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Abstract 

Lipid:cholesterol mixtures derived from cell membranes, as well as their synthetic 

reconstitutions, exhibit well defined miscibility phase transitions and critical phenomena near 

physiological temperatures. This suggests that lipid:cholesterol-mediated phase separation 

plays a role in the organization of live cell membranes. However, macroscopic lipid phase 

separation is not generally observed in cell membranes and the degree to which properties of 

isolated lipid mixtures are preserved in the cell membrane remain unknown. A fundamental 

property of phase transitions is that the variation of tagged particle diffusion with temperature 

exhibits an abrupt change as the system passes through the transition, even when the two 

phases are distributed in a nanometer-scale emulsion. We support this using a variety of 

Monte-Carlo and atomistic simulations on model lipid membrane systems. However, 

temperature dependent fluorescence correlation spectroscopy of labeled lipids and 

membrane-anchored proteins in live cell membranes show a consistently smooth increase of 

the diffusion coefficient as a function of temperature. We find no evidence of a discrete 

miscibility phase transition throughout a wide range of temperatures: 14 – 37 °C. This 

contrasts the behavior of giant plasma membrane vesicles (GPMVs) blebbed from the same 

cells, which do exhibit phase transitions and macroscopic phase separation. Fluorescence 

lifetime analysis of a DiI probe in both cases reveals a significant environmental difference 

between the live cell and the GPMV. Taken together, these data suggest the live cell 

membrane may avoid the miscibility phase transition inherent to its lipid constituents by 

actively regulating physical paramters, such as tension, in the membrane.  

 

 

Keywords: FCS, Fluorescence correlation spectroscopy, Lipid raft, Lipid phase, Membrane 
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Introduction 

Binary liquid phase separation and miscibility phase transitions in lipid bilayer membranes 

have been well characterized in ternary mixtures of lipids and cholesterol.1-6 These membrane 

systems are widely considered as model systems that mimic the composition of the general 

mammalian cell plasma membrane. Observations of the same macroscopic miscibility 

transitions in cell membrane blebs provide compelling confirmation that this is an inherent 

property of cell membrane lipids.7-8 Although inhomogeneous lipid interactions have been 

detected by various high resolution techniques,9-11 macroscopic phase separation is not 

generally observed in native living cell membranes. It is possible that cell membrane lipids 

do exhibit miscibility phase transitions, even in the living cell, but the phase separated 

domains remain within a nanometer scale as a result of interactions with other cellular 

structures, such as the cortical actin cytoskeleton. Alternatively, it is also possible that the 

cytoskeleton, along with other membrane proteins and active cellular processes dominate or 

even obliterate lipid miscibility effects. The degree to which lipid miscibility phase behavior 

contributes to the structure of the complete live cell membrane remains controversial.12-18 

 

In this report, we measure the collective mobility of a number of membrane components as a 

function of temperature in living cell membranes by fluorescence correlation spectroscopy 

(FCS).19-20 Since collective mobility exhibits a discontinuity as a system passes through a 

miscibility phase transition,21-22 these observations are expected to reveal the phase transition, 

even in cases where the phase domains are too small to resolve by direct imaging. We 

support this by a variety of Monte-Carlo and atomistic simulations, which show that FCS 

measurements of tagged particle diffusion would capture such transitions. Our experimental 

observations, however, consistently reveal a smooth variation of fluorescence autocorrelation 

time (a measure of collective mobility) with temperature. We find no evidence of a 
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miscibility transition over the temperature range of 14 – 37°C in the live cell membrane, even 

though giant plasma membrane vesicles (GPMVs) derived from these same cells do exhibit 

such transitions.7 We further investigated the systematic differences between the GPMV and 

live cell membrane by fluorescence lifetime measurements of the DiI fluorescent probe.  

The fluorescence lifetime of this probe is sensitive to mechanical aspects (e.g. tension) of the 

membrane.23-24 In time-resolved fluorescence measurements, we observe a clear difference in 

the fluorescence lifetime of the DiI between the living cell and the GPMV. Suggesting the 

cell membrane may be maintained in a different region of the phase diagram and may even 

actively avoid a temperature-driven miscibility phase transition. We point out that the lack of 

a phase transition does not indicate whether or not the membrane is in a phase separated, only 

that transitions in the live cell membrane cannot be driven by temperature in the 14 – 37°C 

range. 

 

 

Methods 

 

Insertion of fluorescence labeled lipids into the live cell membrane 

Fluorescently labeled lipid probes were inserted into the cell membrane by incubating 

RBL2H3 cells grown on clean cover glasses (12-545-102 25CIR-1, Fisher Scientific) with 

PBS buffer solution containing lipid probes and BSA, as described in detail in previous 

literature.8, 10, 25 All fluorescently labeled lipids used for diffusion measurement were labeled 

with an identical fluorescent probe, BODIPY-FL. Fluorescent lipid analog DiI was used for 

fluorescence lifetime measurement. The fluorescent probes used were, BODIPY FL C12-

sphingomyelin, BODIPY FL C5-ganglioside GM1, BODIPY FL DHPE, β-BODIPY FL 

C12-HPC, DiIC12(3) and DiIC18(3), all from Invitrogen. Lipid probe incubation was 
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performed with cells grown on cover glasses preassembled into metal imaging chambers 

under sterile condition (Attofluor cell chamber, Life Technologies). Natural adherent 

property of the cell lines stabilized plasma membranes on the glass surface to perform FCS 

experiments. Only the Jurkat T cell membranes were stabilized by Poly L-Lysine as 

described below. RBL cells were cultured in DMEM GlutaMAX medium (Gibco) 

supplemented with 15% fetal bovine serum (FBS, Atlanta Biologicals). Cells were cultured in 

a T-25 cell culture flask under 37°C, 5% CO2 condition. 

 

Cloning and Cell Culture/Transfection of anchored GFP fusion proteins 

Lipid anchored fluorescent protein constructs were prepared as previously described.26  

Protein constructs were subcloned into the pN1 vector with a strong CMVIE promoter. Full-

length and truncated C-Src-GFP fusions (C-Src16-GFP and C-SrcFL-GFP) were engineered 

from the mouse C-Src gene from Addgene (Plasmid #13663). CD52-GFP genes were gifts 

from Dr. Björn Lillemeier and Dr. Mark Davis (Stanford University). All oligonucleotides 

were synthesized by Elim Bioscience (Fremont, CA) and sequenced by Elim Bioscience. 

Sequence information is provided in the supplementary information. 

 

Jurkat T cells were cultured in RPMI1640 medium (Gibco) supplemented with 1 mM sodium 

pyruvate (Cellgro), 100 µg/mL Penicillin/Streptomycin (Cellgro), and 10% fetal bovine 

serum (FBS, Atlanta Biologicals). Cells were passaged every two to three days by seeding 

~106 cells in 5 mL media in a T-25 cell culture flask and were disposed of after ~15 passages.  

Cells were transiently transfected 1 day before the experiment by seeding 106 Jurkat cells in 

2.5 mL Jurkat media and adding transfection mixture of 2.5 µg plasmid DNA mixed with 250 

µl Opti-MEM I and 10 µl Lipofectamine 2000 transfection reagent (Invitrogen) incubated at 

room temperature for 30 min. Transfected cells were incubated at 37°C, 5% CO2 for ~10-16 
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h before the FCS experiment. 

 

To prepare transfected Jurkat cells for data acquisition, cell culture media was exchanged 

twice with 5 mL PBS, pH 7.4 prewarmed to 37°C, by centrifuge (5 min, 250 rcf) and 

resuspended in 500 µl HEPES buffered saline (pH 7.2) prewarmed to 37°C and deposited on 

poly-L-lysine coated coverglass (P-L-L, Sigma) enclosed in a metal imaging chamber. Cells 

were allowed at least 15 min in the incubator in order to settle and adhere to the P-L-L coated 

coverslips. Effect of P-L-L on membrane anchored protein diffusion is minimal, 24 but it is 

worth noting that the cells were stabilized by electrostatic interaction between cell 

membranes and P-L-L. This is different from the method used for other adherent cell lines in 

which cells were naturally adhered.    

 

Fluorescence Correlation Spectroscopy 

FCS was performed on prepared cells with target fluorescent molecules. Spots for 

measurements were chosen randomly from the bottom membrane of cells with a healthy 

morphology (Figure 1a). Fluorescent molecules moving in and out of a focused laser spot 

generated fluctuations of emission intensity, and time-resolved arrival history data of photons 

collected by a high sensitivity photon detector were recorded (Figure 1b). We looked at three 

spots per cell and each data point presented here is the ensemble average from ten different 

cells (n=10, n=5 for anchored protein data). For each spot, five iterations of 10 sec 

measurements were recorded. A complete set of temperature scanning measurement was 

performed for each sample by sequentially changing the temperature on the microscope stage. 

The system was equilibrated for 10 min at each temperature before performing measurements. 

Each experiment was finished within 2 h 30 min at most from the initial sample preparation. 

We calculated the time autocorrelation function (Equation 1) from the intensity trace, and 
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performed function fitting with an anomalous two dimensional diffusion model (Equation 2) 

to calculate the average decaying time of the correlation function (Figure 1c).27 An 

anomalous exponent was introduced to properly consider the non-Brownian nature of 

molecular diffusion in living cells.28 

             (Equation 1) 

     (Equation 2) 

Igor Pro (WaveMetrics, Inc.) was used for function fitting. The obtained average decay times 

of each lipid at different temperatures were used to calculate diffusion coefficients from the 

equation τd = w2/4D.27 In the equation, w denotes the excitation laser spot width, and D 

denotes the diffusion coefficient. FCS for Figure 2c was conducted similarly by an 

independent research group using a different instrumental setup, methods, and cell line from 

those described in the main text here. Details are given in Supporting Information. 

 

FCS experiments were performed on our apparatus constructed in the following way: 479 nm 

excitation beam from a 40 MHz pulsed diode laser (LDH-P-C-485, PicoQuant, Berlin, 

Germany) underfilled the 100× TIRF oil objective [NA 1.49 (Nikon Corp., Tokyo, Japan)] to 

generate a small focal spot on the sample. Laser power, measured before the objective, was 5-

10 µW for BODIPY-FL. The laser power used was tested for photo bleaching effect on an 

immobile lipid bilayer (Table S1). Our FCS measurement time is reasonably shorter than 

measured photo bleaching time of immobile fluorescent molecules. Notch filtered (Semrock, 

Rochester, NY) emission light passed through a 50 µm confocal pinhole (Thorlabs, Newton, 

NJ) was collected after an emission filter (Chroma Technology Corp., Rockingham, VT) by 

avalanche photodiodes (APDs) (SPCM-AQRH-16, Perkin&Elmer, Canada). A time-
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correlated single photon-counting (TCSPC) card (PicoQuant, TimeHarp 200, Berlin, 

Germany) collected signal from the APDs through a universal router (PRT 400, TTL SPAD 

router, PicoQuant, Berlin, Germany) to record time resolved photon fluctuation data, from 

which the autocorrelation function was calculated using a software correlator written in 

Matlab (The MathWorks, Inc.) in our own lab, based on a multiple tau algorithm.29-33 FCS 

excitation spot size was measured for each experiment by measuring the diffusion coefficient 

of Alexa Fluor 488 (Invitrogen) solution of known diffusion coefficient.34 Temperature was 

controlled by a Peltier based temperature controlling device (Physitemp Instruments, Inc., 

Warner Instruments, LLC) that directly regulates the temperature of the sample mounted in 

the microscope (Nikon Corp., Tokyo, Japan). The device performed heating/cooling by 

transferring heat from the metal sample chambers. Sample temperature was measured in real 

time by a thermocouple immersed near cell adhered surface to measure the true temperature 

of samples. Thermal equilibrium of the sample was assured for each temperature point of 

measurements. 

 

Supported lipid bilayer (SLB) for control experiment was prepared following the literature.35 

BODIPY-FL C12HPC (0.005 mol%) in DOPC vesicles were prepared by extrusion in pure 

water as 2 mg/ml. Samples were extruded nine times through 100 nm pore size filters 

(Whatman, Florham Park, NJ) at 50°C in a high pressure extruder (Northern Lipids, Burnaby, 

British Columbia, Canada). SLB was formed by directly rupturing prepared vesicles on 

piranha etched cover glasses. Twenty microliter of vesicle solution mixed with PBS buffer as 

1:1 was placed onto a clean plastic petri dish and a cleaned coverslip was dropped over the 

droplet. After 45 sec incubation, the SLB on the cover glass was assembled into the sample 

chamber in water preventing exposure to air.  
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Figure 1: Schematic of the experiment. (a) For each cell, three spots from the bottom plasma 

membrane were observed. (Marked by yellow spots as an example) Cells with healthy 

morphology were chosen. (Scale bar 5µm) (b) Cells were grown on the piranha etched cover-

glass to fully adhere to the surface. 100x TIRF oil immersion objective focused FCS 
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excitation spot on the bottom membrane of the live cell. (c) Fitting autocorrelation function 

of fluorescence fluctuation to two-dimensional anomalous diffusion model enables us to 

characterize the mobility of the lipid probes. 

 

 

Fluorescence Lifetime measurement 

Fluorescence lifetime measurements were performed with the same setup as FCS 

measurement but with two photon excitation.36 Ten seconds of data collection from each spot 

provided enough signal with a sufficient signal to noise ratio to calculate fluorescence 

lifetime. A 730 nm, 80 MHz, 100 fs pulsed Titanium:Sapphire laser (Mai Tai HP; Newport 

Corp, Mountain View, CA) was used as an excitation source. Power before the objective was 

less than 3mW, which did not cause effective photo bleaching as verified by immobile lipid 

bilayer measurement (Table S1). Data analysis was done using the SymphoTime software 

(SymphoTime 5.1.3, PicoQuant, Berlin, Germany). Fitting with the instrument response 

function (IRF) convoluted lifetime histogram was performed for histograms from each spot. 

GPMV was prepared following methods from previous literature.7, 37  

 

FCS Simulation 

Two dimensional Monte-Carlo simulations were performed in silico to simulate FCS data 

with existence of a nano-scale miscibility transition. The data were first collected from 

simulations, and were then analyzed in the same way as a real experimental case. The only 

difference was that the samples in this case were virtual fluorescent particles. Matlab (The 

MathWorks, Inc.) was used for FCS simulations.  

 

First order miscibility transition simulations were performed following the method from the 
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literature.11 At each unit time step, virtual fluorescent particles performed random walks with 

step size determined by a Gaussian random number generator. At higher temperature, mean 

unit step size was increased as a linear function of temperature. In the phase separated case, 

particles were given different probabilities for crossing in and out of the domains according 

to Boltzmann’s distribution law. We used exact absolute temperature scaling similar to the 

actual experimental temperature range to calculate the Boltzmann relation, while temperature 

used to determine mobility was scaled separately. This is because linear scaling of diffusion 

in lipid bilayers does not have a zero intercept at absolute zero, as can be seen in our own 

data, so using the exact absolute scale overestimates the mobility. Properly addressing this 

issue, we scaled mobility such that it is comparable to the general scaling of two-dimensional 

lipid diffusion with a negative intercept. Particles were set to move three times slower within 

the domains.38 The phase separated terrain was set below the transition temperature of 1.0, 

while from 1.0 of transition temperature and above, a homogeneous background was assumed. 

This simulation mimics the immediate formation of domains below the miscibility transition 

temperature in ternary mixture systems undergoing first order phase transition, but large scale 

domain coarsening was substituted by nano-scale pattern formation. Domain area was kept 

constant once formed. What may cause such a result is beyond the scope of our simulation 

since we are simulating mobility change in a hypothetical case.  

 

Second order miscibility transition simulations were performed on a general two dimensional 

square lattice Ising model following Kawasaki dynamics similar to previously reported.39 A 

small subset of up-spins was assumed to be fluorescent particles. Down-spin particles were 

chosen three times more often than up-spin particles, which effectively slowed down the up-

spin particles. Systems were equilibrated by randomly exchanging spins from any region for 

enough number of steps to equilibrate the system before starting Kawasaki spin exchange of 



12 
 

neighbors, which was considered as time zero. The spatial resolution of the Kawasaki 

dynamics was not as high as the first order transition simulation due to the heavy calculation 

load of Kawasaki dynamics, but the mobility could be sampled out reasonably well with 

correct simulation of binary fluctuation. The case we studied by first order transition 

simulation could also be reproduced by this method, supporting the validity of using a 

smaller discrete Ising model system as virtual FCS samples. Temperature scaling for mobility 

and inter-particle interaction energy was done the same as the first order transition simulation. 

A background template was introduced to simulate the near critical fluctuation of the Ising 

model under the influence of small perturbations. Certain regular positions of the system 

were assumed to have very favorable interactions with up-spin particles, such that up-spin 

particles effectively occupied those positions, while still being able to exchange particles with 

neighboring up-spin particles. 

 

Fluorescence intensity fluctuation was collected by assuming a virtual two dimensional 

Gaussian excitation spot. Fluorescent particles generated intensity based on a Gaussian 

profile near the excitation spot position, which was randomly determined. The overall 

summed intensity at a unit time was then collected assuming a Poisson distribution of 

detection intensity. Details on parameters used and further figures on simulated systems are 

given in the Supporting Information. 

 

 

Atomistic MD Simulation 

We used atomistic molecular dynamics (MD) simulations to construct an equilibrated 

symmetric three component bilayer membrane consisting of 170 Palmitoyl-oleoyl-

phosphatidyl-choline (POPC), 171 palmitoyl-sphingomyelin (PSM) and 171 cholesterol, in 
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the ratio 1:x:x in each leaflet (total 1,024 lipids) and 32,768 water molecules, at 296K. The 

relative concentration x was varied from 1% to 33%. GROMACS software was used to 

integrate the equations of motion with a time step of 2 fs. MD simulation details and force 

fields are given in the Supporting Information. We ensured that the prepared bilayer 

membrane was mechanically stable, with both the net force and torque balanced, and that the 

membrane is tensionless.40-41 In addition, by monitoring the time series of the mean energy 

and area per lipid (Supporting Information), we ensured that the bilayer was at 

thermodynamic equilibrium. Equilibrium lateral pressure profiles, for different values of x, 

are displayed in the Supporting Information. Judicious choice of initial conditions ensured 

that membrane equilibration occurred quickly. The phase diagram as a function of x was 

determined and the phase boundary accurately located at xc = 10%, where a first-order 

transition occurs between a mixed liquid disordered (ld) phase to a liquid ordered (lo)-ld two-

phase coexistence. A variety of physical properties, including the mean square displacement 

(MSD) of tagged molecules, was studied as a function of x, as one traverses across the phase 

boundary. 

 

 

 

 

 

Results 

 

Temperature dependent FCS 

Figure 2a shows the diffusion coefficients of four representative lipids as functions of 
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temperature. Error bars represent the variance originating from both experimental error and 

inherent heterogeneity of the living cell membrane. The complex nature of live cell 

membranes resulted in a relatively wider distribution of correlation decay times compared to 

in vitro lipid membrane measurements. Cold shock response of mammalian cells has been 

studied by many researchers and some suggest change of lipid membrane property.42-44 If  

fast lipid trafficking processes45-46 changing lipid membrane composition in comparable time 

scale of our measurements were involved in the cold shock response, it would have 

potentially contributed to the variance too, but intense study on the topic is currently lacking. 

Inherent variance was the largest in the case of phosphatidylcholine (PC). Nonetheless, the 

ensemble average value in live cell measurements was reproducible and exhibited a smooth, 

monotonic increase with temperature for all four different lipids studied. This behavior 

follows expectation for general particle systems following Einstein behavior: D=µkBT, where 

D is the diffusion coefficient, µ is the molecular mobility, kB is the Boltzmann constant, and T 

is the temperature.47 The relatively slower mobility of sphingomyelin (SM) and GM1 

compared to PC and phosphoethanolamine (PE), that we could see in our temperature 

dependent measurement, has been reported previously and was considered as a signature of 

nano-scale heterogeneity in the membrane.10-11, 48 The linear fits of the separate data sets do 

not differ significantly in slope (Table S2) and, systematic offsets between different lipid 

species stay constant at different temperatures. It is worth noting that our live cell D(T) data 

does not conclusively rule out potential Arrhenius dependence from activated hop 

diffusion,49-50 and we will keep referring our observed D(T) trend as ‘monotonic’ without 

losing general validity of our discussion on discrete phase transition. The Supplementary 

Information also contains an independent D(T) measurement performed on a different cell 

line with a different fluorescent analogue measured by two photon FCS (Figure S1). This 

result adds another example of monotonic D(T) trend. 
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Control measurements of fluorescent lipids in supported lipid bilayers (SLB) formed on clean 

glass substrates follow the expected monotonic trend, albeit with a much larger diffusion 

coefficient than in live cells.51 This is consistent with free two dimensional Brownian motion 

driven by thermal fluctuation without the presence of diffusion barriers in the homogeneous 

supported membrane, and demonstrates the validity of the temperature dependent mobility 

measurements from our instrumental setup. 

 

Figure 2c shows similar D(T) measurements conducted independently and in parallel with 

those from Figure 1a and 1b on an entirely different optical setup from a different research 

group. The same monotonic trend of diffusion coefficients as a function of temperature is 

conserved with only small differences in absolute values. Seeing the same monotonic 

increase from two totally independent experiments strongly validates the monotonic behavior 

of lipid diffusion with respect to temperature as a general lipid behavior in the mammalian 

cell membrane.  
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Figure 2: Lipid mobility as a function of temperature. (a) Temperature dependent mobility of 

four representative lipid probes in the live cell plasma membrane. (RBL2H3 cells) All lipids 

universally show smooth increase in mobility as functions of temperature with no apparent 

discontinuity in dD(T)/dT, which is expected in case the system undergoes miscibility 
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transition. (b) Temperature dependent mobility of the PC probe in DOPC supported lipid 

bilayer. Monotonic increase of mobility can be seen with much larger absolute value and 

slope. (c) Similar temperature dependent mobility measurement conducted independently on 

a different cell line. (CHO cells) Please refer to the supporting information regarding absolute 

D values of our measurements.    

 

 

D(T) of membrane anchored proteins 

Similar temperature dependent FCS experiments were performed on full-length and truncated 

forms of membrane anchored protein (i.e., cSrc fused to GFP) in Jurkat T cells (Figure 3). 

Membrane anchored proteins also exhibited a monotonic increase of diffusion as a function 

of temperature, showing that the membrane anchored cSrc-GFP proteins in our experiments, 

also do not undergo any sharp phase transition in this temperature range. Compared to the 

truncated cSrc anchored GFP (C-Src16-GFP), full length cSrc-GFP (C-SrcFL-GFP) showed 

systematically slower diffusion at all temperatures, which we propose is because full length 

proteins are under the influence of more inter-particle interactions on the membrane. 

Diffusion coefficients of membrane tethered objects are known to mainly depend on viscosity 

or friction of the lipid membrane.47, 52-53 This is an example that protein diffusion coefficient 

as a function of temperature passively follows the behavior of the lipid membrane in live 

cells. Live cells are expected to impose well controlled perturbation on the membrane to 

modulate protein diffusion in order to achieve fine control over chemical reactions. An 

example of such a control is active remodeling of the actin cytoskeleton54-55 and proteins 

under the control of such an active process may not follow the similar diffusion coefficient 

trend as a function of temperature, as the active process may be the dominating factor. Raw 

autocorrelation decay time data, before calibration with the two-dimensional diffusion model, 
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are given in Table S3. 

 

 

 

Figure 3: Membrane anchored protein mobility as a function of temperature. Temperature 

dependent mobility of membrane anchored proteins cSrc-GFP (C-Src16-GFP), full length 

cSrc-GFP (C-SrcFL-GFP) in the Jurkat T Cell plasma membrane. Diffusion coefficients of 

both proteins increase smoothly. Full length cSrc proteins show systematically slower 

mobility compared to cSrc anchor-GFP. 

 

 

 

DiI Lifetime measurement 

We measured the fluorescence lifetime of DiI, a fluorescent lipid analog, in both living cell 

membranes and GPMVs derived from it. GPMV was induced following the previously 

reported method,8 and we could observe the same miscibility transition as reported. GPMV 

miscibility transition temperature is known to be dependent on the inducing condition,56 so it 

is worth noting that the transition temperature of our GPMV system, induced by 
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formaldehyde and 2mM dithiothreitol, is around 20°C.8 The fluorescence lifetime of DiI is 

linearly correlated with the local viscosity of the dye’s surrounding environment, so DiI 

fluorescence lifetime can be used as membrane tension reporter.23 We collected data without 

distinguishing the different phases of phase separated GPMV to correctly mimic the data 

collection from the cell membrane with hypothetical nano-scale phase separation. 

Fluorescence lifetime from each TCSPC measurement was calculated by fitting the raw 

photon arrival histogram to an exponential decaying function convoluted with the measured 

IRF (Figure 4a). Separate lifetime measurements in live cells with DiIs of different carbon 

chain lengths, C18 and C12, consistently show an inverse linear response in lifetime as a 

function of temperature, both in living cell membranes and GPMVs (Figure 4b). DiIC18 and 

DiIC12 do not differ significantly from each other in lifetime values. The difference in 

lifetime distribution was not pronounced enough to be considered as a signature of phase 

transition. DiI lifetimes measured in the two different membrane systems, live cell 

membranes and GPMVs, show a systematic offset in lifetime, even when GPMVs were 

originated from the same native plasma membranes. This systematic difference in DiI 

fluorescence lifetime between two systems suggests clear environmental differences between 

the two membrane systems. The systematic difference in membrane viscosity between the 

two systems suggest that the two lipid bilayers are under different membrane tensions, but 

potential contribution from other factors on fluorescence lifetime difference should be also 

considered.  
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Figure 4: DiI Lifetime increases linearly as temperature is lowered with systematic difference 

between live cell and GPMV membranes. (a) Fitting schematic of the lifetime data. An 

exponential decay function convoluted with measured Impulse Response Function (IRF) of 

the detector was used to fit lifetime histograms obtained by TCSPC. (b) Temperature 

dependent lifetime of the fluorescent lipid analogue DiIs with different saturated carbon tail 

length. Lifetime increases as temperature is lowered due to sensitive nature of DiI probe to 

the membrane viscosity. DiI lifetime shows same inverse linear trend both in live cell and 

GPMV membranes, but the absolute values are clearly different between two systems. This 

indicates that GPMVs and live cell membranes are at different physical states. 
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FCS simulation 

We performed Monte Carlo simulations to simulate virtual nanometer-scale phase transition 

observed by temperature dependent FCS. To serve as a positive control of our temperature 

dependent FCS experiment, the membrane system should undergo clear reversible miscibility 

transition at a transition temperature, and phase separation should occur over a very small 

scale, such that it is invisible to conventional light microscopy. Availability of such an in 

vitro membrane system for FCS is still ambiguous, despite ongoing effort to study small scale 

heterogeneity in some membrane systems,3, 57-58 so we decided to study an in silico 

counterpart of our live cell experiment. 

 

First order transition simulations clearly show a discontinuity of mobility as a function of 

temperature, as generally expected (Figure 5a). A passive diffusion barrier, mimicking static 

cytoskeletal structure,11, 59 imposed on the system does not suppress the existence of this 

discontinuity. Variations in physical parameters do not eliminate this discontinuity, thus 

demonstrating the robustness of this discontinuity. The second order transition case was 

studied using an Ising model. Near critical fluctuation can cause characteristically different 

behavior of a system near the transition temperature from that of the first order transition 

case.17, 39 In second order transition simulations, introducing a small template to perturb the 

system, which is similar to the simulation performed in previous literature,39 was enough to 

suppress the large scale phase separation below the original critical temperature (Figure S3). 

In this case, the mobility of virtual up-spin particles shows a linear response as a function of 

temperature, with no clear discontinuity or change in slope (Figure 5b). This means that, with 

a small perturbation, a second order miscibility transition can be quenched,60 effectively 

making the mobility response appear linear, as if following the Einstein relation. Actin 

cytoskeletal structure is currently considered as a major source of such a template 
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interaction,39, 60 and the glycan network is another template example.61-62 An experimental 

case of static actin quenched miscibility transition studied by super resolution FCS was 

reported recently,63 although domain fluctuation of the system was still not under the 

resolution of light microscopy.  

 

 

Figure 5: FCS simulation results for first and second order miscibility transition. (a) First 

order miscibility transition shows clear discontinuity in mobility as a function of temperature. 

Phase separated state was assumed under T=1.0 (low right) and homogeneous state was 

assumed from and above it (upper right). Data for 40nm diameter domains with distance of 

50nm (red line), 100nm (blue dashed line), and complex terrain with diffusion barriers (black 

line) are shown. More figures for each system are given in (Fig. S2). (b) Second order 

miscibility transition under small perturbation shows linear mobility response as a function of 

temperature (black line). First order transition case could be reproduced using the same 
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Kawasaki dynamics simulation (blue line). More figures for each system are given in (Fig. 

S3). 

 

 

Atomistic MD simulation 

In addition, we carried out atomistic molecular dynamics simulations to study how tagged 

particle diffusion changes across a miscibility transition point. MD simulations were 

performed on the ternary component, symmetric bilayer membrane containing POPC, PSM 

and Cholesterol, in both the leaflets (Figure 6a) with varying levels of x, the concentration of 

PSM (Chol) (Figure 6b). Although this simulation is composition dependent, not temperature 

dependent scaling, it provides us with an important clue as to how crossing the miscibility 

transition point affects diffusion of lipids at the atomistic level. Experimental ternary lipid 

systems undergo miscibility transition both in composition and temperature spaces (Figure 7a, 

reproduced from the literature64). After ensuring thermodynamic equilibrium at late times, we 

computed the mean square displacement (MSD) of tagged PSM and POPC over a time scale 

of 100 ns. We averaged over all molecules of the same species. To allow for the possibility of 

anomalous diffusion, we did a best-fit of MSD data to 𝛿𝑟!   ∝    𝑡! (Supplementary Figure 

S5). We then computed the diffusion coefficient as a function of x. We found that for POPC, 

a lipid that segregates into ld domains at 𝑥 > 10%, the diffusion coefficient is a smoothly 

decreasing function of x with no sharp changes. Whereas for PSM, a lipid that segregates into 

lo domains at 𝑥 > 10%, the diffusion coefficient shows a sharp fall across the phase 

boundary xc=10% (Figure 6c). The discontinuity observed is similar to that of the first order 

transition Monte-Carlo simulation (Figure 5), and it supports the expectation of observing a 

discontinuity in the diffusion coefficient near a miscibility transition point.  
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Figure 6: Atomistic MD simulations of ternary component membrane bilayer. (a) Snapshot of 

MD simulation showing equilibrium configuration of the ternary component symmetric 

bilayer membrane with POPC (green), PSM (red), Chol (black) in water (blue). 1:x:x in each 

leaflet (total 1,024 lipids) and 32,768 water molecules, at 296K. (b) Phase diagram as a 

function of x, the relative concentration of PSM (Chol) showing a phase transition between 

the ld phase at 𝑥 < 10% and the lo-ld coexistence region at 𝑥 > 10%. The dots indicate the 

compositions where the simulations were performed. (c) Tagged molecular diffusion of 

POPC and PSM as x varies across xc. The mean square displacement (MSD) of a tagged 

molecule is defined as < δ𝑟!(𝑡)! >, where δ𝑟!(𝑡) = 𝑟!(𝑡)− 𝑟!(0) is the displacement of the 

ith lipid of a given species at time t from its position at t = 0. We fit the MSD to < δ𝑟!(𝑡)! >

  ∝ 𝑡!, where α = 1 for ideal Brownian diffusive motion. Inset shows that 𝛼 ≈ 1 for all x. 

Plot of the diffusion coefficients D of POPC and PSM shows that while the diffusion of 

POPC decreases smoothly as a function of x, the diffusion of PSM shows a sharp jump across 

x=xc=10%. 
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Figure 7: Miscibility transition of the lipid ternary mixture system and hypothetical states of 

the live cell membrane. (a) Lipid ternary mixture system shows reversible temperature 

dependent miscibility transition at various compositions (surface of the blue Binary region of 

the diagram). GPMV also shows similar miscibility transition with critical behavior around 

23℃. (b) Comparison of the model membrane and its live cell membrane counterpart at 

different states. Two hypothetical states can be assumed for the live cell membrane. One case 

is that it is under the transition temperature. In this case, the spatial scale of the 

inhomogeneity has to be smaller than optical limit which prevents us from observing it 

experimentally. (Lower right) This means very finely dispersed two dimensional immersion 

state of the lipid membrane. Another case is that it is above the transition temperature where 
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the membrane is in a single homogeneous phase. (Upper right) Actin cytoskeletal structure, 

the major source of template interaction, is drawn as gray lines. Yellow and blue regions 

denote two different lipid phases. Green regions denote a single homogeneous lipid phase. 

White space was introduced only for artistic purposes and do not specify any molecule.  

 

 

Conclusion 

 

Here we have presented a wide range of measurements on live cell membranes, conducted by 

independent research teams on opposite sides of the world, that confirm a smooth monotonic 

scaling of molecular diffusion coefficient with temperature (14-37 °C). Despite the fact that 

lipid mixtures directly extracted from cells exhibit miscibility phase transitions around room 

temperature,7-8 no such transition is observed in the live cell. These results do not indicate 

whether the membrane is phase separated or homogeneous, only that whichever state it is in 

appears to be maintained over the entire temperature range studied. A systematic difference 

in DiI fluorescence lifetime between GPMVs and live cell membranes reveals a difference in 

the membrane environment of the two systems.23 The differential physical state, presumably 

tension, could be caused by the live cell plasma membrane’s interaction with cortical actin55, 

65 and may shift the plasma membrane to a point in the phase diagram where the miscibility 

transition temperature is lower.66 However, an absolute magnitude of such tension in live 

cells may be insufficient to consider tension as the sole principle suppressing miscibility 

phase transition,67 and template quenched second order miscibility transition,39, 60, 63 as 

observed in our simulations, may deserve more attention. Perturbation by active processes,37, 

55, 68-69 for physiological function, will add even more complexity to the membrane 
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organization. Figure 7b shows hypothetical states of the live cell membrane. Our result 

suggests the cell membrane maintains either the (T > Tm) or (T < Tm) case throughout the 

wide range of temperatures studied. This adds a further example of the robustness of 

biological systems against environmental change.  
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