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ABSTRACT 

 Phase separation is a fundamental organizing mechanism on cellular membranes. Lipid 

phases have complex dependencies on the membrane composition, curvature, tension, and 

temperature. Single-molecule diffusion measures a key characteristic of membrane behavior and 

relates to the effective membrane viscosity. Lipid diffusion rates vary by up to ten-fold between 

liquid-disordered (Ld) and liquid-ordered (Lo) phases depending on the membrane composition, 

measurement technique, and the surrounding environment. This manuscript reports the lipid 

diffusion on phase-separated supported lipid bilayers (SLBs) with varying temperature, 

composition, and lipid phase. Lipid diffusion is measured by single-particle tracking (SPT) and 

fluorescence correlation spectroscopy (FCS) via custom data acquisition and analysis protocols 

that apply to diverse membranes systems. We demonstrate agreement between FCS and SPT 

analyses with both the single-step length distribution and the mean squared displacement of lipids 

with significant immobile diffusers. Traditionally, SPT is sensitive to diffuser aggregation, whereas 

FCS largely excludes aggregates from the reported data. Protocols are reported for identifying 

and culling the aggregates prior to calculating diffusion rates via SPT. With aggregate culling, all 

diffusion measurement methods provide consistent results. With varying membrane composition 

and temperature, we demonstrate the importance of the tie-line length that separates the 

coexisting lipid phases in predicting the differences in diffusion between the Ld and Lo phases.  
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HIGHLIGHTS 

• Lipid diffusion varies with the lipid phases, temperature, and aggregation 

• Aggregate culling yields consistent measurements from single-particle tracking and 

fluorescence correlation spectroscopy 

• Membrane with higher cholesterol content or at low temperature have more aggregates 

• A more variation in the diffusion rates occurred between the coexisting lipid phases at 

low temperatures and low cholesterol content 
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1) INTRODUCTION  

Cell plasma membranes are often modeled as a two dimensional fluid with lipid phase 

separation (Pike, 2006; Pralle et al., 2000; Simons and Ikonen, 1997). Lipid phases are 

hypothesized to be critical for cell functions such as protein sorting, cell signaling, and 

membrane budding (Fessler and Parks, 2011; Hurley et al., 2010; Simons and Toomre, 2000). 

Model membranes enable detailed analyses of coexisting liquid phases by connecting the 

membrane composition with biophysical observables, such as viscosity, bilayer thickness, and 

fluctuation analyses (Kiessling et al., 2015; Veatch and Keller, 2005).  However, anomalous 

diffusion, lipid confinement, and nanodomains complicate the measurement of the membrane 

properties while revealing heterogeneity in lipid behavior.  

Model membranes can phase separate into a liquid-ordered phase (Lo) and a liquid-

disordered phase (Ld) when composed of a mixture of three lipid types: a phospholipid with a 

high melting temperature, a phospholipid with low melting temperature, and a sterol (Veatch and 

Keller, 2002). Lipids that have a high melting temperature tend to have longer and more 

saturated acyl tails while concentrating in the Lo phase. Lipids that have a low melting 

temperature commonly have shorter, unsaturated tails while concentrating in the Ld phase. The 

most commonly used sterol in model membranes is cholesterol and it slightly sorts to the Lo 

phase. Separate condensed complexes that are composed of cholesterol and DPPC may 

further affect the lipid dynamics, but do not appear with diffraction-limited miroscopy (McConnell 

and Radhakrishnan, 2003; Radhakrishnan and McConnell, 2005).  

Common model membrane compositions and temperatures yield the Lo phase being up 

to 0.8 nm ticker (Bleecker et al., 2016; Chiantia et al., 2006b, 2006a; Lin et al., 2007), having up 

to 3x greater bending rigidity (Baumgart et al., 2003; Dimova, 2014; Gracià et al., 2010; 

Kollmitzer et al., 2015), and providing up to 10x greater effective viscosity (Kahya et al., 2003; 

Scherfeld et al., 2003) than the Ld phase. Increasing the sample temperature shortens the tie-

lines and causes the Lo and Ld phases to become more similar in composition and behavior 

(Fig. 1). If the temperature is above the miscibility transition temperature (Tm), a single liquid 

phase (L) exists. The phases reemerge when the membrane temperature drops below Tm with 

an interplay of phase nucleation and growth dynamics. With increasing temperature, the 

diffusion rate of the lipids increases (Almeida et al., 1992; Bag et al., 2014; Jacobson et al., 

1981; Tamm, 1988; Wu et al., 1977). If the temperature of a phase-separated membrane is 

increased above Tm, then the two populations of lipids with over a 3x differnces in diffusion rate 

may become a single population (Filippov et al., 2004; Lindblom et al., 2006).  

Varying membrane preparations and analysis methods provide differing resolution to 

heterogenious populations and non-Brownian diffusion. Lipids may form clusters and 

demonstrate confined motion due to interactions with the supporting substrates (Beckers et al., 

2020; Hsieh et al., 2014; Spillane et al., 2014; Wawrezinieck et al., 2005), nonspecific lipid-lipid 

interactions (Jan Akhunzada et al., 2019; Scherer et al., 2015; Spillane et al., 2014), specific 

condensed complexes (McConnell and Radhakrishnan, 2003; Radhakrishnan and McConnell, 

2005), lipid crosslinking (Štefl et al., 2012), incomplete bilayer formation (Coker et al., 2019), 

and phase-associated nanodomains (Sodt et al., 2014; Wu et al., 2016). For example, even 

bilayers with ≤2 mol% GM1 form isolated nanodomains within larger lipid phases (Sun et al., 

2015; Yuan et al., 2002; Yuan and Johnston, 2001). Robust methods to characterize lipid 

clustering or aggregation are needed to resolve the varying modes of diffusion and influences of 

lipid behavior. 
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Two complementary techniques to study single-molecule diffusion are fluorescence 

correlation spectroscopy (FCS) and single-particle tracking (SPT) (Harwardt et al., 2018). FCS 

uses less total light power compared to SPT (>10 mW vs. <10 μW, respectively), and FCS 

measures higher fluorescent lipid concentrations than SPT (>200 lipids/μm2 vs. <6 lipids/µm2, 

respectively). However, FCS is inherently blind to immobile diffusers and rare events are difficult 

to detect (Guo et al., 2012). FCS has a spatial resolution conventionally limited by the 

diffraction-limited beam waist size (i.e., 250 nm). The spatial resolution of SPT depends on the 

single-molecule localization precision (i.e., 1-20 nm), the step length between imaging frames 

(i.e., 10-300 nm), and the analysis method. SPT may provide a sub-diffraction-limited mapping 

of the spatial variations in the effective viscosity, nano-domains, and aggregates. For example, 

FCS shows little effects from nanoscale membrane curvature relative to the curvature-

dependent lipid mobility change in simulations (Kabbani et al., 2017). By mapping the single-

lipid step lengths to locations on the membrane, the lipid mobility relative to membrane 

curvature has been analyzed (Kabbani and Kelly, 2017a; Woodward et al., 2018; Woodward 

and Kelly, 2020).  

This manuscript details complementary analysis procedures for SPT trajectories to map 

the lipid diffusion rate across a sample while lipid aggregation is present. Aggregate 

identification and data culling were performed to study single-lipid diffusion with varying the 

temperature, lipid composition, and coexisting lipid phases. Consistency was demonstrated 

between FCS and SPT, including analyzing the SPT results with MSD or single-step-length 

distributions. In all conditions, faster diffusion was observed for higher temperatures, and 

greater differences between coexisting phases were observed when the tie-lines were longer. 

The protocols developed here are directly applicable to mapping lateral heterogeneities in 

effective membrane viscosities, such as those created by nanoscale curvature (Woodward and 

Kelly, 2020). 

 

 

Figure 1: (A) The lipids used in this study include DiPhyPC (1), POPC (2), DPPC (3), cholesterol (4), and DPPE-TR 

(5). (B) Mixtures of DiPhyPC, DPPC, and cholesterol display two coexisting liquid phases within the indicated regions 

that vary with temperature. The DiPhyPC:DPPC:cholesterol molar ratios used in this study are shown (black dots). The 

16°C (blue) and 43°C (red) phase boundaries were measured previously via fluorescence microscopy of GUVs (Veatch 

et al., 2006). The approximate boundary of liquid phase coexistence at 25°C (green) and 34°C (yellow) for SLBs are 

also shown. The approximate tie-line at 25°C (green dotted) is longer for the composition of 2:2:1 than 1:1:2, indicating 

a greater difference between the liquid phases for 2:2:1 vs. 1:1:2. 
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2) MATERIALS AND METHODS 

2.1) GUV formation 

Quasi-one component bilayers composed of diphytanoylphosphatidylcholine (DiPhyPC; 

Avanti Polar Lipids) or palmitoyloleoylphosphatidylcholine (POPC, Avanti Polar Lipids) were 

used to examine the liquid phase of a one component membrane (Lα) at room temperature (Fig. 

1A). DiPhyPC was used more frequently than POPC in this manuscript because DiPhyPC 

provides saturated, branched acyl tails provide both resistance to oxidization and a low melting 

transition temperature <-120°C (Lindsey et al., 1979). DiPhyPC was combined with 

dipalmitoylphosphatidylcholine (DPPC; Avanti Polar Lipids) and cholesterol (Avanti Polar Lipids) 

to study phase-separated SLBs. A fluorescent lipid, dipalmitoylphosphoethanolamine-Texas 

Red (DPPE-TR, Life Technologies), was used to label the Ld domain with a total concentration 

of 0.1 mol% in all membranes. We used three compositions with 1:0:0, 2:2:1, and 1:1:2 molar 

ratios of DiPhyPC:DPPC:cholesterol. The buffers were created from Milli-Q water with a 

resistivity of 18 mΩ. All other chemicals were bought from Sigma Aldrich and used without 

further purification. 

All samples were created by the fusion of giant unilaminar vesicles (GUVs) on a glass 

coverslip. Our GUV making protocol was adapted from previous reports (Veatch, 2007). Lipids 

were combined at the desired ratio in chloroform with a concentration of 5 mg/mL and dried onto 

electrically conducting indium tin oxide coated glass plates. A trimmed silicon sheet was added 

between the plates and stabilized by clips to create an incubation chamber. The chamber was 

filled with 200 mM sucrose and exposed to an AC voltage with Vrms of 3 V at 10 Hz for 1 hr at 

55°C. The resulting GUV solution had a concentration of 13 mg lipids per mL and was stored at 

55°C until use. The GUVs were used within 2 days of their electroformation. 

2.2) Substrate preparation 

All SLBs were formed and imaged on 35 mm diameter glass-bottom dishes (MatTek). 

Dishes were initially rinsed with ethanol, dried by a nitrogen gas stream, and placed in air 

plasma (Harrick Plasma) for 10 s to create a hydrophilic surface. 20 µL of 50 mM CaCl2 was 

deposited on the dish and dried on a hot plate at 35°C for 10 min. At least three SLB patches 

from each of two GUV batches were used for each condition.  

2.3) Supported-lipid bilayer formation 

GUVs were cooled to 4°C prior to SLB formation. 5 µL of 4°C GUVs and 50 µL of 4°C 

Milli-Q water were sequentially deposited on the room temperature glass-bottom dish. The 

dishes were maintained at 4°C for 15 min before rinsed gently with 5 mL of 4°C 200 mM 

sucrose. We note that the dishes were at room temperature prior to the addition of the GUV 

solution. If the sample dish was cooled to 4°C before GUV deposition, the condensation on 

glass reduced GUV fusion. The resulting SLB patches had lipid phase domains with similar size 

and shape as seen on the GUVs prior to fusion (Fig. 2). 

2.4) Temperature control 

 A Peltier temperature control dish holder (QE-1HC, Warner Instruments) was used with 

custom, insulated dish cover, LabVIEW control, and a thermocouple holder. The thermocouple 

was positioned <0.5 mm above the center of the glass coverslip for real-time temperature 

feedback. The temperature was changed by 0.5°C/min and remained at each set temperature 

for ≥30 min before data aquisiton. The dish holder was initially set to 10°C. When the 

temperature was set to 10°C, 30°C, or 45°C, the resulting measured temperature was 17 ± 3°C, 
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27 ± 1°C, and 37 ± 1°C, respectively. The dishes were never heated above 45°C due to 

limitations in our optical system. 

2.5) Single-fluorophore imaging 

The optical setup included an inverted IX83 microscope with a 100x, 1.49 NA objective 

(Olympus), a 2x emission path magnification (OptoSplit, Cairn Research), and an iXon 897-Ultra 

EMCCD camera (Andor Technology). A Hg lamp with an excitation filter (BrightLine single-band, 

Semrock) provided wide-field fluorescence illumination for the diffraction-limited images. CUBE 

diode lasers with wavelengths of 405 and 488 nm (Coherent) and a 561 nm Sapphire laser 

(Coherent) were used for single-fluorophore excitation. The laser light passed through a clean-

up filter (zet405/488/561/647x, Chroma Technology), reflected from a quad-band dichroic mirror 

(zt405/488/561/647rpc, Chroma Technology), and transmitted into the objective to excite the 

sample. The fluorescence emission was isolated via emission filters (BrightLine single-band 

filter, Semrock) and a 4-band notch laser filter (zet405/488/561/640 m, Chroma Technology). 

SOLIS software (Andor Technology) was used to acquire images and movies with a 128 pixels 

x 128 pixels region of interest in kinetic model and an EM gain of 150. Videos of single-

fluorophores binking were acquired at 537 Hz with ≥20,000 frames per sample. 

2.6) Single-fluorophore localization 

The videos of optically isolated fluorescent lipids were analyze with Fiji plug-in 

ThunderSTORM (Ovesný et al., 2014; Schindelin et al., 2012). Via ThunderSTORM, each bright 

spot in the movies was fit with a 2D Gaussian function to identify the location, intensity, fit width, 

localization uncertainty (σr), and brightness of each fluorophore. Only the fluorophore 

localizations with intensity >100 photons, Gaussian fit width >15 nm, and σr <45 nm were kept 

for further analysis. ThunderSTORM reported σr = 24 ± 1 nm for the remaining localizations.  

2.7) Aggregate removing method 

Aggregated localizations were identified via spatial autocorrelation analysis. The 

localizations were two-dimensionally histogrammed to create a reconstructed image, I(𝑟). 

Spatial autocorrelation functions, gs(r), were calculated with fast Fourier transforms (FFTs) 

according to 

𝑔𝑠(𝑟) =  
〈𝐹𝐹𝑇−1(|𝐹𝐹𝑇(𝐼(𝑟))|

2
)〉𝜃

𝜌2 ,      (Eq. 1) 

 

for which ρ is the average localization density, and averaging was performed over the azimuthal 

angle (θ), as done previously (Veatch et al., 2012). We calculated gs from the experimental and 

simulated localization data to yield gexp and gsim, respectively. The simulated localizations were 

randomly distributed over the same membrane shape that was observed experimentally to 

provide an aggregate-free normalization.  

The average aggregate size and the number of localizations per aggregate (N) were 

calculated by identifying the exponential decay length scale and Eq. 2, respectively, as done 

previously (Shelby et al., 2013). 

𝑁 =  ∫ (
𝑔𝑒𝑥𝑝(𝑟)

𝑔𝑠𝑖𝑚(𝑟)
− 1) 𝑟𝑑𝑟     (Eq. 2) 
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Aggregate removal included the grouping of all single-fluorophore localizations to 3D 

voxels of time and xy-position. When the number of localizations per voxel was above a density 

threshold (ρth), the localizations were assessed to be part of an aggregate and removed from 

subsequent analysis. ρth was varied to remove between 0 to 80% of all localizations for testing. 

For each ρth, the remaining experimental localizations were used to calculate N. Decreasing ρth 

resulted in decreasing N, as expected. The ρth value that was chosen for aggregate-removed 

diffusion analysis was the maximum ρth value that yielded N ≤ 3. 

2.8) Single-molecule trajectory analysis 

The remaining localizations after aggregate removal were linked through u-track 

(Jaqaman et al., 2008) with a maximum linking radius of 400 nm. Trajectories with more steps 

yielded a slower diffusion compared to shorter trajectories, as observed previously (Saxton, 

1997). The longer trajectories were possibly from oligomers, as would be expected to have 

slower diffusion than single lipids. Therefore, trajectories longer than 32 steps were removed 

from all diffusion studies whenever aggregates were removed. These aggregate and long-

trajectory removal methods resulted in the average trajectory consisting of 6 ± 4 steps. 

2.8.1) Rayleigh distribution analysis 

 The single-fluorophore step lengths (ν) were fit to Rayleigh distribution (R) to find the 

diffusion coefficient (Dfit), as done previously (Cheney et al., 2017; Kabbani et al., 2017; Kabbani 

and Kelly, 2017b; Knight et al., 2010; Woodward et al., 2018),  

𝑅(ν) =  
ν

2𝐷𝑓𝑖𝑡Δt
𝑒

−
ν2

4𝐷𝑓𝑖𝑡Δt.    (Eq. 3) 

 

Dfit was corrected for imaging blur and localization uncertainty to yield the diffusion coefficient 

from this single-step length analysis (DRD) (Berglund, 2010; Lagerholm et al., 2017; Qian et al., 

1991). 

𝐷𝑅𝐷 =  
𝐷𝑓𝑖𝑡−

𝜎𝑟
2

2𝛥𝑡

1−
𝑡𝑒𝑥𝑝

3𝛥𝑡

  .     (Eq. 4) 

 

The difference between the Dfit and DRD values depends on the single-frame exposure time 

(texp), the time between frames (Δt), and localization uncertainty (σr) exported by 

ThunderSTORM. 

2.8.2) Mean squared displacement analysis 

The mean-squared displacement (MSD) as a function of Δt was calculated for all 

samples (Wu et al., 1977). DMSD was found by fitting the first two time points (i.e., Δt = 1.9 and 

3.8 ms) of the localization uncertainty-corrected MSD vs. Δt,  

 

MSD − 2σ𝑟
2 =

10

3
𝐷𝑀𝑆𝐷Δt .    (Eq. 5) 
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By using σr exported from ThunderSTORM rather than incorporating it as an unknown in the 

fitting routine, DMSD and DRD could be directly compared without using the y-intercept of the MSD 

vs. Δt fit before performing the Rayleigh distribution analysis.  

2.9) Fluorescence correlation spectroscopy  

 Custom fluorescence correlation spectroscopy (FCS) was incorporated into an inverted 

IX71 microscope with a 40x, 1.3 NA objective (Olympus). The excitation laser was a super-

continuum fiber laser (SC-Pro, YSL photonics). The long-wavelength component (>650 nm) was 

removed before the optical excitation were chromatically filtered (BrightLine FF01-561/14-25, 

Semrock), expanded, and focused by the microscope objective onto the sample. The laser 

power entering the microscope objective was 1.6 µW. A beam waist of 180 ± 20 nm was formed 

on the SLB. The fluorescence emission was filtered (ZET442/514/561m, Chroma) and collected 

on an sCMOS camera (Zyla, Andor Technology). Each camera frame was acquired for 1 ms at 

900 Hz frame rate during a 10-sec acquisition. The mean intensity of each camera frame was 

calculated to be the intenisity (I) of the emission. The temporal auto-correlation function (gFCS) 

was calculated from intensity vs. time according to 

 

𝑔𝐹𝐶𝑆(𝜏) =  
𝐹𝐹𝑇−1(|𝐹𝐹𝑇(𝐼(𝑡))|

2
)

<𝐼(𝑡)>2 ,    (Eq. 6) 

 

where <> represents the time average. All FCS experiments were performed at room 

temperature (25 ± 2°C). Z-scan FCS was performed to optimize the focus and to ensure the 

minimum beam waist was consistently obtained. Five locations from each of two sample dishes 

were measured for each condition.  

 

3) RESULTS  

3.1) Creating phase-separated SLBs 

 We created phase-separated SLBs with 1:1:2 and 2:2:1 molar ratios of 

DiPhyPC:DPPC:cholesterol. The phases were identified by the differential partitioning of the 

fluorescent lipid, DPPE-TR, such that higher concentrations of DPPE-TR were found in more 

disordered phases. All phases appeared to be liquid with rapid diffusion and merging of the 

phases in GUVs. The phases on the SLBs were similar in size and shape to those on the GUVs 

but immobile on the time scale on our experiments. The varying membrane compositions 

between GUVs in a single preparation resulted in varying Tm and DPPE-TR partition coefficients 

for separate SLB patches in a single sample dish. The 1:1:2 SLBs had higher cholesterol 

content and a lower Tm than the 2:2:1 SLBs (Fig. 1B). 

 During the optimization of the SLB formation method, the importance of deposition 

temperature, buffer, and substrate preparation were noted. Our initial experiments yielded SLBs 

that contained membrane defects (i.e., holes in the bilayer or abundant fused nanoscale 

vesicles) or did not maintain the large-scale phase separation that was seen on the GUVs. The 

keys parameters for high-quality SLB formation were to cool the GUVs and the buffers before 

GUV fusion in sucrose-rich solution with trace CaCl2, as detailed in the Methods section. For 

example, when we direction transferd GUVs from the 55°C incubator to the room-temperature 

glass coverslip, the SLBs consistently demonstrated a phase separation with the Ld phase at the 
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center of the SLB patch and Lo phase at the perimeter as the coverslip. SLB formation from 

GUV fusion in the presence of sucrose solution resulted in smoother SLBs than when an ionic 

buffer was used; vesicles of sub-micron diameter covered the SLB patches when phosphate 

buffered saline was present during SLB formation.  

3.2) Temperature-induced phase changes 

A convenient method for dynamically varying the differences between the phases in a 

single sample is to change the sample temperature. As the temperature is increased, the 

fluorescence emission from the Ld and Lo phases becomes more similar (Fig. 2), as seen 

previously (Gunderson and Honerkamp-Smith, 2018). This is consistent with an increasing 

temperature resulting in less compositional difference and a shorter tie-line separating the 

coexisting phases. When the temperature is held slightly above Tm, the two phases mix into a 

single liquid phase (L) with composition and material properties between the prior Ld and Lo 

phases. 

The majority of SLBs with a 1:1:2 molar ratio of DiPhyPC:DPPC:cholesterol 

demonstrated phase mixing with a uniform fluorescence emission across the sample after the 

temperature was maintained at 40°C for 30 min. However, the large domains of area >100 μm2 

were unable to mix fully during this time and maintained partial phase separation throughout our 

observation (Fig. 2C).  

As the temperature was decreased from 40°C to 30°C for 1:1:2 SLBs, domains became 

optically identifiable and enlarged within 5 min. However, the domains did not grow larger than 

nanoscale in diameter during our 30 min of observation at each temperature (Fig. 2D). The 

locations of new domain formation upon cooling were typically random and not dependent on 

the prior domain locations. However, large domains that were not fully mixed at 40°C 

demonstrated Lo phase domains preferentially forming at the prior Lo regions. 

 SLBs with composition 2:2:1 molar ratio of DiPhyPC:DPPC:cholesterol had Tm above 

40°C. The coexisting Lo and Ld phases remained sharply defined after 120 min at 40°C. These 

cholesterol-poor membranes showed consistently large differences between the phases. The 

phase boundaries were always clearly defined, which is consistent with a large tie-line separating 

the Lo and Ld phases. 

 

  

Figure 2: The coexisting phases in an SLB with a 1:1:2 molar ratio of DiPhyPC:DPPC:cholesterol mix upon 

heating and reform upon cooling. Below 35°C, the bilayer is phase-separated into Ld (bright) and Lo (dim) phases 

due to differential partitioning of the fluorescent DPPE-TR. These panels are shown in the order in which they were 

acquired with 50 min between frames. Scale bar, 5 μm. 
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Figure 3: Aggregation was observed in SLBs with DiPhyPC but not POPC. A Voronoi diagram of DPPE-TR 

localizations in a POPC bilayer at 25°C shows randomly distributed localizations (A). Voronoi diagrams of DPPE-TR 

localizations in DiPhyPC bilayers at 14°C (B) without and (C) with aggregates removed. (D) Spatial autocorrelations of 

localizations with increasing pth (arrow). (E) The localizations per aggregate (N) and the resulting fraction of localizations 

removed for increasing pth. The greatest pth value that yielded N ≤ 3 (star) was used for aggregate-free analysis. (F) 

MSD for DPPE-TR in DiPhyPC SLBs with and without aggregates included at 14°C and 28°C. Error bars represent the 

standard error from at least three repeated measurements. (A-C) Scale bars, 1 μm. 

 

3.3) Aggregate identification and removal 

The single-molecule localization data was reconstructed as super-resolution images with 

Voronoi diagrams. Voronoi diagrams are created by dividing the imaged area into polygons 

such that each polygon represents the area of the image that is closest to a particular single-

molecule localization. The polygon area represents the localization density without binning 

biases and is colored appropriately. The lateral variations across the Voronoi images of DPPE-

TR localizations in POPC bilayers was consistent with random sampling density variations 

expected from the total number of localizations acquired (Fig. 3a). However, non-random 

distributions of DPPE-TR localizations were observed in all DiPhyPC-containing bilayers (Fig. 

3b). Unlike the super-resolution images of the POPC bilayer, the super-resolution images with 

DiPhyPC showed <70 nm diameter aggregates of dense localizations.  

Quantification of the aggregates was performed by calculating the spatial autocorrelation 

(gs) (Eq. 1). Random distributions of localizations yield gs = 1 with no increased probability of 

finding a localization in the proximity of other localizations. The presence of aggregates, 

however, appears in gs because localizations are more likely to be found close together. gs 
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reveals the size and density of the average aggregate. The area under gs measures the number 

of localizations in an aggregate compared to the sample average localization density. The 

aggregates within DiPhyPC-containing SLBs were 63 ± 13 nm diameter and contained N = 20 ± 

1 localizations each for all compositions tested (Fig. 3D and E).  

A threshold density of localizations (ρth) was used to identify and remove aggregation. All 

localizations from the regions of the SLB that displayed localization rates above ρth were culled 

to provide an aggregate-free assessment of the single-lipid diffusion. Smaller values of ρth 

resulted in smaller values of N from the remaining localizations. ρth was set to be the largest 

value that provided N ≤ 3 for further analysis. ρth varied between 430 – 82000 localizations μm-2 

s-1 depending on the density of the aggregates, the experiment duration, the laser power, and 

the fluorophore density. Additionally, any localizations that were linked to be a trajectory lasting 

more than 32 steps was determined to be an outlier and removed from further analysis. After 

the aggregates and long trajectories were removed, DMSD increased in DiPhyPC SLBs by (1.7 ± 

0.6)x at 14°C and (1.4 ± 0.3)x at 28°C (Fig. 3F).  

Aggregates appeared in all DiPhyPC-containing membranes (i.e., 1:0:0, 1:1:2, and 

2:2:1) and with a greater abundance when the tie-line between coexisting phases was longer 

(Fig. 4). As the temperature was increased, the number of aggregates present on the 

membrane decreased. As the cholesterol concentration in the membrane was increased, the 

number of aggregates present on the membrane increased. There was no significant difference 

in aggregate percentage between Ld and Lo phases. 

 

 

Figure 4: Aggregates were present in SLBs with DiPhyPC. Representative Voronoi diagrams of DPPE-TR 

localizations in a 1:1:2 SLB Ld at 20°C (A) without and (B) with aggregates removed. Scale bars, 0.5 μm. The fraction 

of the removed (C) localizations and (D) SLB area shows more aggregates removed when the tie-lines were longer. 

Marker hatching indicates the lipid phase: backslash = Lo; crosshatching = Ld; empty = L or Lα. Linear fits are shown to 

guide the eye. Error bars represent the standard error of at least three repeated measurements. 
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3.4) Diffusion vs. phase 

DMSD and DRD after aggregate removal were measured for all membrane compositions 

and temperatures (Table S1). The diffusion difference between the Ld and Lo phases was 

greater for membranes with less cholesterol in which the tie-lines were longer. For example, 

DMSD from the Ld phase was (1.8 ± 0.6)x greater than that of the Lo phase at both 14°C and 28°C 

for 2:2:1 SLBs (Fig. 5A). The higher cholesterol, 1:1:2 SLBs displayed no significant difference 

in DMSD from the Ld and Lo phases (Fig. 5B).  

 

 

Figure 5: MSD vs. Δt for (A) 2:2:1 and (B) 1:1:2 SLBs demonstrate the importance of temperature and phase in 

single-lipid diffusion. The measured MSD values were corrected by the localization uncertainty reported by 

ThunderSTORM (σr) such that the resulting linear fits have a y-intercept of zero. Fits were performed for the short time 

steps (Δt = 1.9-3.8 ms). Error bars represent the standard error of the means with at least three repeats. 

 

3.5) Single-particle tracking vs. FCS 

 FCS provides a measure of single-lipid diffusion averaged over a diffraction-limited spot 

of 200 nm diameter. Because the phases diffuse slowly on SLBs, a location on the SLB could 

be assessed by diffraction-limited fluorescence imaging to be Ld, Lo, or a homogeneous L phase 

before performing FCS. FCS revealed the diffusion of DPPE-TR to be 2x faster for POPC than 

DiPhyPC SLBs; DFCS = 4.9 ± 0.2 µm2/s and 2.5 ± 0.8 µm2/s, respectively (Table S2). DFCS was 

faster for the Ld vs. Lo phases, although not significantly for the cholesterol-rich 1:1:2 SLB; DFCS 

was (1.6 ± 0.5)x faster for Ld vs. Lo phases in the 2:2:1 SLBs and (1.1 ± 0.4)x for the 1:1:2 SLBs. 

This result is consistent in demonstrating is a greater difference in diffusion between the Ld and 

Lo phases for a membrane that has less cholesterol and a longer tie-line. 

3.6) Diffusion vs. temperature  

Increasing the sample temperature increased the single-lipid diffusion in all tested 

conditions (Fig. 6). Change in the diffusion vs. temperature was fit by a free area model derived 

from the kinetic theory of gas, which assumes that diffusion occurs when lipids hop to a 

surrounding transient void or free area that is created by a thermal density fluctuation (Galla et 

al., 1979). Since lipid hopping is an activated process dominated by van der Waal’s interactions, 

activation energy (EA) represents the energy barrier to be overcome for hopping between initial 

and final states that limits the molecular-scale lipid translation (Filippov et al., 2003; Macedo and 
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Litovitz, 1965; Vaz et al., 1985). Thus, the diffusion coefficient vs. temperature can be described 

by the Arrhenius equation, 

𝐷 = 𝐷0 exp(−
𝐸𝐴

𝑅𝑇
).     (Eq. 7) 

 

EA represents the activation energy, and D0 represents the diffusion rate at very high 

temperatures. Fitting this exponential yielded temperature-independent values for EA and D0 

that are consistent with prior studies (Fig. 6 and Table S3).  

 

 

Figure 6: The diffusion of DPPE-TR was measured with varying membrane composition, lipid phase, 

temperature, and measurement technique. The color indicates the DiPhyPC:DPPC:cholesterol molar ratios. The 

marker shape indicates the measurement technique: square = DMSD; circle = DRD; diamond = DFCS. The marker hatching 

indicates the lipid phase: backslash = Lo; crosshatching = Ld; empty = L or Lα. Fits of Eq. 7 are shown for each phase 

(Table S3). Error bars represent the standard error of repeated measurements with at least three repeats. 

 

4) DISCUSSION  

4.1) Phase separation on SLBs 

 Unlike domains on GUVs, all resolvable lipid phase in SLBs were immobile on the time 

scale of our experiments (<2 hr). The interaction between the glass substrate and the SLB was 

too strong for optically resolvable domains to move or coalescence, consistent with previous 

observations (Gunderson and Honerkamp-Smith, 2018). The immobile domains were 

convenient for correlating single-lipid diffusion with phase boundaries due to the minimal 

diffusion of the phases boundary during SPT data acquisition; however, single-lipid diffusion 

itself is also affected by and the membrane-substrate interaction. Lipids in GUVs diffuse 3x 

faster than lipids in SLBs (Beckers et al., 2020), and DPPE-TR only in the top leaflet was (1.2 ± 

0.1)x faster than when in both leaflets (Woodward et al., 2018). If there was an equal 

contribution from DPPE-TR in both leaflets of the SLB, then the DPPE-TR in the top leaflet 

diffused 1.5x faster than DPPE-TR in the bottom leaflet. 

Regardless of the initial domain distribution, we did not observe large domains (radius > 

1 µm) form upon cooling well-mixed SLBs. The domains from well-mixed SLBs grew up to a 

size near the diffraction-limited imaging resolution. The domains were clearly present, but their 

sizes were difficult to determine due to both optical blurring and their non-circular shape. 
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Substrate effects raise Tm with a leaflet and lipid-type dependency such that not all lipids were 

well mixed after heating even when a uniform fluorescence emission was observed (Gunderson 

and Honerkamp-Smith, 2018). This effect may be amplified when Ca2+ is present and lipid 

pinning sites occur.  

The slower temperature changes and increased duration at warm temperatures 

decreased the spatial correlation of domain locations upon thermal cycling, as shown previously 

(Stanich et al., 2013). However, the substrate-membrane interaction consistently caused all 

optically resolvable domains to be immobile and prevented their growth by domain merger. 

Additionally, the surface roughness of the substrate may have increased the domain nucleation 

rate (Goodchild et al., 2019), resulting in nanoscale domains present across the membrane 

instead of macroscale domains forming by gradual accretion. Phase-separated SLBs domains 

on glass or nanoscale roughened mica are orders of magnitude smaller than on mica; the 

membrane domain size was more correlated to substrate roughness rather than surface 

chemistry (Goodchild et al., 2019). 

4.2) Causes of lipid aggregation 

As described above, lipid aggregation may occur due to a variety of mechanisms. For 

example, rhodamine-labeled lipids form oligomers and grow into nanodomains due to the 

interactions of their extended aromatic moiety (Jan Akhunzada et al., 2019), which may be 

enhanced by membrane curvature (Woodward et al., 2018). The Texas Red-labeled lipids used 

here are similar in fluorophore structure with rhodamine-labeled lipids. Addtionally, the saturated 

acyl tailes of the DPPE-TR has been correlted with nanodomains within extended lipid phases 

(Sodt et al., 2014; Wu et al., 2016).  

Light is capable of inducing phase separations via lipid peroxidation that is accelerated 

by fluorophores (Ayuyan and Cohen, 2006; Zhao et al., 2007). For example, some fluorophores 

such as Bodipy, DiO, DiI, Texas Red, and napthopyrene cause light-induced chemical changes 

to the lipids, including the oxidization of the unsaturated acyl tails (Zhao et al., 2007). 

Accordingly, DiPhyPC is frequently used for fluorescence-based diffusion studies because it 

provides a highly disordered acyl structure without carbon-carbon double bonds and resists 

light-induced chemical changes (Lindsey et al., 1979). DPPE-TR and light-induced aggregates 

are non-linearly dependent on the DPPE-TR concentration. Domain formation was 50x faster 

when 0.8 mol% rather than 0.15 mol% DPPE-TR was present (Zhao et al., 2007). The 15 mW 

of 561 nm wavelength light used here for 3 min of observation in the presence of 0.1 mol% 

DPPE-TR would be sufficient to cause light-induced alterations to the membrane phase 

behavior in the presence of unsaturated phospholipids. Our use of DiPhyPC was designed to 

minimize these light effects. 

Lipid aggregates were previously seen more abundant in Lo domains (Wu et al., 2016), 

yet no correlation between lipid phases and aggregation was observed here. In neither the 1:1:2 

nor 2:2:1 SLBs was there a difference in the aggregation between the Ld and Lo phases. 

However, the 1:1:2 SLBs demonstrated greater aggregation than the 2:2:1 SLBs at all 

temperatures (Fig. 4). The parameters that determine aggregate formation are complex and 

depend on more than the lipid phase. For example, the greater abundance of aggregates in the 

DiPhyPC vs. POPC bilayers shown here are of unknown cause and worthy of further 

examination. 

4.3) Diffusion of lipid aggregates 
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 Single-lipid diffusion provides a detailed examination of the behavior of individual 

molecules with the possibility to resolve variations between diffusion modes, sample 

heterogeneity, and non-Brownian behaviors. Confined single-molecule trajectories were 

observed here coincident with lipid aggregates. When single-particle tracking was previously 

performed with long trajectories (i.e., over 100 steps per trajectory), the downward curvature of 

the MSD vs. Δt, local variations in the diffusion rate, or transient spatial confinement was directly 

observed to reveal aggregation (Simson et al., 1995; Wu et al., 1977). Trajectories of fewer 

steps are amendable to detecting aggregates through analysis of the histogram of single-step 

lengths and comparison to Rayleigh distributions (Eq. 4). Aggregates displayed shorter step 

lengths than freely diffusing lipids, and the histogram of step lengths were fit best when multiple 

diffusers are assumed to be present (Spillane et al., 2014). Multiple-population fitting can yield 

the relative speed and abundance of each type of diffuser; however, single-step analysis 

requires each population to be >5% of the total and provide >10x difference in diffusion rates for 

reliable separation of the populations. Since this was not present in SLBs examined here, we 

alternatively relied on the varying localization rate for aggregates vs. the surrounding SLB to 

identify and exclude the aggregates from further analysis.  

4.4) Resolution of Rayleigh distribution vs. MSD analyses 

MSD and Rayleigh distribution analyses provided different precision in revealing the 

spatial resolution of diffusion differences. The MSD analysis typically provides greater accuracy 

in finding D, distributions in D from heterogenious populations of diffusers, and inherently 

correction for the localization uncertainty when not assuming MSD = 0 when Δt = 0 (Kabbani et 

al., 2020). Rayleigh distribution analysis, however, typically provide improved resolution in 

spatially varying D, assuming the single-particle trajectories are dense. For example, Rayleigh 

distribution analyses have been used to reveal the diffusion in 25 nm bins surrounding 

nanoscale membrane curvature (Kabbani et al., 2017; Kabbani and Kelly, 2017a; Woodward et 

al., 2018; Woodward and Kelly, 2020).  

To demonstrate the tradeoff between spatial resolution and precision in determining D, 

let us consider a hypothetical diffuser measured by SPT with varying analysis methods. If a 

Brownian diffuser of D = 1 μm2/s was tracked for 1 sec, then the diffuser would be expected to 

traverse 2 μm, which would result in an averaging of spatial variations in diffusion across this 

distance for a typical single-molecule MSD analysis. However, spatial resolution from Rayleigh 

distribution analysis depends on the acquisition frame rate and the length of each step with an 

inherent averaging over this length. If the acquisition occurs at 100 Hz, then the step length and 

spatial resolution would be for Rayleigh distribution analysis would be 200 nm. This example 

demonstrates a 10x improvement in spatial resolution for Rayleigh distribution vs. MSD 

analysis. For short trajectories, such those used in this study, the MSD from each trajectory has 

large uncertainty; combining the trajectories from multiple molecules is necessary for accurate 

diffusion measurements for either MSD or Rayleigh distribution analysis, which further reduces 

the benefits of the MSD analysis. 

The certainty with which D is determined can be approximated through statistical 

considerations. Both Rayleigh distribution and MSD analyses are Poisson noise dominated 

process such that the certainty in D is inversely proprotaional to the square root of the number 

of steps analyzed. Any gains in the area spatial resolution are matched by a proportional 

decrease in precision determining D. Unlike traditional MSD analyses, Rayleigh distribution 

fitting can be performed by averaging the step lengths over whatever area of the sample is 

warranted by the experimental details with this trade-off in mind. 
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4.5) Comparison between DMSD, DRD, and DFCS. 

DMSD and DRD were compared for all membrane composition, temperature, and phases 

(Fig. 6). DMSD and DRD varied by 18 ± 9%, which is typically within the experimental uncertainty 

for measuring the diffusion coefficient by any single method. DMSD and DRD displayed consistent 

trends in comparing lipid phases and varying temperatures. There were consistent differences 

between DMSD and DRD that depended on the rate of diffusion. Typically, when DMSD was > 1 

μm2/s, DMSD was 1.2 ± 0.1 times larger than DRD, and otherwise DMSD was less than DRD. This 

systematic variation between DMSD and DRD remains unexplained but could be a coincidence in 

our analyses. 

Confocal FCS consistently provides a resolution consistent with the difffration limit (i.e., 

200 nm), but is highly limited in its detection of subpopulations. DFCS of DPPE-TR in POPC was 

1.5 ± 0.5 times faster than DMSD and DRD (Tables S1 and S2). Commonly, FCS reports faster 

diffusion than SPT studies because DFCS does not incorporate immobile or highly confined 

diffusive subpopulations, whereas SPT typically does. Even after aggregate removal, SPT yield 

slower diffusion than FCS, but the differences were within the measured uncertainty of D.  

4.6) Diffusion differences between lipid phases 

 When the tie-line between coexisting phases was longer, the difference between their 

diffusion was greater. The high cholesterol and short tie-line 1:1:2 SLBs displayed no significant 

difference in the diffusion rate between the Ld and Lo phases. However, the Ld phase of 2:2:1 

SLBs displayed diffusion twice as fast as the Lo in 1:1:2 SLBs. The Lo phases in the 1:1:2 and 

2:2:1 SLBs did not display significantly different diffusion. Accordingly, increasing cholesterol 

content slowed the diffusion coefficient for the Ld phase but not the Lo phase. This is in contrast 

to ternary mixtures of dioleoylphosphatidylcholine, sphingomyelin, and cholesterol that display 

greater cholesterol content is correlated with slower diffusion in the Lo phases and minimally 

changes in Ld phase (Kahya et al., 2003; Scherfeld et al., 2003). 

The 2:2:1 SLBs displayed faster DPPE-TR diffusion in Ld vs. Lo at ratios similar to seen 

previously (Dietrich et al., 2001). When the cholesterol content increased to 50% of the bilayer, 

(i.e., in 1:1:2 SLBs), the difference between Ld and Lo diffusion became indistinguishable for all 

tested temperatures. This is consistent with prior work that showed single population diffusion 

on GUVs when the increasing cholesterol content induced phase miscibility (Scherfeld et al., 

2003). Increasing the cholesterol content for phase-separated membranes causes a shortening 

of the tie-line and increasing the similarity between the Lo and Ld phases until the membrane 

composition no longer supports coexisting phases. Interestingly, the aggregates diffusive 

properties are not significantly different between Ld and Lo of 2:21 SLBs (Woodward and Kelly, 

2020). 

4.7) Temperature affects diffusion 

The diffusion of DPPE-TR was faster at higher temperatures for all compositions tested, 

similar to as shown previously (Bag et al., 2014; Filippov et al., 2004; Sengupta et al., 2008; 

Tamm, 1988). The changes in D with temperature was robust to SLB composition or phase. The 

data acquired here were not sufficient to significantly distinguish between the D0 and Ea values 

of each composition. However, it is interesting to note that the Ea for the Lo phase was (1.07 ± 

0.03)x higher than the Ld phase for both the 1:1:2 and 2:2:1 SLBs. Similarly, the Ea values for 

the 1:1:2 SLBs were (1.5 ± 0.8)x higher than the 2:2:1 SLBs. These results make intuitive sense 

in that a greater barrier exists for lipids to exchange locations in a Lo vs. Ld phases or with 

higher cholesterol content. 
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5) CONCLUSIONS 

 This manuscript reports the effects of lipid composition, phase, temperature, and data 

analysis procedures on the single-lipid diffusion in model membranes. The importance of the tie-

line length separating coexisting liquid phases was repeatedly demonstrated to be a key 

variable in predicting the differences between the Ld and Lo phases. The tie-lines shorten with 

increasing temperature and increasing cholesterol content as the lipid diffusion becomes more 

similar within the phases. Single-lipid diffusion was consistently faster at higher temperatures 

and was consistent with a free area model for diffusion in which higher cholesterol and ordered 

phases resulted in a greater activation energy for laterial lipid diffusion.  

DiPhyPC-containing membranes displayed nanoscale fluorescent lipid aggregation in 

both Lo and Ld domains. These aggregations were culled via localization rate thresholding. The 

single-lipid diffusion was analyzed with and without the aggregates culled. Increasing 

cholesterol and decreasing temperature both correlated with greater aggregation. However, 

there was no significant correlation between lipid phase and aggregation. Single-particle 

tracking data was analyzed via Rayleigh distributions and MSD analyses. Rayleigh distribution 

analyses have yield improved spatial resolution in heterogeneous samples. The protocols 

reported here demonstrate consistency between complementary methods of measuring lipid 

diffusion while detailing the advantages of each method. 
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7) ABBREVIATIONS 

DiPhyPC: diphytanoylphosphatidylcholine 

DPPC: dipalmitoylphosphatidylcholine 

DPPE-TR: dipalmitoylphosphoethanolamine-Texas Red 

FCS: fluorescent correlation spectroscopy 

GUV: giant unilamellar vesicle 

Lα: liquid phase of a one component membrane 

Ld: liquid disordered phase 

Lo: liquid ordered phase 

L: liquid phase  

MSD: mean squared displacement 

N: number of localizations per aggregate 

POPC: palmitoyloleoylphosphatidylcholine 

SLB: supported lipid bilayer 

SPT: single-particle tracking 
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SUPPLEMENTAL MATERIAL 

 

Table S1: SPT diffusion results via MSD vs. Δt analysis after aggregate removal. 

Composition Temperature (°C) Phase DRD (μm2/s) DMSD (μm2/s) 

POPC 25 Lα 3.1 ± 0.4 3.2 ± 1.2 

1:0:0 14 Lα 1.2 ± 0.2 1.7 ± 0.2 

1:0:0 28 Lα 2.3 ± 0.2 3.0 ± 0.1 

2:2:1 14 Ld 0.7 ± 0.1 0.9 ± 0.2 

2:2:1 14 Lo 0.4 ± 0.1 0.5 ± 0.1 

2:2:1 28 Ld 1.5 ± 0.2 1.6 ± 0.4 

2:2:1 28 Lo 1.0 ± 0.1 0.9 ± 0.1 

1:1:2 20 Ld 0.6 ± 0.2 0.5 ± 0.3 

1:1:2 20 Lo 0.6 ± 0.2 0.5 ± 0.2 

1:1:2 27 Ld 1.0 ± 0.2 0.8 ± 0.3 

1:1:2 27 Lo 0.9 ± 0.1 0.7 ± 0.1 

1:1:2 37 L 1.2 ± 0.1 0.9 ± 0.1 

 

 

 

Table S2: FCS diffusion results. 

Composition Temperature (°C) Phase DFCS (μm2/s) 

POPC  25 Lα 4.9 ± 0.2 

1:0:0  25 Lα 2.5 ± 0.8 

2:2:1  25 Ld 1.7 ± 0.5 

2:2:1  25 Lo 1.1 ± 0.1 

1:1:2  25 Ld 1.2 ± 0.3 

1:1:2  25 Lo 1.0 ± 0.2 
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Table S3: D0 and EA fit results. Uncertainties are extracted from the covariance matrix resulting 

from the least squares fitting of Eq. 7, as shown in Fig. 6. 

Composition Phase EA (kJ/mol) D0 (mm2/s) 

1:0:0 Lα 31 ± 13 0.59 ± 3 

2:2:1 Ld 23 ± 7 0.008 ± 0.02 

2:2:1 Lo 24 ± 7 0.016 ± 0.04 

1:1:2 Ld 33 ± 6 0.94 ± 2 

1:1:2 Lo 36 ± 8 1.5 ± 5 
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