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Supplementary information
Comparison of time-resolved GP parametersto TRES measurements

In the time-resolved GP method, each of the exdthpairameters represents a corresponding
parameter in TRES. For instance, the GP FC valpeesentsv(0) of Laurdan at Franck-
Condon state prior to solvent relaxation. Note thag to the limited time resolution of the
instrument, it was experimentally difficult to capt the absolutg(0) of Laurdan’s Franck-
Condon state. It is likely that the fast solveré&xation at picosecond to sub-nanosecond time
scale was not captured in current study. In otherds; the estimated GP value of the
Laurdan Frank Condon state was already somewhate@lin situations where fast solvent
relaxation occurs. Instead, as shownFig. le-f, we estimated the of the GP value of
apparent Franck-Condon state (GP FC) from the &magli and offset of the fitted
exponential functions. For our data, a double erptial decay fit was required. The GP FR
represents the(w) in TRES where the solvent relaxation was fully eteted. In our data,
GP FR was acquired from the offset of the time IkebGP curve fitting. The difference in
total amplitudes of the two respective exponeritiattion AGP =Y F;, represents the extent
of solvent relaxation, known as/ as in TRES. The kinetics of solvent relaxation knasz,

in TRES is represented by the intensity averagezhyeonstant of the time-resolved GP
curve, referred to as Ave @Ghere. The time-resolved GP decay curve was taddfito
double exponential decay function in the lifetirm@ge of 0.3 ns to 20 nkif). 1e-f). Finally,

the conventional steady state GP was calculatesiimyming up collected photons in the blue
and green spectral windows, respectively, andllsd&P SS in the current study. GP SS is
predominantly determined by the amounts of photaassferred from blue to green channel
in the given lifetime of excited Laurdan moleculeis partially influenced by the Franck-
Condon spectrum and proportion of excited molectied manage to relax fast enough
before they emit the photon.
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Supplementary Figure 1. Time resolved GP plot of ATTO42%, () The lifetime decay of
ATTO425 in the blue and green channel acquired utihdesame setting as imaging Laurdan
in lipid vesicles §), and the time-resolved GP plot of ATTO425.(Note that in absence of
solvent relaxation, the time resolved GP beconteagght line.
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Supplementary Figure 2. Time-resolved GP curves of model membraneswith different
cholesterol levels and diameter. (a-€) Time-resolved GP curves nfodel membranes with
the indicated diameter and ratio of DOPC/sphingdmigholesterol. {, q) Averaged time-
resolved GP curves of data shown in &®( b and ed).
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Supplementary Figure 3. Pixel lifetime histograms of the short and lorautdan lifetime
regions of the plasma membrane collected with a 8§€ctive and shown in Fig. 4b middle
and bottom, respectively. The histograms weredfittesingle Gaussian distribution functions
that peaked at 5.65 ns and 6.03 ns, respectivedyhad overall fit of R= 0.995 and R=

0.991 for short and long lifetime regions, respeti.
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Abstract

Membrane viscosity and hydration levels charactettie biophysical properties of biological
membranes and are reflected in the rate and erfesblvent relaxation, respectively, of
environmentally sensitive fluorophores such as tdanr Here we first developed a method
for a time-resolved General Polarization (GP) asialwith fluorescence-lifetime imaging
microscopy (FLIM) that captures both the extent eatd of Laurdan solvent relaxation. We
then conducted time-resolved GP measurements \aifindan-stained model membranes and
cell membranes. These measurements revealed thiastdrol levels in lipid vesicles altered
membrane hydration and viscosity while curvaturd lidle effect on either parameter. We
also applied the method to the plasma membraneivef dells using a critical angle
fluorescence (SAF) objective, to our knowledge firs time FLIM images were generated
with SAF. Here, we found that local variations iembrane cholesterol most likely account
for the heterogeneity of Laurdan lifetime in plasmambrane. In conclusion, time-resolved
GP measurements provide additional insights inedoibphysical properties of membranes.




Introduction

It is now recognized that the plasma membrane ommalian cells is not simply a
homogenous lipid bilayer, but is diverse in composj organization and shape giving raise
to distinct membrane domaihSeveral membrane models have been proposeddarador
the inhomogeneous nature of the plasma membrarte agithe lipid raft and picket fence
models. The lipid raft hypothesis, for example, gagis that densely packed lipid domains
exist within the plasma membrane that are enrighecholesterol and sphingomyelin and
have different biophysical properties to the re$ttloe membrarfe Highly sensitive
fluorescence techniques such as fluorescence atorel spectroscopy (FCS) coupled to
stimulated emission depletion (STED) have succHgsfievealed the heterogeneous
diffusion of raft lipids such as sphingomyélifiThe picket fence model proposes that the
plasma membrane is compartmentalized by a coudittiah network that can temporarily trap
membrane proteifis Single particle tracking in intact cells has pded evidence for the
picket fence model by analyzing the diffusion tcajey of membrane lipids and proteins
However, other membrane properties such as membtramature or protein clustering could
potentially generate similar anomalous diffusionneémbrane molecul®s. Thus, methods
that progide insights into the biophysical causésm@mbrane heterogeneity are highly
desirablé.

Polarity-sensitive dyes change their fluorescencepgrties according to their lipid
environments. We and others have previously vizadliipid packing properties of cell and
model membranes using the polarity sensitive dydin#thylamino-6-lauroylnaphthalene
(Laurdanj ** ** The main limitation of this approach is the resioin limit of optical
microscopy, meaning that membrane domains below) v#% cannot be resolved. This
limitation can be overcome by using polarity-samsitdyes in conjunction with super-
resolution fluorescence microscopy. This has emhhbigdrophobicity mapping with Nile
Red? and STED imaging with di-4-ANEPPDHQ, di-4-AN(F)EPRA, and NR12&. An
alternative approach is to use other fluorescemopepties of polarity-sensitive dyésFor
example, we previously used the fluorescence speftNR123* provide evidence that the
plasma membrane is better described as a mixtusedefed and disordered lipid phases than
as a homogeneous, intermediate environment. Hezegxplore whether it is possible to
derive a biophysical “signature” from time-resolve@asurements of Laurdan fluorescence
emission to gain insights into how membrane cumeatind local cholesterol concentrations
contribute to membrane heterogeneity.

Laurdan is a synthetic, environmentally sensitiye that is essentially non-fluorescent in
water. When incorporated into a lipid bilayer, faactional group of Laurdan is physically
located at the carbonyl region of the bildyeHowever, Laurdan is amphiphilic and can
insert into lipid bilayers at different depths amdentation$® *”. In membranes, Laurdan is
fluorescent with at least two excited states: tdually excited state (LE), which is intrinsic to
the fluorophore, and an internal charge transfem)Istate created by a larger dipole moment.
The latter causes the reorientation of the surrmgndvater molecules to align with the
Laurdan dipole mometit This process consumes the energy of excited laaundolecules

so that the frequency of the emitted photons igedesed, which causes a red shift in the
emission wavelength. This process is referred techgent relaxatioll. Depending on the
number of the surrounding water molecules, Laurdiaplays a varying degree of solvent
relaxation that can be used to describe the lipidrenment in membrangs® For instance,

in model membranes with distinct but co-existimguld disordered (Ld) and liquid ordered
(Lo) phases, spectroscopic measurements of Lawaawmlistinguish the two phases because
of their difference in solvent relaxatitn®




For a spectral analysis of Laurdan, fluorescendgpigally collected in a ‘blue’ and ‘green’
channel and the normalized difference between wilte gpectral channels is known as the
General Polarization (GF)** Steady-state GP_measurements can provide usstfates
of the overall lipid environmeht* but for more details insights, it is necessargapture the
kinetics of solvent relaxation as well as the fegment lifetime of Laurdan. This is because
the steady-state GP value of Laurdan is determityetthe amount of solvent relaxation that
occurs while Laurdan is in its excited state. ®iigation is similar to the Perrin equation of
steady-state anisotrofi\that can be used to calculate the rotational siifiu of molecules in
solution. When the fluorescence lifetime is subisidlg shorter than the solvent relaxation
process, the steady-state GP approaches the @ialalue as if solvent relaxation has not
occurred. When solvent relaxation process is mumrter than the Laurdan lifetime, the
steady-state GP approaches the fully solvent rdlatage.

The local membrane environment influences Laurdfatirhe. For instance, Laurdan is
sensitive to collisional quenching by water molesuithin the membrane through excited
state chromophore-water interactibhsincreasing the membrane water content by either
increasing membrane temperature or decreasingctfiechain saturation level can led to a
decrease in Laurdan fluorescence lifetimé® The lipid composition and lipid packing
impacts on the local membrane hydration levelssioaua broader distribution in Laurdan
lifetime value$® ?* #' 2° Time-resolved spectral measurements such as résuved
emission spectra (TRES) have been used to captdinetie scale and dynamics of Laurdan
solvent relaxatiol?. With picosecond temporal resolution, TRES cammeéche entire time
course of Laurdan’s spectral shift immediately raéecitation. From such data, it is possible
to calculate the extent of Laurdan solvent relaxati\v, defined as the difference between
the initial excited state (the so-called Franck-@mm state)y(0), and the fully relaxed state,
v(«0), using either the overall shift in emission peakh® center of mass of the spetiré
has been shown that in model membrane, the extehtirdan solvent relaxatiomyv,
measured agv = v(0)-v(«) linearly increased with membrane hydration letef8 The rate

of solvent relaxation, often expressed asan easily be determined by the rate of the sglect
shift. A faster spectral shift corresponds to adiakinetics of solvent relaxation process and
vice versa. The speed of solvent relaxation is related tortiational mobility of the water
molecules within the membrane and often referreastmembrane viscostty

Variations in dye’s local lipid environment, such an enrichment in saturated lipids or
cholesterol and changes in membrane curvature iterynaembrane viscosity and hydration
levels, and thus potentially the fluorescence prtigeeof Laurdatr 2> 2”28 In this study, we
established a time-resolved GP approach as a $iedpliersion of TRES that captures both
the scale and kinetics of the Laurdan solvent edlarn process. We acquired the Laurdan
lifetime decay in two spectral windows simultandguBy taking the ratio of photons as a
function of lifetime, the influence of changes iaurdan lifetime is cancelled out. The time-
resolved GP values are only sensitive to the teansf energy between the two channels,
which is proportional to the solvent relaxation ggss. From a single FLIM acquisition,
multiple properties of the Laurdan fluorescent eois, including the fluorescence lifetime,
the GP value of the apparent Franck-Condon stalettan fully solvent relaxed statéhe
extent and rate of Laurdan solvent relaxation dedsteady state GP value were captured.
Using this method, we analyzed Laurdan fluorescemoperties for two different types of
model membranes, namely, lipid vesicles with défércholesterol concentrations and with
different membrane curvatures made of ternary lipidtures. We showed that membrane
cholesterol caused much more profound changes todaa fluorescence than membrane




curvature. We also applied the method to live Heléls, using a SAF objective to generate
FLIM images of the plasma membrane and found tlatations in Laurdan lifetime are
likely to be caused by alteration in membrane dtel®l| levels in the plasma membrane.

Material and Methods

Preparation of model membranes and cells

Lipid vesicles were prepared from a ternary lipikktores containing DOPC (1,2-dioleoyl-
snglycero-3-phosphocholine), cholesterol (ovingaet) and sphingomyelin (egg extract, all
from Avanti Polar Lipids) at ratios of 8:2:0, 6:2:2:2:4 and 2:2:6 used to represent
membranes in Ld phase (8:2:0), membranes with sbegi Ld and Lo phases at low
cholesterol concentrations (6:2:2) and at high e$terol concentrations (4:2:4) and Lo phase
lipid vesicles (2:2:6), respectively. The lipidsneemixed in chloroform and Laurdan prior to
lipid extrusion. The mixtures were dried under &agen flow and rehydrated in 10 mM
HEPES buffer containing 150 mM NaCl and 0@ EDTA. This produced a lipid and dye
concentration of 1 mM and |8\, respectively. For TRES measurement, large naumfidllar
vesicle (LMV) in Ld phase were used. For time-reedlGP measurements, large unilamellar
vesicles (LUV) of 100 nm diameter were preparecekiyusion through 100 nm-sized filter
using a lipid extruder (Avanti polar lipids), andhall unilamellar vesicles (SUV) of 30 nm
diameter were prepared by sonication, respectiviedy. lipids containing high cholesterol
concentrations, the lipid extrusion was performeéd%C. For SUV, the sonicated lipids
were further purified by centrifugation and filtegi through 0.22 micrometer filters to
remove titanium particles from sonication tip aadyer lipid vesicles.

For live cell imaging with Laurdan, Laurdan in DMS&as added to cell media to a final
concentration of 5 uM and incubated af@7t 5% CQ incubator for 30 min. Cells were
then washed and imaged in HBSS buffer and monitfimedny evidence of photo-toxicity or
photo-bleaching during data acquisition.

Spectroscopic measur ements and microscopy

TRES measurement was performed with a fluoromdtkro(oMax-4, Horiba). Laurdan-
labeled Ld phased lipid vesicles were excited witB73 nm photodiode laser pulsed at 20
MHz. Laurdan fluorescence was separated by an emigsonochromator and collected with
a photon counting photomultiplier tube (PMT). Laamd lifetime was determined by
separating the fluorescence emission into 5 nm $anthh a monochromator, scanned from
400 nm to 580 nm with 20 nm steps. To avoid chamgédigetime due to a loss of emission
polarization, the magic angle of 5318 the vertical polarization direction was used oth
excitation and detection. The excitation laserrisity was tuned so that the detector counting
rate was less than 2% of the laser frequency. Ntmaa 500,000 photons were collected at
each spectral band. The TRES files were exportddaaalyzed in OriginPro. The instrument
response function (IRF) was deconvoluted from tfegile decay for each spectral band.
The photons collected in the 420-480 nm and 480fBBG&pectral windows were summed to
simulate the experimental conditions for the timmselved GP measurements, where photons
were separated by beam splitter at 480 nm.

For the time-resolved GP measurements, a FLIM unstnt (Microtime 200, PicoQuant)
was used. The microscope body is an inverted Olgmpiid1l equipped with a P-733.2CL
XY objective scanner (Physik Instrumente). Excitatvas realized with a pulsed diode laser
(PicoQuant, P-C-405 LDH series, 405 nm, at 40 Mstz}xhat the laser power at objective
was 5 yW. For the time-resolved GP measurementswodel membranes, the confocal setup
was used, which consisted of a 60X, 1.2 NA UPlansMater objective (Olympus) and a




100 pum pinhole. For confocal measurements of cibiés, 100 X, 1.46 NA PlanApo Oil TIRF
objective (Olympus) was used with a 30 um pinhBleorescence emission was separated
from the reflected excitation laser by a 80/20 draission-to-reflection dichroic mirror
(21001, CHROMA). A 430 nm long-pass filter was iried to further block the reflected
excitation laser. Laurdan fluorescence were calidty two single-photon avalanche diode
(SPAD) detectors (PDM series, PicoQuant). A 484long-pass beam splitter was used to
split Laurdan fluorescence into 430 — 484 nm an85>Am emission bands. It should be
noted that the 430 nm long-pass filter meant tbatesof the fast emitting blue photons may
not have been captures, resulting in a lower ratiblue and green photons at early time
points and lower GP FC values. For high-resolutiore-resolved GP measurements of the
plasma membrane, a 1.0 NA SAF objective (customentgdDr Thomas Ruckstuffi) was
used with the same optical filters and spectraldewms. No pinhole was used in the SAF
setup as the 100 um diameter active area of thddSfefectors acted as pinholes.

The time-resolved Laurdan GP analysis for model@@lidmembranes was performed with a
custom-made LabVIEW program (TTTR data analysis). lifetime fitting, the photons of
each TCSPC channel in the blue and green specimdbow were added and replotted as a
combined TCSPC histogram. The lifetime decay constaas acquired by fitting the
intensity histogram to a single exponential deeamcfion. For the time-resolved GP analysis,
the FLIM data of the two spectral windows were leéddimultaneously and time-resolved
GP calculated as described in the Result sectitwe. riSing edge (time axis) and offset
(amplitude axis) of the decay in the green chamreas manually shifted to be aligned to the
blue channel to comparable levels and kept con$baratil measurements. For time-resolved
analysis of the cell plasma membrane, the backgrpurels were excluded from the analysis
by using the intensity threshold combined with atoe representation of the intensity
histogram decay, named a phasor $lothe phasor approach is a fitting free method that
offers higher flexibility and simplicity, such aglection and isolation of pixels displaying
specific lifetime. Because Laurdan fluorescencealgy originated from the cell membrane
displayed distinctive longer lifetime than backgndufluorescence, the pixels containing
mostly Laurdan signal can be conveniently selefitad the phasor diagram and extracted to
produce a cell membrane only-masked FLIM file. #hié subsequent analysis was done on
the regenerated background-free masked files. Regid short and long lifetimes in the
plasma membrane were extracted in similar manner.

Result and Discussion

Time-resolved GP measurements by microscopy

In TRES measurements, Laurdan lifetime is typicadigorded at each emission wavelength
across the entire emission spectra as showiignla-b. The extent and kinetics of solvent
relaxation can be extracted from the shift of emispeak as shown iRig. 1c. However,
data acquisition for TRES measurement is often sloaking it impractical for live cell
imaging. For fast acquisition and imaging of solvezlaxation in live cells, we simplified
TRES Fig. 1d-f) by dividing the spectrum of Laurdan into two gpalcwindows (blue and
green channel) and collected photons in the twordla simultaneously in a time-resolved
manner. This allowed us to collect sufficient amoafndata (>200 photons/pixel) for a single
cell in ~200 seconds. Although our approach cowoldtrack the shift in the emission peak as
done in TRES measurements, the extent and rat&aibmp transition from the blue to the
green channel contains information of Laurdan salveelaxation process that can be
analyzed in a quantitative manner.




As shown inFig. 1d, the apparent excited state decay of Laurdandrbthe spectral region

is faster compared to the apparent excited statayde the green spectral region due to the
presence of the solvent relaxation that provideshear process, in addition to the standard
fluorescence emission, by which the number of maéscemitting in the blue spectral region
gets lower with time and thus increasing the oVelatay rate constant. The apparent excited
state decay in the green spectral region is goddogea mixture of two processes; one being
a depopulating process from the Franck-Condon statte a characteristic fluorescence
decay profile and the other being a populating @seccaused by an increase of molecules
emitting photons with lower energy due to solveefaxation. As a result, the apparent
excited state decay constant in the green regisioiger than in the blue spectral region. In
absence of solvent relaxation such as for ATTO425olution, there is no population
redistribution between the blue and the green tletechannels at all time scales, and the
time-resolved GP plot became a straight liBapplementary Figure 1). This result also
demonstrated that our method is insensitive teitoited state fluorescent lifetime of the dye
and only records the population redistribution lestw the two spectral detection channels
caused predominately by the solvent relaxation ggec A discussion on the difference
between the classical TRES measurements and ousunee@ents can be found in the
Supplementary Information.

We named our approach time-resolved GeneralizedriRation (time-resolved GP). The
operation was similar to a time-resolved anisotrapalysis, where the ratio of photons
collected in the horizontal and vertical polaripatichannels are plotted as a function of
lifetime®.. Here, GP is the normalized difference in the nemif photons collected in the
discrete TCSPC channels of the two spectral charasea function of time and calculated as

GP(0) = (biue(t) —lgreen(t))/(Toiue(t) + lgreen(t)).

The extent and kinetics of the photon transitiom lsa analyzed from the shape of the plotted
curves. Here, time-resolved GP is defined as

time-resolved GP &P FC*Y F*exp (-t/ GPri) + GP FR

where GP FC represents the initial GP value at #er® immediately after excitation and
prior to the solvent relaxation, known as the FkaBondon state. Note that due to the
limited temporal resolution of the instrument, @svdifficult to capture the absolute Franck-
Condon stateWe thus estimated the apparent Franck-Condon &é¢C above) from the
initial GP value at which the time-resolved GP destarted Fig. le-f). This value was
recovered by adding the total amplitudes of theoerptial decays to the offset of the decay.
The offset of the decay was determined by the Giewahere solvent relaxation process was
completed (i.e. at large values of t), which iserefd asGP FR in the above equation and
represent the fully solvent relaxed state. Theedifiice between GP FC and GP FR, named
AGP, represents the extent of solvent relaxationhtha occurred during the measured time
window. Fis the amplitude of the respective exponential ded&P is calculated from the
sum of the amplitudes of the exponential decay $easNGP =YF;. For our data, a double
exponential decay function was sufficient to fi¢ tthecay well.

GPy; is the respective rates of solvent relaxation ees. They were determined by tail-
fitting a double exponential decay function to time-resolved GP curves in the range of 0.3
ns to 20 nsKig. 1ef). However, it is known that Laurdan solvent rel&om process is a

complex process that often requires multi-expoaérdecay fit, and the meaning of each




fitted components is not well defingéd* * Therefore, we used the intensity averaged
solvent relaxation time, referred as Ave13® estimate the kinetics of the Laurdan solvent
relaxation processes, which is calculated as Ave €FF*GPr°/ Y F*GPy. Finally, the
conventional steady state GP was conveniently @b by summing up all collected
photons in the blue and green spectral windowsnaaglcalled GP SS here.

Time-resolved GP measurements of model membraneswith different cholesterol levels
Cholesterol is a rigid and planar sterol that pesfgally inserts between saturated
phospholipids such as sphingomyelin in lipid bildyeOne of its main properties in
biological membrane is to increase lipid packingsiy. Densely packed membranes are
thought to contain fewer water molecules and lufmét degree of rotational mobility of lipids.
Given the sensitivity of solvent relaxation to meare hydration and membrane viscosity, it
is expected that the membrane cholesterol contarit hiave a distinct impact on the extent
versus the rate of solvent relaxation sensed by Laurdan.

We investigated the impact of cholesterol on Lanislime-resolved fluorescence with lipid
vesicles made from the ternary lipid mixtures diisgomyelin, DOPC and varying amount
of cholestera¥ * Ternary lipid vesicles are generally regardebetser models for complex
cellular membranes than single phospholipid memdwaAccording to the phase diagram for
similar ternary lipid vesicles at room temperaf@rere selected four conditions that represent
the Ld phase (0% cholesterol), the coexistence @fabhd Ld phases (20% and 40%
cholesterol) and the Lo phase (60% cholesterolpv€niently, the cholesterol concentration
increased linearly across the four conditions. Tipel-to-dye ratio was kept constant at
200:1.

The Laurdan fluorescence of the four LUV preparsiavith varying amount of cholesterol
were collected at room temperature as describaterMethod section. The result showed
that lipid vesicles containing higher cholestemVdls displayed a longer overall Laurdan
lifetime (Fig. 2a), which implies less quenching from water molesu& the membrane-
water interface and thus decreased level of membhgdration. In agreement, the GP SS
values, calculated from the ratio of photons in bihge and green spectral channels, also
increased with the membrane cholesterol conteéig. 2b), suggesting a blue shift in the
Laurdan emission spectrum and a decrease in memhyaination.

The time-resolved GP analysis revealed a morelddtpicture of how membrane cholesterol
affects the amount and kinetics of solvent relaxatis in previous TRES studigs”* it was
insufficient to describe fit the time-resolved GiRves Supplementary Figure 2) to a single
exponential decay function, indicating multiple\swit relaxation processes with distinctive
rate constants take place in these lipid vesidMs.found that Laurdan-labeled ternary lipid
mixtures and the plasma membrane could be wedldfitb double exponential decay curves.
The result showed that increase in cholesterolldegaused an increase in GP FC values
(Fig. 2c). It was expected that the GP FC values would drestant as the true Franck-
Condon state of Laurdan is independent from the Ignvironment. However, in our
measurement, we did not capture all blue photoss Kethods), so that the amplitude of the
fast solvent relaxation component was reduced. ésngequence, we weighted the apparent
GP FC values by the Laurdan lifetime values.




The AGP values were substantially larger in vesiclestaiomg lower concentrations of
cholesterol Fig. 2e). Interestingly, the influence of cholesterol dretextent of solvent
relaxation was more apparent when cholesterol dexaahged between 20 - 40% while no
significant change iMGP values were observed 0 - 20% and 40 - 60%. W& dbncluded
that cholesterol makes the membrane more dehydraaeticularly in the 20 - 40% range.

As the exact meaning of the individual speciesabfent relaxation is not well defin&d?

we used the intensity-averaged Ave tGRilues to describe the overall Laurdan solvent
relaxation kinetics. Although cholesterol has causebstantial change of Laurdan lifetime
decays Fig. 2a), an increase in cholesterol levels up to 40% rdbt change the captured
kinetics of the Laurdan solvent relaxations proesdsut broadened the distribution of the
Ave GP values. It was also known that the insertion depthLaurdan and other
solvatochromic_dyé§ in the lipid bilayer is not uniform, which couldause a broader
distribution of solvent relaxation procesSesFurther, the gradient of water molecules in the
lipid bilayer means that the rotational mobility whter molecules and solvent relaxation is
substantially faster at the solvent-lipid interfdc® A previous study of Prodan showed that
cholesterol could cause the relocation of the dyihé Ld phase of DOPC lipid bilay&tsA
relaxation process related solely to the relocatibthe dye molecules in the lipid bilayers
would occur on the slow nanosecond time séafuch relocation-initiated solvent relaxation
is likely to be responsible for the slow decayimggess, visible in the raw time-resolved GP
curves Bupplementary Figure 2). Following this interpretationt is likely that an increase
in membrane cholesterol reduced the relocationanaidf Laurdan in the bilayer. As a result,
the distribution of Laurdan solvent relaxation Kiog became more uniform as observed in

Fig. 2f.

The limited temporal resolution of our setup metra a large fraction of the fast solvent
relaxation process was missed. As a result, theiledbd Ave GRPvalues was more weighted
by the slow solvent relaxation process. An incraaseverall Laurdan lifetimeia elevated
cholesterol levels, for instance, would result apttiring more of the fast solvent relaxation
process and a decrease in Avert@Rlues. Indeed, a significant decrease in Ave Giues
was observed for vesicles that contained 0 - 60%hofesterol. An alternative explanation is
that the interactions of charged functional groopsaurdan with the polar headgroups of
nearby phospholipids could produce Laurdan solw@akation at slow time scafés

Time-resolved GP measurements of model membranes with different curvature

Membrane bending and highly curved membrane strestare often observed in the cells,
particularly during endocytosis and exocytdsiMembrane curvature directly impacts on the
spatial packing and rotational flexibility of lipianolecules, which potentially affect
membrane hydration and viscodiy™ * In addition, a high local curvature could afféue
sorting of lipids into distinctive membrane domdinsn order to investigate how Laurdan
fluorescence is affected by membrane curvaturepnepared LUV and SUV vesicles of 100
nm and 30 nm diameter by lipid extrusion and sdimoarespectively. Both types of vesicles
had the same lipid composition of DOPC/SM/choledtext a ratio of 6:2:2. At room
temperature, this lipid mixture produced membranits coexisting Ld and Lo phasés®®
The lipid-to-dye ratio was also kept constant &:20As above, Laurdan was added to the
lipid mixture prior to vesicle formation so that d@an be expected that Laurdan was
distributed in both leaflets of the lipid bilager

Laurdan lifetime was mildly but significantly shened in the smaller vesicles compared to
the larger onesHig. 3a). Lifetime values dropped from 5.36 + 0.06 ns 60Inm LUV to



5.12 + 0.03 ns in 30 nm SUV. This suggests thaharease in membrane bending caused an
increase in the amount of water insertion in themim@ne, as one may expect, and this
caused a decrease in Laurdan lifetime by watercueg.

The steady state GP analysis implies membrane rdotetaxation was increased as the GP
SS values was reduced from -0.05 + 0.008 in 100Lbi to -0.08 + 0.005 in the 30 nm
SUV (Fig. 3b). On the other hand, the time-resolved GP analysi8GP values showed no
significant change between 100 nm LUV and 30 nm §BM. 3e) and the GP FR values
indicate that the two types of lipid vesicles r@dxo similar levelsHig. 3d, Supplementary
figure 2). This implies that the solvent relaxation proesswere similar between the two
type of lipid vesicles. We suggest that the de@eassteady state GP SS valueFig. 3b
was cause by the reduction in Laurdan lifetimesTifibecause GP SS values were calculated
as the ratio of total number of photons transfefreth the blue to green channel during the
excited Laurdan lifetime. Reduction in lifetime de@ses the time window for solvent
relaxation to occur so that the GP SS values weceraduced.

The rate of solvent relaxation was not influencgdtrvature change as shown by AvetGP
values generated from small and large vesiclesg. (3f). This implies that membrane
viscosity and the rotational diffusion of membramgter molecules was similar between the
100 nm LUV and 30 nm SUV. The distribution of the@eAGR values also became more
scattered in the 30 nm vesicles. It is likely thatthe membrane became more bended, the
movement and location of the Laurdan in the bildyecame more frequent, which could
increase the amplitude and dynamics of the slowesdlrelaxation. In summary, although
more water molecules were likely inserted into lipel bilayer in the highly curved lipid
vesicles as suggested by the reduced Laurdamidgetour time-resolved GP measurement
suggests that the extent of solvent relaxation wa$ substantially changed. Our
interpretation is consistent with a previous analydg curvature using other solvatochromic
dyes that concluded that changes in membrane cwevaad no influence on the extent of
solvent relaxation and membrane hydration levetdrmreased curvature accelerated the rate
of solvent relaxation process at fast sub-nanosktione scaleS. Taken together, in our
experiments with limited temporal resolution, meart® curvature did not influence the rate
or extent of solvent relaxation, suggesting memdramolesterol and membrane curvature
have very different impacts on the time-resolvedrf&surements of Laurdan.

Laurdan lifetime imaging of the plasma membranein live cellswith super-critical angle
fluorescence (SAF)

Finally, we investigated whether time-resolved Giald be performed on cell membranes
and whether such measurements provided additiosaihits as they have done for model
membranes. One of the inevitable complicationshefdell imaging with Laurdan is that a
large fraction of Laurdan molecules become intézedl and associated with the internal
membranes. The lipid composition of the internahtheane differs substantially from the
plasma membrane resulting in differences in Laurtizorescencé ** 2’ As demonstrated
in the confocal images of Laurdan-labeled Helasc@lig. 4a), a large fraction of Laurdan
was internalized and displayed shorter lifetime pare to the plasma membrane. Even with
a 100X, high 1.46 NA objective and a gt pinhole (diameter that is equivalent to ~1/3 of
one Airy unit), the confocal image of plasma memiratill contained signals from internal
membranes.



In order to reject Laurdan signals from internalnmbeanes, we employed a super-critical
angle fluorescent (SAF) objective on a commerciaroscope (PicoQuant Microtime 200)
as previously describ& SAF is a surface-enhanced fluorescence imagittinigue where
the near field energy of the fluorophores locatetha glass-water interface is converted into
far-field fluorescence due to the surface resonafieet®. The majority of the fluorescence
emitted at supercritical angf@scan be collected by a parabolic mirror inside SWF
objective. As seen irig. 4b, images collected with the SAF objective are rescent of
TIRF images. The sample-scanning regime of the asaope allowed us to combine SAF
with time-correlated single photon counting (TCSHQ) fast fluorescence spectroscopy
analysig€® “°and lifetime measurement of the plasma membranéemonstrated for the first
time in this study. To make the data collected wite SAF objective comparable to the
model membrane data obtained with a confocal seahg,microscope settings were kept
identical to those used in the cholesterol andature experiments.

Compared to the FLIM histogram collected with caraflosetup that had a broad distribution
(Fig. 4¢), the Laurdan lifetime histogram distribution frafme SAF acquisition was much
narrower Fig. 4d). When the distributions of the pixel lifetime tugram were fitted to
multiple Gaussian distributions, the FLIM data fraime confocal setup could only be
described with three Gaussian functions, whicheredt at 4.28 ns, 5.32 ns and 5.83 ns and
had a full width at half maxima (FWHM) of 0.64 r&57 ns and 1.16 ns, respectively. In
contrast, the lifetime histogram of SAF FLIMi§. 4d) could be described by two Gaussian
functions, which centered at 5.59 ns and 5.93 tis WWWHM values of 0.79 ns and 0.63 ns,
respectively. The 4.28 ns peak in the confocal Fid&éa was completely absent in the SAF
acquisition, suggesting these signals originatednfiLaurdan in intracellular membranes.
This demonstrates the advantage of membrane |datimging with SAF.

The lifetimes of the two identified lifetime poptilans in the SAF FLIM data (5.59 + 0.51 ns
and 5.93 £ 0.46 ns) were vastly different to tietiine values of Laurdan in Ld (4.43 + 0.03
ns) and Lo (6.93 + 0.09 ns) phased model membr@igs2a). This implies that the plasma
membrane may not be a simple mixture of the Lo lashgphases as observed in the model
membrane® but does not exclude the possibility of Ld andnixtures below the resolution
limit. Comparing the lifetime data of the plasmamigane to model membranes with
different cholesterol concentration suggests thet ¢tholesterol composition of plasma
membrane lies between 20 - 40%, agreeing with pusvistudies that report cholesterol
concentrations in the plasma membrane of 20 -0

It was notable from the FLIM images of the cellattthe fluorescence lifetime of Laurdan in
plasma membrane was highly heterogenedtig. (4b). There were many punctate that
displayed clearly longer lifetime values than tkenaining sections of the membrane were
observed. In order to gain a better understandinthe difference of lipid environment
between the punctate regions, we investigated h@w_turdan solvent relaxation process
differed between those longer and shorter lifetmgions. To do so, we split the data into
short and long lifetime regions using the phasqraacti® (see Methods for detailBjg. 4b).
The pixel histogram analysis of the isolated FLiMdS showed that each component could be
described by single Gaussian functi®@gplementary Figure 3). We then performed time-
resolved GP analysis for the short and long lifetinegions (as well as total plasma
membrane). To keep the analysis consistent witmtbdel membrane experiments, we used
a double exponential decay function for fitting.eThime-resolved curve of the plasma
membrane is shown as black dotted lind=ig. 4e and compared to the time-resolved GP
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curves of lipid vesicles with varying cholesterancentrations as indicated. The time-
resolved curves of the long and short lifetime oegiare shown ifrig. 4f, and their fitted
values inTable 1.

The analysis of the long and short lifetime regionthe plasma membrane suggest that the
solvent relaxations processes between the two n@mabegions were substantially different.
The longer lifetime components (6.28 + 0.26 nspldiged substantially larger amount of
solvent relaxation than the short lifetime compdadh.42 + 0.23 ns) as shown by the higher
AGP values shown ifable 1. This was attributed to the greater amplitudeghef time-
resolved GP curves, as showrFig. 4f. As a result, the GP FC values increased and GP FR
values decreased for the long lifetime regions. 8Weculate that while both the long and
short lifetime regions experienced a fast decap@nfirst ~7 ns, the long lifetime region was
dominated by a slow and continuous decay afterwandsle the short lifetime region
flattened out in comparison. It is likely that thecreased amplitude of the slow solvent
relaxation process was responsible for the sicgamfiancrease of Ave GPvalues in the
longer lifetime region as shown in Table 1.

While there was a substantial difference of Laurslalvent relaxation between the short and
long lifetime regions of the cell plasma membrahe, exact cause for the change is unclear.
The change in the time-resolved GP decays betwleenshort and long lifetime region
showing inFig. 4f resembled the condition of increase of cholesterals from 40 - 60% Iin
model membrane. The increase of cholesterol hasedaoverall upwards shift at early time
points and a slow and continuous decay at latter gfathe time-resolved GP curves as
shown inFig. 4e. Thus we conclude that variation in local cholestéevels, rather than
changes in membrane curvature, may cause the getezivy in the plasma membrane.

Conclusions

In the current study, we have developed a fast-teselved GP analysis method for FLIM
data that is capable of extracting multiple paramsefrom Laurdan solvent relaxation. The
time-resolved GP analysis described here quantifiesextent and rate of photon transition
from the blue to green channel for a given lifetiofeexcited Laurdan molecules. Compared
to the conventional steady state GP and standftiihie measurements, the time-resolved
GP analysis of capturing some aspects of solvdakagon but has a limited temporal
resolution, which means that fast solvent relaxatimmcess and the true Franck-Condon state
were not captured.

Investigation of lipid vesicles of varying choleste concentration and curvature
demonstrated that time-resolved GP provided additionsight into Laurdan solvent
relaxation compare to the conventional lifetime atehdy state measurements. It was also
concluded that increasing membrane cholesterolldeveduced the extent of solvent
relaxation by making the membrane less hydratedh Hiholesterol levels are likely to
enhance lipid packing so that the local motionhefinserted Laurdan molecules was reduced.
In comparison to the effect of cholesterol, membraarvature had relatively little influence
on Laurdan solvent relaxation.

We also investigated whether the Laurdan signah fplasma membrane could be analyzed
in a similar manner, utilizing a SAF objective tengrate Laurdan FLIM images of the
plasma membrane. Our time-resolved GP data is stemsi with the plasma membrane
having a membrane cholesterol level of 20 - 40%halgh highly fluid and mobile, the
plasma membrane also displayed local heterogeneitych was reflected in the two
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distinctive populations in Laurdan lifetimes. Thegions with long Laurdan lifetime were
comparable to model membranes containing more 408t cholesterol, suggesting that the
observed membrane heterogeneity was more likelgezhiby the modulation in membrane
cholesterol levels than by changes in membraneatur®. However, it should be taken into
account that physical bending of membranes caredduesredistribution of membrane lipids.
High membrane curvature can cause an agitatioheofdcal thermodynamic energy, where
lipids of different shapes are redistributed alting curvature to minimize the strain on the
membran&. Thus, an inhomogeneous lateral distribution ofane lipids could be linked
to variations in membrane curvattiteé=or instance, it was shown that highly curvedecdae
are also highly enriched in cholesterol and sphimgglin**. Another study showed that local
cholesterol levels strongly correlated with membraurface of high curvature such as
microvilli and filopodid®. Therefore, different underlying factors could Gioute to the
membrane heterogeneity observed with Laurdan leusithplest explanation is varying local
cholesterol concentrations.

There are also technical and biological issues ghatild be taken into consideration when
performing time-resolved GP _measurements. For elgntipe use of 405 nm laser is not
ideal for Laurdan excitatidn and potentially causes phototoxicity and changeghe
physiology of the cell. The use of 430 nm longspasemission path has caused the loss of
fast decaying photons in the ultra-blue spectmgilores. This reduced the amplitude of the fast
solvent relaxation components and prevented us é@apturing the true Franck-Condon state
of the excited Laurdan. Since Lauran solvent rdlarain lipid membranes occurga
multiple different time-dependent processes, a relatively large number of photons need to
be collected, resulting in the temptation to staieambranes with a high concentration of
Laurdan, which might disturb the physiological ciimhs of the cell. Further, given the
membrane permeability of the probe and the rapgiermalization of Laurdan in cells, good
optical sectioning is required to measure the ptaseof the plasma membrane. In terms of
data interpretation, we attributed the changerétresolved fluorescence of Laurdan to the
lipid environmerit®. However, the high concentration of proteins i membranes may also
affect Laurdan solvent relaxations. We thus corelutlat with improvement of the
instrument limitations, the time-resolved GP_measwnt can provide additional insight into
the biophysical properties of lipid environmentsd athe heterogeneity of the plasma
membrane.
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Table 1: Timeresolved GP valuesfor cdl plasma membrane extracted from SAF FLIM images.

Lifetime Region Overall GP SS GP FC AGP GP FR Ave GPR
Lifetime (ns)
Total 5.83+0.19 0.066 +| 0.21+0.19( 0.27+0.13 -0.062 +0J13.81+1.21
0.05
Short 5.42+0.23 0.071+( 0.19+0.11| 0.21+0.11 -0.013+0J1B8.42+1.72
0.09
Long 6.28 + 0.26 0.062 +| 0.23+0.09 0.34+0.0¢ -0.116 +0J06.08 +1.54
0.07
P < 0.05 Paired Tl * NS * * * *
test

Figure 1. Time resolved spectral analysis of Laurdan solvent relaxation by time-resolved GP
measur ements. (a) TRES plot collected over 420-580 nm for Laurdareled lipid vesicles in the Ld
phase. Lifetime plots are normalized to the aredeumhe curves. The shift in emission peak due to
solvent relaxation can be seen in the zoomed reafitime peak of the lifetime decay in the insb). (
3D surface plot of TRES data shown &).((c) Normalized spectrum of Laurdan at indicated ilifets
from the TRES data shown in a, showing cross-segtiofiles of b at different lifetimes. Note thelre
shift in the emission peak at longer lifetimed) aurdan lifetime decays ira where photons were
grouped into blue (420 nm to 480 nm, blue), gre&80 (hm to 580 nm, green) and the total (420 nm
to 580 nm, black) spectral windows by combiningtphs collected in the corresponding wavelength
ranges. € Time-resolved GP plot of data shown @).(The decay pattern was tail-fitted to a double
exponential function (red line). The distributiori the residuals (bottom graph) indicated the
appropriateness of fitting. At longer lifetime va8j solvent relaxation process is completed and GP
value of the fully relaxed state (GP FR, dotte@)iis estimated from this part of the curv@.Tail-
fitting from (e) yields two exponential terms as represented byréld and blue single exponential
curves. The sum of amplitude of the two decaysest the amount of solvent relaxation from the
initial GP_FC value to the fully relaxed state GR. FThe apparent Franck-Condon state (GP FC) at
time zero is recovered from the sumASBP and GP FR. The fractions and rate constantseofwo
exponential components @Pand GR, were used to calculate the intensity averagedafaselvent
relaxations processes.

Figure 2. Time-resolved GP analysis of model membranes with different cholesterol levels. 100
nm-diameter LUV of the indicated ratio of DOPC/smiomyelin/cholesterol were labeled with
Laurdan and Laurdan lifetim@)(and time-solved GRb{f) measured. Steady state GP values (GP SS,
b), GP values of the apparent Franck-Condon stafeHG,c), fully solvent relaxed state (GP F&),

the extent of solvent relaxatiod@P, €), and the kinetics of the solvent relaxation psses (Ave
GPr, f) were derived from photons emitted in the blued¢484 nm) and green (>485 nm) channels
and by fitting the data to a double exponentialageftinction (as shown in Fig. 1f). Data are for n=6
independent experiments; Horizontal bars indidagenhedian, the upper and lower boundaries of the
boxes indicate the 25th and 75th percentiles, cadrbars indicate the 5th and 95th percentilelgdfil
diamond symbols indicate outliers, squares indica¢@an. One-way ANOVA with Bonferroni post
hoc test was used for mean compariséh<0.05; **P < 0.01; no asterisk indicat&s> 0.05.
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Figure 3. Timeresolved GP analysis of lipid vesicles with different curvature. (a-f). 100 and 30
nm-diameter Laurdan-labeled lipid vesicles werented from ternary mixtures of DOPC,
sphingomyelinand cholesterol at a ratio of 6:2:2 and Laurdaritedcstate lifetime & and time-
resolved GP l{-f) measured. Steady state GP values (GPbES5P values of the Franck-Condon
state (GP FCg), fully solvent relaxed state (GP_F&), the extent of solvent relaxatioNGP, €), and

the Kkinetics of the solvent relaxation processes (&R, f) were extracted from fitting time-resolved
GP _measurements. Data are for n=6 independentimgmés. Horizontal bars indicate the median,
the upper and lower boundaries of the boxes inglitla¢ 25th and 75th percentiles, vertical bars
indicate the 5th and 95th percentiles, filled diach@ymbols indicate outliers, and squares indicate
mean. Two-sample t-test assuming equal varianceused for statistical comparisond? ¥ 0.05;

** P < 0.01; no asterisk indicat&> 0.05.

Figure 4. Laurdan lifetime imaging and time-resolved GP analysis of the live cell plasma
membrane. (a) Representative confocal FLIM images of Laurdarelad live Hela cells obtained at
the center of the cell (top) and adjacent to tlasglcoverslip (bottom), and corresponding x-z eross
section (middle). Scale bar = 3 um; color scalecaigs Laurdan fluorescence lifetimeb) SAF
FLIM image of Laurdan-labeled Hela cell collecteithathe same excitation laser setting asah (
Photons from blue and green detectors were gro(ijppdmage). Two mask FLIM files were created
by gating photons into shorter (middle) and lon@ttom) components according to their position
on the phasor plot. Images are representativeaall3. €, d) Pixel lifetime histograms of confocal
FLIM (c) and SAF FLIM ¢) images, shown irgj and ), respectively. Histograms were fitted (cyan
curve) to threed) and two @) Gaussian distributions, resulting in an overialbf R* = 0.978 ¢) and

R? = 0.951 (), respectively.d) Time-resolved GP curves of the plasma membraiaeKlotted line)
and model membranes with varying cholesterol le(fetsn Figure 2).f) Time-resolved GP curves
of the photons collected from short and long Laaortigetime regions in the plasma membrane as
shown in b (middle and bottom panel).
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