogen flow to evaporate all the chloroform
from the lipid solution

« Hydrate the lipid film with 1 mL liposome buffer and vortex vigorously to disperse
all the lipid into the buffer. After vortexing, the lipid film should not be visible at the
bottom of the tube, and the solution will appear turbulent. If the lipid film does not
disappear from the bottom, incubate for a short time in a bath sonication (power 250 W,
frequency 38 kHz) to promote dispersion

« Wash the sonicator tip with ethanol and rinse it with water, insert the sonicator tip into
the lipid dispersion, sonicate at output control 3 and pulse duration 0.4 s for 10 min.
Once the sonication cycle has ended, the solution should appear clear. If the solution
is still turbulent, try longer sonication times or use fresh lipid stocks or prepare fresh
liposome buffer. Tip sonication might warm up the solution, thus affecting liposome
formation. Keep the tube in an ice bath during the sonication to avoid temperature
increase

« Transfer the liposomesinto a1.5 mL tube

- (Optional) Assess liposome size and homogeneity by dynamic light scattering. Too
large liposomes or multiple populations with different sizes might affect coating
efficiency

« Flow nitrogen over the liposome solution to prevent oxidation, seal the tube with
parafilm and store the liposomes at 4 °C until further use
B PAUSE POINT Liposomesinanitrogen atmosphere canbekeptat4 °C for1-2 months.
4 TROUBLESHOOTING

Prepare BSLBs from liposomes as follows:

 Transfer 100 pL of liposome buffer into a 1.5 mL tube and add 1-5 pL of beads from
astock solution. Silica beads tend to sediment at the bottom of the tube; therefore,
vortex the stock solution vigorously before handling
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« Centrifuge for 2 min at 1,500g, discard the supernatant and resuspend the beads in the
same volume of fresh buffer. Repeat three times. The storage solution for uncoated
beads contains detergents. Thus, these washing steps increase coating efficiency and
avoid liposome damage

« Vortex the liposome solution (from Step 4) vigorously, transfer 45 pL into the bead
solution and add 355 pL of liposome buffer, to reach a final volume of 500 pL

« Incubate in a bath sonicator (power 250 W, frequency 38 kHz) for 30 min at room
iemperature. Alternatively, use a tube shaker at 2,000 rpm for 30 min at room
temperature

« Centrifuge the coated beads at1,500g for 2 min and remove the supernatant to remove
excess liposomes. Resuspend the coated beads with 500 pL liposome buffer
B PAUSE POINT Coated beads canbe stored at 4 °C under nitrogen for 1-2 weeks.

4 TROUBLESHOOTING

« Dilute the BSLBs in liposome buffer to a final volume of 100 pL

« Thaw the dye stock solution (in DMSO) and vortex it

 Add the dye to the BSLB solution to a final concentration (Table 1) and vortex
vigorously. Nonuniform staining of BSLBs might be observed if the solution is not
vortexed

« Transfer the stained BSLB solution into a microslide 18-well glass bottom chamber for
imaging

Microscope setup
@ TIMING 10 min

6.
7.

10.

11.

Switch on the microscope following manufacturer instructions.
Set the objective to a40-60x water immersion objective lens. Oilimmersion objectives
resultin different GP values at different axial planes due to the mismatch between the oil
and mediumrefractive index.
(Optional) If the microscope does not provide circularly polarized light, insert the
depolarizing elementin the objective slot (‘Data acquisition’ sectionin ‘Introduction’ and
Fig. 4).
Activate the required excitation lasers and let them stabilize for at least 30 min before
imaging. Use 405 nm for Prol12A or 488 nm for NR12A/NR12S/NR4A. Set the laser power to
0.5-5uW at the sample plane.
Set the appropriate beam splitter to separate excitation and emission light. The beam
splitter should reflect excitation light toward the sample and allow transmission of the
emitted photons to the detection path.
A CRITICALSTEP Ensure thatthe beam splitter does not filter out part of the emitted signal.
Some manufacturers include beam splitters that are compatible with multiple excitation
wavelengths (for example, 488/561/640 nm) and can overlap with the emission spectrum,
inducingartifacts in GP calculations, as part of the emission signal would be filtered out by
the beam splitter (Fig. 9).
Set up the microscope for spectral (option A) or two-channel (option B) detection
(‘Available systems and spectral versus two-channel imaging’ sectionin ‘Introduction’).
A CRITICALSTEP Researchers might want to employ areference fluorescent signal, for
example, a protein of interest tagged with a fluorescent protein to identify transfected
cells or to mask pixels of interest. This canintroduce biases in GP calculations (‘Selecting a
fluorescent probe’ sectionin ‘Introduciton’). Before proceeding, the lack of spectral overlap
should be confirmed by highly sensitive spectroscopic methods and adequate controls. In
that case, make sure that each dye is excited, and its emission is collected sequentially.
(A) Spectral imaging
(i) Activate the spectral detection mode, sometimes referred to as lambda mode.
(ii) Set the width of each channel to -9 nm, which offers adequate signal-to-noise ratios
and allows simultaneous detection of the full spectrum.
(iii) Set the spectral range to span all the emission spectrum of the dye. Use 410-600 nm
for Pro12A or 500-690 nm for NR12A/NR4A.
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12.

13.
14.

15.

16.

(B) Two-channel imaging
(i) Activate two detection channels within the same imaging track, so that signals in
both channels are acquired simultaneously upon excitation.
(ii) Setthe emission window for each detector to channel1and channel 2 ranges. For
Prol2A use 420-460 nm (centered ~440 nm) and 480-520 nm (centered ~500 nm).
For NR12A/NR4A use 570-610 nm (centered ~590 nm) and 630-670 nm (centered
~650 nm). For NR12S, use 550-590 nm (centered ~570 nm) and 630-670 nm
(centered ~650 nm). If the microscope does not allow for manually tuning emis-
sion detection windows and instead emission filters are used, choose filters that
resolve GP changes. For example, when using NR12A, typical orange (580-630 nm,
for example, Cy3 filter) and red (650-700 nm, for example, CyS5 filter) filters can be
employed.
Adjust detector gain. The voltage values ~650-800 V usually provide adequate signal-
to-noise ratios. Note that these values can vary depending on the system or the type of
detector being used.
4 TROUBLESHOOTING
Set the pinholetolairy unit.
Select the overall image size according to your sample. Set the pixel size to 80-100 nm,
following the Nyquist sampling criterion. Some systems allow for automatic optimal size
selection. Make sure that a constant pixel size is being used. In some systems, the pixel size
hastobe updated every time the size of the sampling area (zoom level) is modified. Pixel
sizeis acritical parameter to ensure maximal spatial resolution. In some microscopes pixel
sizeis adjusted by changing the number of pixels of the image.
Adjust the pixel dwell time to 0.5-2 pis. It can be set to longer times to increase emission
signal; however, long dwell times might result in increased photobleaching rates.
Set line averaging or accumulation to 1-4 depending on the noise in the images; use higher
averaging in noisy images.

Celllabeling

® TIMING 15 min

A CRITICAL Thesestepsare for the actual cellular measurements; therefore, they are not
needed for calibration. For calibration only, please proceed to Step 21.

17.

18.

19.

Wash the cells 2x with serum-free imaging medium. Choose L-15 medium if the
microscope is not equipped with a CO, incubator, as it is buffered by phosphates and
free base amino acids that do not require high CO, concentrations as conventional
buffers, such as DMEM.

A CRITICALSTEP Labelinginserum-supplemented mediais suboptimal as the dye is
taken up predominantly by the lipid particles in serum. Hence, it is important that serum s
completely washed away, and the labeling medium does not contain serum.

Prepare the labeling solution in a tube by dissolving the DMSO-dissolved dye in the serum-
free imaging medium and homogenize by vortexing for 5s.

A CRITICALSTEP Dye concentration needs to be optimized depending on cell type, cell
density or labeling medium. As a starting reference, use 100-200 nM Pro12A,20-50 nM
NR12A,200-500 nM NR12S and 200-500 nM NR4A. Minimize added DMSO volume by
adjusting stock concentrations, as high concentrations of DMSO can be toxic to cells,
resultingin cell death and dye internalization.

Replace the medium from the previous washing step with the labeling solution and incubate
inthe dyes for 2 min. Timing can vary depending on the cell type. Leave one well unstained
to assess autofluorescence.

A CRITICAL STEP Insome cell types, dyes might show rapid internalization rates, which
resultsin biased GP values, as internal membranes constitute high fluidity environments
(‘Limitations’ section). In that case, consider using an alternative dye. If this is not possible,
add dyesimmediately before imaging and make sure imaging sessions do not exceed
internalization times.
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20.

(Optional) Wash the cells 1x withimaging medium. These probes are fluorogenic, that
is, they are fluorescent only when in the membrane. Therefore, unbound molecules do
not result in significant background signal. Do not wash when using NR4A, due to its
exchangeable nature, most of NR4A is expected to stay in solution.

4 TROUBLESHOOTING

Image acquisition
@ TIMING 1h

21.

22.

23.

24.

Apply the appropriateimmersion medium and place the slide/chamber on the microscope
objective lens (Steps 6-16).

Focus onthe fluorescently labeled cells (or BSLBs if calibrating the system) and fine focus on
the equatorial plane. The bottom and top regions might suffer from photoselection effects.
Avoid imaging dead/dying cells, which can be identified due to high dye internalization.

4 TROUBLESHOOTING

Acquire animage. Ifimage quality is not adequate, for example, low signal-to-noise ratio or
saturated pixel, adjustimaging settings (Steps 12-16). Avoid using high laser powers that
caninduce phototoxic reactions.

A CRITICAL STEP Imaging settings should be kept consistent throughout the experiment.
Do not compare GP values acquired using different microscope parameters or in different
instruments.

A CRITICALSTEP Atthisstep, itis critical toimage an unstained sample torule out the
contribution of any autofluorescence.

4 TROUBLESHOOTING

Save images in an appropriate format. Fiji can open most proprietary microscopy formats
through the Bio-Formats Importer.

Data analysis
@ TIMING 1h

25.

26.

27.

28.
29.

30.

31

Clickin‘More Tools’ menuin the ‘“Toolbar’ (right most double arrow) and select ‘Fluidity
Calculator’ (this step has to be performed every time Fijiis launched).

Open/import animage. The analysis program requires fluorescent channels to belongtoa
single image.

« If channels are imported as individual images, adjust import options, for example,
uncheck the ‘Split channels’ option in the ‘Bio-Formats Import Options’ window, which
can be accessed through ‘Plugins - Bio-Formats - Bio-Formats Importer’.

« Alternatively, combine different channels in a single image using: ‘Image >
Color>Merge Channels’.

The analysis macro tool also requires that channels and time frames are labeled as such.
Sometimesincorrectimport options can mislabel channels as zslices or frames. Adjust
importoptions or reassign stack labels: Image > Hyperstack » Reorder Hyperstack.
(Optional) Select aregion of interest and use the ‘Duplicate’ function to generate anew
image containing only the region of interest.

Select the image to be analyzed and click on the fluidity calculator icon on the ‘Toolbar’.

Set the analysis parameters. A list of parameters is given in Box 5. Settings should be kept
consistent throughout the analysis. Do not compare images analyzed using different
analysis parameters. The documentation for these parameters can be accessed by pressing
the ‘Help’ button.

Set anintensity threshold. Only pixels within the thresholded region will be used for GP
analysis. Ensure that the threshold is significantly above the background signal (‘Data
acquisition’ sectionin ‘Introduction’ Fig. 4).

Press OK to display the GP image, along with a histogram and a table with statistical
parameters. Only pixels above the user-defined threshold and not saturated are considered
for quantification of statistical values (mean, median and standard deviation) and the
histogram. If a single fluidity environment is expected, the histogram should display a
normal distribution of GP values.
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BOX5

Parameters for the fluidity calculator

(i) Channel1and channel 2 are assigned to I, and I, respectively, in equation (1).
(i) For Pro12A use 440/500 nm, for NR12A/NR4A use 590/650 nm. If such values are not listed, use

the closest possible value, for example, 441/503 nm instead of 440/500 nm.

(iii) Channel window range is the number of spectral channels that will be combined for channel 1

and channel 2 (Fig. 4). Users can choose any set of wavelengths as long as they do not overlap,
that is, while they are not used for both channels.

(iv) The channel selected in the channel 1/channel 2 list will be in the middle of the range, that is,

when selecting the 590 nm channel as (1) channel 2 and (2) channel window range of 3, the
channels corresponding to 581 nm, 590 nm and 599 nm will be combined and assigned to
channel 1.

(v) Checking the ‘Mean Filter’ checkbox will apply a mean filter to the thresholding image. Note that

GP calculations will still be performed on raw intensity values, that is, ignoring the filter. If signal-
to-noise is high enough, we recommend not using this option.

(vi) The mean filter radius is the number of pixels used to calculate the ‘Mean Filter’ for thresholding.
(vii) Thresholding channel is the channel that will be used for thresholding. The default channel 1+2

should be used. Selecting the channel 1 or channel 2 options can result in overestimation or
underestimation of GP values, respectively. For example, thresholding pixels according to their
signal in channel 1 will result in preferential selection of pixels displaying higher GP values, causing
an artificial increase. Only use this option for advance thresholding, for example, to threshold

the plasma membrane of cells displaying high amounts of internalized dyes. However, it is
recommended to avoid such cases by optimizing the imaging parameters (laser power and gain).

(viii) The saturated pixel warning percent value will result in a warning when the number of saturated

pixels within the thresholded region is above this percentage.

(ix) Note that these pixels will be removed from the analysis, regardless of the saturated pixel

warning percent value.

(x) Activate the ‘Calculate Emission Spectrum’ checkbox to show the emission spectrum average of

all pixels within the threshold. This feature only works for images with more than five channels.

(xi) Activate the ‘Save Results’ checkbox to save the analyzed TIFF image and :CSV files containing

the used parameters, calculated statistics and the GP histogram.

(xii) The ‘Save Analysis Mask’ checkbox will save a mask tiff image showing the pixels that were

considered for GP analysis. These are the pixels within the threshold set by the user as long as
they are not saturated.

(xiii) The ‘Save To’ option is used to select the directory where the images and CSV files will be saved.
(xiv) Activate the ‘Save as Default Settings’ checkbox to save the used settings as default.

32.

33.

34.

A CRITICALSTEP A ‘Saturated Pixel Warning!” window will appear if the number of saturated
pixels within the area selected through thresholding exceeds the ‘Saturated Pixel Warning %’
value setin Box 5 (vi). If the saturated pixels are from the structure of interest and exceed the
limit, we recommend not to continue as the remaining pixels will not be representative of
the wholeimage. If the percent value is below the limit, press OK to continue.

(Optional) Change the look-up table (LUT) of the GP image from the Fiji ‘LUT Menu'’.

We recommend viridis, whichis a color-blind friendly LUT. Other LUTs available in Fiji

such as magma, plasma, inferno or turbo are also suitable for GP visualization.

Define regions of interest around individual cells or specific areas using the Fijiimage
selection tools, such as ‘Polygon selections’ or ‘Freehand selections’ in the ‘Toolbar’.
Pressthe ‘Live’ optionin the ‘Histogram’ window to display an updated histogram of the
selected area. Use ‘Analyze > Measure’ to record the parameters of that region. Calculated
parameters are defined in ‘Analyze > Set Measurements’.

For quantitative comparison, store the median GP value if a single populationis observed
inthe histogram. Three independent biological replicates should be performed for each
condition to ensure data robustness and significance.
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Troubleshooting

Troubleshooting:advice canbefoundin Table 2.

Table 2| Troubleshooting table

Step Problem Possible Reason Solution
2 Cells do not or only loosely attach to the  Surface properties not optimal Coat the glass surface with poly-p/L-lysine, gelatin or laminin
imaging slide for cells
4 Impurities and aggregates are visiblein ~ Contamination from the sonicator  Pellet down impurities by centrifugation (10,000g, 3 min) and transfer
the liposome solution after sonication tip, for example, old tip clean supernatant into fresh tube
Replace sonicator tip
5 Beads are not fully coated BSLBs, lipid stocks or buffer have  Try fresh lipid stock and fresh liposome buffer. Prepare BSLBs fresh
been stored for too long
12 High noise contribution in the images Detector gain too high Increase dye concentration, laser power, pixel dwell time or line averaging
and decrease the gain
20 Fluorescence signal very dim or equalto Dye-to-cell ratio too low Use higher dye concentration to increase the dye-to-cell ratio
autofluorescence control without dye Labeling time too short Increase labeling times and omit the washing step
High cell autofluorescence Use a cell line with low autofluorescence or a dye whose emission does
not overlap with the autofluorescence
Wrong microscope parameters Thoroughly check laser and filter settings are correct
(excitation, emission)
Strong intracellular fluorescence Labeling temperature too high Decrease labeling temperature to room temperature
Labeling time too long Try shorter labeling times
Local or global concentration of Prepare higher concentrated stock solution of dye to dilute solute during
solvent (DMSO) too high labeling
22 High number of dead cells Toxic dye/solute concentrations Decrease the dye/solute concentrations
Suboptimal live-cell conditions Minimize shear forces and time outside the incubator
Include AnnexinV-647 labeling to detect apoptotic cells and exclude them
from the analysis
23 Image shows high amount of low Suboptimal microscope settings  Adjust the gain, laser excitation, pixel dwell time, line averaging and pixel
intensity or saturated pixels size to decrease the amount of low intensity and saturated pixels. Intensity
values of regions of interest should be centered in the intensity histogram
Timing

Steps1-3, cell seeding: 1-2 d before the experiment: 60 min
Steps 4-5,calibration sample preparation: 90 min

Steps 6-16, microscope set up: 10 min

Steps 17-20, cell labeling: 15 min

Steps 21-24, image acquisition: 60 min
Steps 25-34, data analysis: 60 min

Anticipated results

This})rotocol canbe used for model membranes (such as giant vesicles, cell-derived vesicles
and liposomes) and in live cells. Here, we show how our protocol can enable robust and

fast measurement of changes in membrane fluidity of mammalian cells. Before the cellular
measurements, aninitial calibration measurement with known lipid membranes is performed
to determine and maximize the system performance. As detailed in the Protocol, DOPC,
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POPC and DPPC:Chol membranes can be used for this purpose. Figure 8a shows montages of
spectralimages of DOPC, POPC and DPPC:Chol BSLBs stained with Pro12A. Emission spectra
of the environment sensitive probes Pro12A, NR12A, NR12S and NR4A in these membranes
obtained from spectral imaging are shownin Fig. 8b. As observed from the spectra, the
difference between DOPC and POPC is small; therefore, the probes and wavelengths should be
selected properly to be able to resolve this difference. DPPC:Chol is significantly more ordered
compared with other two as indicated by the peak in fluorescence intensities in the lower
wavelengths; therefore, GP difference between DPPC:Chol and DOPCis agood estimate of the
dynamicrange of the system. Figure 8c,d shows the GP images of BSLBs made of these three
membranes and the GP values obtained from them when we use Pro12A in combination with
spectral imaging and single channels for GP calculations as indicated in Table 1. AGP between
DOPC and POPC s ~0.08 GP unit while between DOPC and DPPC:Chol is ~1.0 GP unit. When two-
channel imaging is used with the wavelength intervals specified in Table 1, AGP between DOPC
and POPC s similar to that obtained with spectralimaging; however, AGP between DOPC and
DPPC:Cholis smaller compared with spectral imaging (Fig. 8e,f) as previously discussed (Fig. 3).

For cellular measurements, one can encounter pitfalls, which might cause unreliable GP
measurementsin cells and should be avoided (Fig. 9). Here, we describe the results when each
step is performed properly. Moreover, we show common pitfalls and theirimpact on GP values
as well as how they can be identified from emission spectra or GP histograms.

Several parameters can lead to increased internalization rates of environment-sensitive
dyes and impede reliable plasma membrane GP measurements due to the signal from
intracellular membranes. In our experience, the parameters influencing dye internalization
rates most heavily are labeling time, dye characteristics, temperature, dye concentration, cell
line, plasma membrane integrity and local concentration of the solvent (for example, DMSO).
Longer labeling times lead to increased internalization of the environment-sensitive dyes,
whichis accompanied by a decrease of GP values (Fig. 9a,b). Typically, the inner leaflet of the
plasma membrane, as well as intracellular membranes, are more fluid and will, therefore, shift
the median GP value to smaller values. For this reason, it isimportant to perform the labeling
and acquisition within a consistent time window. Increased internalization can be clearly
identified fromintracellular dye signal and a total decrease of GP values without additional
treatment. From our experience, the total time for labeling and acquisition should not exceed
20 min whenimaging at room temperature but needs to be determined for each cell line and dye
combination. Conventional probes, such as Laurdan, shows fast internalization rates that are
drastically reduced in the case of Pro12A, NR12A and NR4A. We recommend evaluating the rate
ofiinternalization at different concentrations for each cell line before the actual experiment.

Wrong filter settings can block out spectral regions essential for GP calculation and lead
toincomplete recordings of emission spectra of the environment-sensitive dyes (Fig. 9a,c).
Typically, dichroic mirrors and emission filters intended to reflect and block out excitation
lasers, respectively, are the cause of these incomplete spectra. This mistake can be easily
identified by checking the full emission spectra for missing parts. If any of the channels used
for GP calculation overlap with such blocked emission windows, the resulting GP values will be
incorrect (Fig. 9¢).If none of the available filter sets let the full spectrum through, it is crucial to
use channels that are clearly outside of the filtered-out emission range.

In fluorescence microscopy, recording saturated and low signal pixels should generally be
avoided. Itis advisable to record the fluorescence signal within the dynamic range of possible
gray values, clear of minimal (0) or maximal (saturated) values. If the recorded fluorescence
signalis very dim, the contribution of noise will increase and cause artificial GP values close to
-1and +1(Fig. 9a,d). Therefore, we recommend checking the final GP histogram to ensure that
the main populations are not converging to —-1or +1. If the laser power or gainis set too high,
the number of saturated pixels—that s, pixels reaching the maximum possible gray value—will
increase and their real intensity valueis lost (Fig. 4). If the signal of both channels is saturated, an
inaccurate GP of O pixel population will appear (Figs. 9a,e and 10).

Occasionally, itisinevitable that there will be a small number of saturated pixelsin the
image even with optimal imaging settings, such as at cell-to-cell contact areas where the dye
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concentration isdoubled or in intracellular structures with high intensity. This will lead to

the characteristic artificial GP of O population, shifting median GP values toward O (Fig. 9).

Our provided ImageJ/Fiji macro tool automatically excludes saturated pixels from further GP
calculation and enables the user to analyze only unsaturated pixels, yielding correct GP values
(Fig.10). However, this should only be done when only a small number of pixels are saturated,

or the saturated pixels are from structures that are not of interest. If alarge number of pixels
fromthe structure of interest are saturated, those images should be discarded, as the saturation
correction will bias the GP results by omitting the saturated pixels.

Additionally, it is strongly encouraged to acquire autofluorescence controls of unlabeled
cells using the final microscope settings to exclude autofluorescence artifacts. Biological
samples can show a high degree of autofluorescence, and it is necessary to use a threshold
during analysis that is well above this autofluorescent signal by ensuring high signal-to-noise
ratios and optimal labeling conditions.

Before starting with the cellular fluidity measurements, we highly reccommend validating
the compatibility and dynamic range of the used setup and experimental conditions. This
canbe performed by a cholesterol removal experiment typically leading to a significant
increase of fluidity, which can be quantified by a decrease of the GP value®® as well as increase
indiffusion®. A fast and easy way for cholesterol removal is the treatment with the water-
soluble oligosaccharide methyl-f3-cyclodextrin (MBCD). The optimal MBCD concentration
and incubation time is highly dependent on the cell line used and should be determined
beforehand or obtained from literature to guarantee sufficient cholesterol removal while
maintaining cellular viability®**°. For initial experiments, we recommend using a concentration
between1and 10 mM and 30 min incubation. Using optimal conditions, MBCD treatment
will cause arobust and reproducible GP value reduction (Fig. 11a,b). In the following part, we
highlight how the pitfalls described can perturb the reliable detection of fluidity changes due
to cholesterol removal. The global decrease of GP by increased dye internalization impedes the
robust detection of cholesterol removal by MBCD treatment (Fig. 11a,c). Moreover, too-high
laser power or gain can cause an increased amount of saturated pixels, leading to an artificial
increase of GP values equal to 0 and impede the detection of MBCD-induced increase in fluidity
(Fig.11a,d). Finally, the use of inadequate filter settings that block out valuable emission
information canlead to a global shift of the GP distribution toward -1 or +1 (Fig.11a,e) and
donot allow for the detection of cholesterol removal. Altogether, these examples highlight
theimportance of correct and consistent protocol parameters for the reliable detection of
biophysical changes of cellular membranes using environment-sensitive dyes and spectral
imaging.

Finally, we present an example of time lapse imaging of cells. For this purpose, we stained
HelLa cells with NR4A and imaged for 30 min by taking animage for every 30 s. We encourage to
use NR4A for time-lapse imaging because it is an exchangeable probe and, hence, does not show
strong internalization or bleaching”. Figure 12a shows representative images of NR4A-labeled
cells, either untreated or treated with calciumionophore A23187, which scrambles the plasma
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membrane inner and outer leaflet and renders the outer leaflet more fluid®*. NR4A, which
localizes to the outer leaflet, senses this change. Figure 12b shows the GP over time in control
and treated cells for the 30 min imaging period. GP does not change notably in control sample,
while A23187-treated cells become more fluid over time.

Data availability
Alldatain this manuscriptare publicly available at FigShare via https://doi.org/10.17044/
scilifelab.26067604.

Code availability

The:lmagej GP plugin and representative images are available at GitHub via https://github.com/
pcarravilla/fluiditycalculator/tree/main. The documentation for the <:Jlata anélysis tool canbe
found via https://github.com/pcarravilla/fluiditycalculator/wiki/Documentation.
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