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ABSTRACT Diffusion obstacles in membranes have not been directly visualized because of fast membrane dynamics and the
occurrence of subresolution molecular complexes. To understand the obstacle characteristics, mobility-based methods are
often used as an indirect way of assessing the membrane structure. Molecular movement in biological plasma membranes is
often characterized by anomalous diffusion, but the exact underlying mechanisms are still elusive. Imaging total internal reflec-
tion fluorescence correlation spectroscopy (ITIR-FCS) is a well-established mobility-based method that provides spatially
resolved diffusion coefficient maps and is combined with FCS diffusion law analysis to examine subresolution membrane orga-
nization. In recent years, although FCS diffusion law analysis has been instrumental in providing new insights into the membrane
structure below the optical diffraction limit, there are certain exceptions and anomalies that require further clarification. To this
end, we correlate the membrane structural features imaged by atomic force microscopy (AFM) with the dynamics measured us-
ing ITIR-FCS. We perform ITIR-FCS measurements on supported lipid bilayers (SLBs) of various lipid compositions to charac-
terize the anomalous diffusion of lipid molecules in distinct obstacle configurations, along with the high-resolution imaging of the
membrane structures with AFM. Furthermore, we validate our experimental results by performing simulations on image grids
with experimentally determined obstacle configurations. This study demonstrates that FCS diffusion law analysis is a powerful
tool to determine membrane heterogeneities implied from dynamics measurements. Our results corroborate the commonly
accepted interpretations of imaging FCS diffusion law analysis, and we show that exceptions happen when domains reach
the percolation threshold in a biphasic membrane and a network of domains behaves rather like a meshwork, resulting in
hop diffusion.
SIGNIFICANCE In this work, for the first time, we directly correlate the nanoscale organization of SLBs exhibiting diverse
domain configurations, as revealed by AFM, with membrane organization as inferred by fluorescence correlation
spectroscopy (FCS) diffusion law analysis performed by ITIR-FCS. Our results show that more than one type of nanoscale
membrane configurations can manifest the same apparent diffusive mode on the micron scale, and thus, interpretation of
FCS diffusion law analysis results require validation by additional experiments. This direct comparison of structure with
dynamics will facilitate a better interpretation of FCS diffusion law analysis results in membrane studies.
INTRODUCTION

The cellular plasma membrane is a heterogeneous bilayer
structure composed of thousands of diverse lipids and pro-
teins. Investigated for over a century, it still is at the forefront
of research because it has been slow to yield the secrets of its
structure and dynamics. Typically, a plasma membrane con-
tains nanoscale transient lipid-protein, protein-protein, and
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lipid-lipid assemblies along with the dynamic cytoskeleton
fences underneath the membrane and the extracellular matrix
(1). Often, the sizes of these nanoscale compartments and as-
semblies lie in the range of 10–300 nm (1), and depending
on the molecular interactions between the components, these
transient assemblies exhibit specific lifetimes. The main
reason for our lack of understanding of the plasma membrane
is that it does not possess a static structure but rather is highly
dynamic, with structures below the optical resolution limit
forming and disassembling at timescales that are too short to
obtain measurements with a sufficient signal/noise ratio to
elucidate details of this complex, constantly changing
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assembly. The plasmamembrane is also not isolated but exists
in a dynamic equilibriumwith constant exchangewith the cell
interior and exterior by endo- and exocytosis and by interac-
tions with other cell or tissue structures, in particular the cyto-
skeleton and extracellular matrices. Finally, the details of the
plasma membrane also depend on the cell type, and one can
find very different physicochemical characteristics depending
on what cell type and cell stage one is investigating (2).

Researchers have tried to replicate plasmamembrane char-
acteristics and use various mimics, from planar SLBs to small
and large unilamellar vesicles, with varying composition and
symmetric or asymmetric lipid distribution across the two
leaflets, and even cell-derived giant plasma membrane vesi-
cles (3–8). However, none of the mimics have been able to
fully replicate the dynamic equilibrium and complex dy-
namics of cellular plasma membranes, and researchers need
to find means to study these structures in live cells. In addi-
tion to the membrane dynamics, the size of transient assem-
blies lies in the range of 5–200 nm, which is below the
diffraction limit. Because the membrane structure cannot
be directly measured, dynamics is used as a surrogate, and
structure is inferred from dynamical features. A commonly
used method that uses this strategy is the FCS diffusion law
analysis.

FCS is a widely used tool to study the diffusion of various
plasma membrane components. FCS achieves this by illu-
minating a diffraction limited spot (�4–500 nm in diameter)
and monitoring the fluorescence fluctuations from this sin-
gle spot as single fluorescently labeled probe molecules
enter and exit its perimeter. Because of the mathematical
evaluation by correlation functions, FCS inherently aver-
ages over many such single-molecule passages and thus pro-
vides an average diffusion coefficient. The mode of
diffusion, whether it is Brownian free diffusion or whether
the probe molecules undergo a more complex movement
of interactions with barriers and traps, cannot be easily ex-
tracted from a single FCS measurement. A solution to this
problem came with the investigation of the dependence of
the correlation function and the recovered diffusion
coefficient on the length scales over which it is measured.
Krichevsky et al. (9) suggested the extraction of the mean-
square displacement from each point of the correlation
function. The other, arguably more widely used technique
is subsumed under the title of the FCS diffusion law analysis
(10). In this case, FCS is measured for different spot radii,
and the average time that probe molecules need to traverse
the spots is plotted against the spot area. The diffusion law
then states that if the y-intercept is 0 within the margins of
error, then the probes undergo free diffusion. It has been
shown that hop diffusion introduced by meshwork-like bar-
riers, which probe molecules need to overcome, leads to a
negative intercept (11). Transient trapping or confinement
in domains is assumed to lead to positive intercepts. This
has been shown to coincide with expectations for several
standard probes (2,12,13) and was successfully applied to
various systems (2,12–16). However, there were also several
exceptions and corrections to the simple interpretation of the
diffusion law analysis. First, for a meshwork or transient
trapping to be resolvable, i.e., to lead to nonzero y-inter-
cepts, the meshwork needs to be sufficiently dense and hind-
er the diffusion in a significant way, and the size, density,
and trapping time of domains need to be above a certain
threshold (17). Second, if domains are mobile, they might
not be detected, and a zero intercept might be seen (18).
Third, if both meshwork and domain trapping are present,
their common result will be a weighted average, and thus,
the absolute value of the intercept might not be indicative
of the diffusive mode (19). In this case, additional tests
that disrupt the meshwork or domains need to be performed,
and the subsequent positive (for meshwork) or negative (for
domains) change in the intercept indicates hop diffusion or
transient trapping. Lastly, in some experiments on SLBs
composed of lipid mixtures, negative intercepts were
observed despite the fact that no meshwork, but rather
domain trapping, was expected (16,20). Therefore, in this
work, we combine AFM with ITIR-FCS to address these is-
sues. AFM provides nanometer resolution on SLBs,
whereas ITIR-FCS is a camera-based FCS modality, which
provides dynamics information on the diffusion coefficient
and, because multiple pixels can be binned, also provides
the FCS diffusion law plots from a single measurement.
Instead of using cell membranes, we conducted this study
on SLBs because the composition and, therefore, the size
and density of domains can be controlled, and the mem-
brane structure is accessible by AFM. The experiments
are done on those bilayers, which exhibit characteristic
zero, positive, and negative intercepts and thus serve as
model bilayer systems harboring distinct domain features.
The choice of lipid bilayer compositions is based on previ-
ously published articles (16,20). Beyond what has already
been shown, we demonstrate that membranes with small do-
mains near the percolation threshold with low to intermedi-
ate confinement strength exhibit a negative FCS diffusion
law intercept indicative of hop diffusion. Our complemen-
tary results on the structure and dynamics of membranes
containing domains set guidelines that aid in a better inter-
pretation of diffusion data obtained from ITIR-FCS and FCS
diffusion law analysis.
MATERIALS AND METHODS

Sample preparation

Lipids and dyes

1,2-dioleoyl-sn-glycero-3-phophocholine (DOPC), 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC), 1,2-dimyristoyl-sn-glycero-3-phospho-

choline (DMPC), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC),

1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), and cholesterol

(Chol) are used in this study. The head-labeled rhodamine dye 1,2-dimyris-

toyl-sn-glycero-3-phosphoethanolamine-N- (lissamine rhodamine B sulfo-

nyl) (ammonium salt) (RhoPE) are used as the fluorescent probe for SLBs.
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All the lipids and dyes were purchased from Avanti Polar Lipids

(Alabaster, AL).

Substrate preparation for supported lipid bilayers

Glass cover slides were cleaned before they were used for the SLB prepa-

ration. The glass slides were rinsed with Hellamax detergent solution. Then,

glass slides were sonicated for 30 min each with detergent solution, 2 M

sulphuric acid, and deionized water. In between the sonication cycles, glass

slides were rinsed �50 times with deionized water.

Mica substrates were freshly prepared before each experiment. Glass

slides were cleaned according to the above-mentioned protocol. Freshly

cleaved mica sheets of thickness 10–15 mm were glued to the glass slide

with �1 mL of optical quality glue (NOA 88; Norland Products, Cranbury,

NJ). The refractive index of both cured glue and mica is 1.56. The mica

sheet was gently pressed, and a uniform �2-mm thick layer of glue was

formed, which was then cured by placing the layered substrate under an

ultraviolet lamp for at least 30 min.

Preparation of supported lipid bilayers of various lipid
compositions

The calculated concentrations of the lipids and dye (the working concentra-

tion of total lipid and dye was 650 mM and 100 nM, respectively) were

assembled in a cleaned round-bottom flask. The components were vortexed

for thorough mixing and then evaporated in a rotary evaporator (Rotavap

R-210; Buchi, Flawil, Switzerland) for 3–4 h to produce a thin, uniform

lipid film. The dried lipid film was resuspended in buffer (10 mM HEPES

and 150 mM NaCl (pH 7.4)), resulting in a turbid solution of multilamellar

vesicles. This vesicle suspension was sonicated using a bath sonicator

(FB15051 Model; Thermo Fisher Scientific, Singapore) until clarity to

form large unilamellar vesicles was achieved.

The buffer was mixed with vesicles obtained by the above-described pro-

cedure in a 1:1 ratio and were deposited on a freshly cleaned glass cover

slide (24� 50-1, Fisher Brand Microscope cover glass; Thermo Fisher Sci-

entific). It was incubated at 65�C for 60–80 min, followed by cooling at

room temperature for 20 min. Then, the unfused vesicles were removed

by washing with buffer with the desired pH 20 times. SLBs equilibrated

at room temperature were used for ITIR-FCS measurements.

ITIR-FCS

Imaging FCS is a camera-based FCS method that employs uniform plane

illumination (Total internal reflection (TIR) and selective plane illumination

microscopy (SPIM)) and fast array detectors (electron-multiplying charge-

coupled device (EMCCD), scientific Complementary metal–oxide–semi-

conductor (sCMOS), and single-photon avalanche diode) to record the

signal from a whole region of interest (ROI) (21). In this work, imaging

FCS is performed with the total internal reflection fluorescence illumination

and EMCCD detection. Unlike confocal FCS, imaging FCS implemented in

the TIR mode does not require repeated calibration of the observation area

because the camera chip provides the xy sectioning and the TIR mode of

illumination provides z-sectioning. ITIR-FCS is ideal for samples closely

located to the cover slide, such as SLBs and cell membranes. ITIR-FCS pro-

vides a spatially resolved diffusion coefficient and a number of particle

maps, which are important ways of assessing the sample heterogeneity.

For the ITIR-FCS, measurements done in this study are performed using

an objective type total internal reflection fluorescence microscope (IX-71;

Olympus; Singapore) with a high-numerical-aperture oil immersion objec-

tive (PlanApo, 100�, numerical aperture 1.45; Olympus). The excitation

light from the lasers (488 nm (Spectra-Physics Lasers, Mountain View,

CA) and 532 nm (Samba; Cobolt, Solna, Sweden)) was introduced into

the microscope by adjusting two tilting mirrors. After being reflected by

a dichroic mirror (Z488/532RPC; Semrock, Rochester, NY), the beam

was focused on the back focal plane of the objective. It was total internally

reflected at the glass-water interface by adjusting the incident angle of the

excitation beam again by the orientation of the same set of tilting mirrors.
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The laser power used was in the range of 0.8–1 mW. The immersion me-

dium of the objective was mineral oil (refractive index 1.516; Olympus).

The fluorescence from the sample was reflected through the same objective,

followed by transmission through the same dichroic mirror. After being

filtered by an emission filter, finally, it was imaged on the CCD chip of a

water-cooled (�80�C), back-illuminated EMCCD camera (Andor iXON

860, 128 � 128 pixels; Andor Technology, South Winds, CT).

A region of interest typically of the size of 21� 21 pixels is selected. The

signal was simultaneously recorded from the whole region of interest (ROI)

in the form of a stack of 30,000–50,000 frames with the required time res-

olution. The software Andor Solis for imaging (version 4.18.30004.0 and

4.24.30004.0) was used for data acquisition. The pixel side length of the

CCD chip in the device is 24 mm, corresponding to a pixel side length of

240 nm in the sample plane. The camera was operated in the kinetic

mode, and baseline clamp was used to minimize baseline fluctuations.

The readout speed was 10 MHz with 4.7� maximal analog/digital gain

and 25-ms vertical shift speed. If not stated otherwise, an EM gain of 300

was used. The data were saved as 16-bit Tiff files. The temporal intensity

trace from each pixel was autocorrelated using the multitau correlation

scheme using a FIJI plug-in ImFCS 1.49, a home-written software (avail-

able at http://www.dbs.nus.edu.sg/lab/BFL/imfcs_image_j_plugin.html),

to generate autocorrelation functions (ACF) (22). The data were bleach cor-

rected using a fourth-order polynomial function. Imaging FCS illuminates a

large area, resulting in a depletion of fluorophores with time due to photo-

bleaching. Unlike in confocal FCS, in which the observation volume is

small compared to the surrounding area, the bleached fluorophores cannot

be replenished from the immediate vicinity. Consequently, there is a long-

term decay on the timescales of seconds that offsets the correlation curve.

This is corrected by fitting a model function f(t) to the decaying intensity

trace and then applying a transformation that restores the flat intensity trace,

conserving the variance of the intensity fluctuations (21). The ACF for each

pixel was individually fitted with the following one-particle model for a

diffusion using the same software. The fit model in a TIR-camera setup de-

viates from the one used for confocal systems because in this case, the in-

tensity is constant in the xy plane and the z direction is not considered

because we work with a two-dimensional (2D) system. It is a good approx-

imation because the bilayer roughness is not more than 10 nm in an evanes-

cent field that is �100 nm, and the pixels on the detection array are square.

The fitting function is written as below (22):

GðtÞ ¼ 1

N

�
erfðpðtÞÞ þ 1

pðtÞ ffiffiffi
p

p
�
e�ðpðtÞÞ2 � 1

��2

þ GN; pðtÞ ¼ a

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dt þ s2

p :
Here,G(t) represents the ACF as a function of correlation time (t) and N,

a, D, and s are the number of particles per pixel, pixel side length, diffusion

coefficient, and standard deviation (SD) of the Gaussian approximation of

the microscope point spread function (PSF), respectively.GN represents the

convergence value of the ACF at long correlation times.

The fitting of ACFs with theoretical models provides the diffusion coef-

ficient (D) and the number of particles (N). Because it is an imaging-based

FCS modality, D and N maps are obtained for the whole ROI (22). In ITIR-

FCS, the data are represented as the mean 5 SD. The SD is obtained from

the measurements over 441 pixels per experiment. The SD of an ITIR-FCS

measurement not only contains contributions from the measurement vari-

ability but also from the heterogeneity of the system.

Overall, ITIR-FCS measurements provide spatially resolved 2D number-

of-particle and diffusion-coefficient maps. The data can also be represented

in the form of histograms. ITIR-FCS data can be used to perform FCS diffu-

sion law analysis.

To determine EArr, we measured the diffusion coefficient of DOPC bila-

yers at a temperature range of 298–310 K, and Arrhenius plots were
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TABLE 1 Diffusion Coefficients and Diffusion Law Intercepts

of Lipid Bilayers Prepared on Glass and Mica

Lipid Composition Substrate D (mm2/s) t0 (s)

DOPC glass 2.18 5 0.09 0.00 5 0.02

DOPC mica 1.86 5 0.44 0.01 5 0.03
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generated. Mathematically, these plots are described by the Arrhenius equa-

tion mentioned as below:

ln D ¼ ln D0 � EArr

RT
;

DLPC/DSPC (1:1) glass gel phase:

0.09 5 0.04,

2.67 5 0.52
o

(m2/s), T is the absolute temperature (K), R is the molar gas constant
�1 �1
 fluid phase:

0.36 5 0.18

DLPC/DSPC (1:1) mica gel phase:

0.07 5 0.03,

fluid phase:

0.19 5 0.06

2.90 5 1.07

DOPC/DPPC (1:1) glass 0.57 5 0.07 0.43 5 0.08

DMPC/DSPC (8:2) glass 0.36 5 0.02 �0.43 5 0.11

DMPC/DSPC (8:2) mica 0.28 5 0.07 1.27 5 0.04

DMPC/DSPC (18:2) glass 0.49 5 0.17 �0.14 5 0.20

DOPC/DPPC/Chol (1:1:1) glass 1.08 5 0.27 �0.21 5 0.04

DOPC/DPPC/Chol (1:1:1) mica 1.09 5 0.24 �0.21 5 0.11

The data are the average of at least four independent trials, and errors repre-

sent the standard deviation.
where D is the diffusion coefficient (m2/s), D is a pre-exponential factor

(8.314 J K mol ), and EArr is the Arrhenius activation energy (J/mol).

Plotting ln(D) against 1/T produces the Arrhenius plot, and EArr is obtained

from the slope of a line fitted to the data.

Implementation of FCS diffusion law analysis in ITIR-FCS

To perform FCS diffusion law analysis in ITIR-FCS data, the same set of

data that is obtained in an ITIR-FCS experiment is used. Variable observa-

tion areas (Aeff) are obtained by postacquisition pixel binning (1 � 1 to 5 �
5), followed by convolution with the PSF of the microscope system. The

image of an individual point-like particle is described by the PSF, and there-

fore, the signal originating from a single particle is detected over an

extended area. If any part of the particle image overlaps with the pixel,

the particle will be detected by that pixel. Therefore, the observation area

for a pixel is the convolution of the PSF with the pixel area. The PSF for

the system can be determined based on the fact that the diffusion coefficient

for free diffusion is a constant, independent of the area observed. We thus

measure the diffusion coefficient of a DOPC bilayer at different binned

areas. The PSF-value at which the diffusion coefficient is independent of

the binned area is the PSF of the system. The Aeff/D is plotted against

Aeff, and the plot is fitted to a line with the standard error of the mean-

weighted diffusion law equation to obtain the y-intercept t0. The typical

margin of error on SLBs is 50.1, and thus, intercepts in that range are

indistinguishable from free diffusion. Only intercepts larger than 0.1 can

be attributed to domain trapping in our setup (23).

Simulations of domain-obstructed diffusion in imaging
fluorescence correlation spectroscopy

For domain simulations, image grids with an array of randomly located cir-

cular, static, and nonoverlapping domains were created. A stack of 100,000

images of 20 � 20 pixels were created using the FIJI plug-in mentioned

above for ITIR-FCS data analysis. The particles were randomly distributed

on the image grid. The pixel size was set to 240 nm, and the time resolution

was 1 ms. Simulations were then run with a time step (Dt) of 100 on each

frame such that each step is much smaller than the domain size and the in-

terdomain distances. For diffusion of the particles in the consecutive

frames, the particle movement was determined using Din within a domain

andDout outside domains. The density of domains was modulated by adjust-

ing the interdomain distances. Upon encountering the domain boundary, a

particle is either reflected at the domain boundary or it enters or exits the

domain with the probabilities Pin or Pout, respectively. All simulation pa-

rameters are given in Table 2. The distance traversed by each particle at

each time step and in each dimension (x and y) is determined by a Gaussian

distribution with a mean of 0 and a variance of 2DsimDt, where Dsim is the

diffusion coefficient of the simulated particles, and it varies within and

outside the domains. The photon emission process is simulated by Poisson

statistics, in which a Poisson-distributed random number is assigned to each

particle. The mean of this Poisson distribution is given by the counts per

particle and second times the time step ¼ 1 ms. The counts per particle

and second value was 10,000 for all simulations presented here. Initially,

particles were placed randomly on the simulated area, and the simulations

were optimized for the equilibration and convergence. The convergence

was tested by calculating the t0 for stacks of overlapping 30,000 frames

each within the 100,000 frames that were used for the analysis. We

observed that for the initial 30,000 frames, the calculated FCS diffusion

law intercepts (t0) were generally higher than that was calculated from

the remaining 70,000 frames that provided a constant t0. Thus, these frames

were discarded to ensure the equilibration of the system, and the rest of the
70,000 frames were used for the analysis. This is because in phase-sepa-

rated bilayers, it takes�30,000 frames for the proper randomization of par-

ticles within and outside the domains.

Atomic force microscopy data acquisition and analysis

AFM measurements were performed using a JPK Nanowizard3 Biosci-

ence AFM equipped with JPK Vortis SPMControl controller with XYZ

closed-loop feedback (JPK Instrument, Berlin, Germany) attached to an

inverted microscope. The imaging was done in quantitative imaging

mode. Silicon nitride cantilevers from Bruker, Singapore (model: DNP-

10) are used for the imaging. The cantilevers spring constants were

calibrated using the thermal noise method. The spring constants were esti-

mated in the range of 0.1 N/m. We used setpoint <1 nN, and pixel time

was kept around 15 ms for measurement. Data processing was done using

the JPK Data Processing software. The calculation of lipid phase fractions

from histogram data corresponding to AFM images is performed on R.

For spatial autocorrelation analysis, we used an ImageJ plug-in developed

by Walter (24).
RESULTS

We correlate the arrangement of diffusion obstacles, i.e., do-
mains on lipid bilayers imaged by AFM, with the information
on dynamics obtained using ITIR-FCS and FCS diffusion law
analysis. AFM measures the lateral organization of the lipid
bilayers by imaging topographic details of the membranes in
the formof domain lateral size and domain heightwith respect
to the surrounding fluid lipids. This method offers lateral and
vertical resolution in the range of nanometers (in this study,
lateral resolution is down to �10 nm; vertical resolution is
down to 0.1 nm). The best lateral resolution that can be
achieved in AFM is a function of the convolution of the tip
shape with the object to be probed. Thus, the best resolution
is on the order of the tip size, which is 10 nm in our case. How-
ever, the size of lipid domains in most of the lipid bilayers
analyzed in our study are larger than the tip diameter, and
tip convolution does not significantly influence our AFM
Biophysical Journal 118, 2434–2447, May 19, 2020 2437



TABLE 2 Description of Simulation Parameters Used

Parameter Description

Values Used in

Simulations

Pixel size size of an individual pixel on

camera chip

0.24 mm

Aeff convolution of pixel area with PSF 0.42 mm

No. of

pixels

number of pixels on the image grid 400

Din diffusion coefficient inside the domain 0.1

Dout diffusion coefficient outside the domain 0.3

Dout/Din ratio of the diffusion coefficients outside

and inside the domain

3

Pin probability of entering the domain 0.5

Pout probability of exiting the domain 0.15

r domain radius 20 nm

Dt time difference between two successive

frames

1 ms

Steps per

frame

number of times a particle moves

in one frame

100
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results. ITIR-FCS allowsmultiplexedFCSmeasurements on a
region of interest quantifying membrane dynamics yielding
two parameters, namely the diffusion coefficient (D), and
the diffusion law intercept (t0). The diffusion coefficient is a
measure of molecular mobility, which is sensitive to the
percentage of gel phase lipids and overall domain confine-
ments in the membranes, whereas the diffusion law intercept
investigates the mode of diffusion exhibited by the probe
molecules.

Because AFM is a label-free scanning-based method,
whereas ITIR-FCS uses fluorescence probes, the two
methods have very different preferences for the sample sub-
strates. Owing to the optical transparency, glass is the most
commonly used substrate for samples studied using fluores-
cence-based methods. On the other hand, the atomic flatness
of the substrate is more favorable for AFM, and thus, mica is
the most commonly used substrate (25). Because membrane
properties are influenced by the substrate (26) and to
compare our AFM and ITIR-FCS results with the existing
2438 Biophysical Journal 118, 2434–2447, May 19, 2020
literature, the experiments have been performed on both
glass and mica. First, we compared the roughness profile
of glass and mica (Fig. S1, A and B). In our substrates,
the roughness of glass ranges from 1 to 4 nm, and mica
ranges from 0.2 to 0.4 nm. Similar differences in the rough-
ness profiles of glass and mica were reported previously
(27).
Validation of ITIR-FCS diffusion law analysis for a
sample exhibiting free diffusion

DOPC is fluid at room temperature, so pure DOPC SLBs
have been used as a sample that shows free diffusion of
probe molecules. DOPC SLBs prepared on both glass and
mica were analyzed using AFM and ITIR-FCS.

DOPC SLBs imaged on glass were rougher (0–3 nm)
compared to the ones on mica (0–0.4 nm), as expected
from the substrate roughness (Fig. 1, A and B). ITIR-FCS
experiments performed on DOPC SLB prepared on glass
and mica yielded similar D (1.6–2.3 mm2/s) and t0 (�0.05
to 0.06 s) (t-test, p-value > 0.05), consistent with free diffu-
sion (Fig. 3 A; Table 1).

In previous publications from our group (2,20), the Arrhe-
nius activation energy (EArr) was calculated for the lipid
diffusion in SLBs and cell membranes as an indicator of
membrane packing and membrane phase behavior. EArr is
the amount of energy that a molecule requires to diffuse later-
ally from one site in the membrane to another. It is estimated
by measuring the diffusion coefficient of lipid bilayers at a
temperature range of 298–310 K. To determine any influence
of the two substrates on EArr, DOPC SLBs prepared on glass
and mica were measured at a temperature range of 298–310
K, and EArr was calculated to be 16.29 5 3.21 and 21.8 5
3.16 kJ/mol on glass and mica, respectively. These values
are consistent with those obtained for liquid-disordered mem-
branes (17.66 5 3.10 kJ/mol) and differ strongly from the
liquid-ordered or gel (57.75 5 11.71 kJ/mol) phase (20).
FIGURE 1 An analysis of membrane topology of

DOPC-supported lipid bilayers prepared on (A) glass

and (B) mica using atomic force microscopy. Mem-

brane topology is assessed in terms of height

profile over various cross sections. Representative

cross sections are shown. To see this figure in color,

go online.



FIGURE 2 AFM images of various supported lipid bilayers with distinct domain configurations and their respective cross sections. Membrane configu-

ration of DLPC/DSPC (1:1) bilayers on (A) glass and (B) mica is shown. Membrane configuration of DOPC/DPPC (1:1) bilayer on (C) glass and (D) mica is

shown. Membrane configuration of DMPC/DSPC (8:2) bilayer on (E) glass and (F) mica is shown, and (G) DMPC/DSPC (18:2) bilayer is shown on glass.

Membrane configuration of DOPC/DPPC/Chol (1:1:1) bilayer on (H) glass and (I) mica is shown. Each AFM image is accompanied by its corresponding

height profile. The gray-shaded area in the height profile indicates the lateral size of domains. Scale bars, 0.5 mm. To see this figure in color, go online.
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FIGURE 3 Representative ITIR-FCS diffusion

law plots obtained for (A) DOPC bilayers show

zero intercept on both glass and mica. (B) DLPC/

DSPC (1:1) bilayers show positive intercept on

both glass and mica; DOPC/DPPC (1:1) bilayers

show positive intercept on glass. (C) DMPC/

DSPC (8:2) bilayers show negative intercept on

glass and a positive intercept on mica; DMPC/

DSPC (18:2) bilayers shows a negative intercept

on glass. (D) DOPC/DPPC/Chol (1:1:1) bilayers

show negative intercept on both glass and mica.

The coefficient of variation associated with diffu-

sion coefficients calculated at variable spatial scales

ranges between 20 and 30% for the bilayers

measured on glass and 20–45% for the bilayers

measured on mica is shown.
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Thus, the influence of these substrates on bilayer packing is
not significantly different (t-test, p-value > 0.05). However,
previous studies have reported that a difference in the rough-
ness of different substrates can influence the bilayer proper-
ties, e.g., the phase transition temperature (26,28).
Validation of ITIR-FCS diffusion law analysis for
lipid bilayers with positive intercept

Next, we analyzed phase-separated bilayers that exhibit pos-
itive t0 in our ITIR-FCS setup. FCS diffusion law plots are
obtained by an analysis of the dependence of diffusion over
spatial scales. It uses average diffusion coefficients from
variable observation areas, and thus, it includes contribu-
tions from both gel and fluid phases. However, the diffusion
coefficients that we have reported in Table 1 are averages
from the individual phases wherever possible.

First, DLPC/DSPC (1:1) bilayers were examined on
glass and mica. At room temperature, DLPC manifests a
fluid phase, whereas DSPC is a gel phase lipid, and because
of the immiscibility of the two lipids, this composition
forms phase-separated bilayers. As reported previously,
RhoPE partitions equally into both phases (20). In previous
AFM studies, this combination of lipids has been shown to
form domains (29,30). In this bilayer, the domains are opti-
cally visible, and ITIR-FCS studies from our group have
reported a positive intercept (31). On glass, the AFM
image of DLPC/DSPC (1:1) bilayers showed partially con-
nected, high-density domains of the size of 1–2 mm with a
height difference of �1 nm (Fig. 2 A). The ITIR-FCS mea-
surements provide an average D of 0.17 5 0.04 mm2/s and
a t0 of 2.67 5 0.52 s (Fig. 3 B; Table 1). Because this
bilayer is phase separated, it has two characteristic
D-values for the gel and the fluid phase (gel phase:
0.09 5 0.04 mm2/s, fluid phase: 0.36 5 0.18 mm2/s). On
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mica, the same composition shows domain sizes ranging
from 2 to 5 mm, and the height difference was similar
to that on glass (Fig. 2 B). ITIR-FCS measurements
provide a D of 0.07 5 0.03 mm2/s for gel phase and
0.19 5 0.06 mm2/s for fluid phase accompanied by a t0
of 2.905 1.07 s (Fig. 3 B; Table 1), which suggests similar
diffusion properties of this bilayer on both substrates.
However, there were geometrical differences in the do-
mains obtained on glass and mica. The domains imaged
on glass were irregularly shaped, presumably because of
the glass roughness, whereas domains imaged on mica
show more rounded boundaries.

Next, we investigated DOPC/DPPC (1:1) SLBs. At room
temperature, DOPC exists in the fluid phase, whereas
DPPC exists in the gel phase. This is an interesting case
because on glass, this bilayer is optically homogeneous
but has been reported to show a positive diffusion law
intercept (20). Previous AFM-based studies have demon-
strated that this composition forms micrometer-sized do-
mains on mica (4). However, the structure of this bilayer
on glass is not known. DOPC/DPPC (1:1) bilayers on
glass were imaged by AFM, and we found that there
were irregularly shaped domains with sizes ranging from
100 to 200 nm (Fig. 2 C). The height differences of
domains with respect to the surrounding fluid lipids was
�1.5 nm. For this lipid composition, bilayers on mica
exhibited micrometer-sized domains with circular geome-
try (Fig. 2 D) consistent with previous work (4). ITIR-
FCS experiments performed on bilayers prepared on
glass showed a D of 0.57 5 0.07 mm2/s and a t0 of
0.43 5 0.08 s (Fig. 3 B; Table 1). DOPC/DPPC (1:1) bila-
yers prepared on mica undergo constant reorganizations
because the quality of FCS data obtained in this case was
unreliable. Thus, we did not include it for any further
analysis.
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Validation of ITIR-FCS diffusion law analysis for
lipid bilayers with negative intercept

In this section, we studied phase-separated bilayers that
exhibit a negative t0. First, RhoPE-labeled DMPC/DSPC
(8:2) bilayers were studied on both glass and mica. At
room temperature, DMPC exhibits both a fluid and gel
phase (4) because its phase transition temperature is 23�C,
whereas the phase transition temperature of DSPC is
55.6�C, and it thus exists in the gel phase. Because of the
nonideal mixing of the two lipids, this composition forms
phase-separated bilayers. DMPC/DSPC is one of the most
thoroughly studied lipid bilayers characterized by several
methods, including differential scanning calorimetry,
neutron scattering, NMR, electron spin resonance, Raman
spectroscopy, Fourier transform infrared spectroscopy, com-
puter simulations, and AFM (8,32–36). The existence of
nanoscale domains was reported for this bilayer composi-
tion (37). Because of the extensive information about this
bilayer system, it was utilized by Favard et al. (16) to test
the quantitative accuracy of confocal-based FCS diffusion
laws, and they reported a negative t0. However, this study
did not directly visualize the membrane structure, but
compared its results with AFM images reported by others
on different substrates, experimental setups, and conditions.
Here, we directly compare DMPC/DSPC (8:2) and DMPC/
DSPC (18:2) bilayers on glass and mica using AFM and
ITIR-FCS.

On glass, DMPC/DSPC (8:2) bilayers showed a high
density of domains, exhibiting an interdomain distance of
32–58.3 nmwith a typical diameter of 30–50 nm and a height
difference of �2.5 nm (Fig. 2 E). The interdomain distance
that we report is the center-to-center distance between the
domains. The ITIR-FCS measurements provide a D of
0.36 5 0.02 mm2/s and a t0 of �0.43 5 0.11 s (Fig. 3 C;
Table 1). On mica, the same composition showed domain
sizes ranging from 200 to 500 nm with interdomain distances
of 300–700 nm, and the height difference was similar to that
on glass (Fig. 2 F). Interestingly, for this lipid composition,
the shape of domains was irregular on both glass and mica.
The ITIR-FCS measurements provide a D of 0.28 5 0.07
mm2/s and a t0 of 1.275 0.04 s on mica (Fig. 3 C; Table 1).
This result, and especially the opposite sign of the diffusion
law intercept on the two substrates, indicates that domain
size and density are an important determinant of t0.

Subsequently, we investigated DMPC/DSPC (18:2)
SLBs to determine the influence of domain size and
density on the FCS diffusion law analysis. AFM images of
DMPC/DSPC (18:2) bilayers on glass showed the existence
of irregularly shaped domains with sizes ranging from 10 to
30 nm (Fig. 2 G) with interdomain distances in the range of
12–39 nm. The height differences were similar to what was
obtained for DMPC/DSPC (8:2), i.e., 2.5 nm. ITIR-FCS ex-
periments performed on this bilayer on glass showed a D of
0.49 5 0.17 mm2/s and a t0 of �0.14 5 0.20 s (Fig. 3 C;
Table 1). D of this bilayer was somewhat higher than that
for DMPC/DSPC (8:2), and t0 fluctuates from zero to
slightly negative values.

Another lipid bilayer composition that exhibits negative
t0 in ITIR-FCS is DOPC/DPPC/Chol (1:1:1) (20). Chol in-
fluences the phase behavior of the membrane by associating
with other lipids. Chol prefers to associate with gel-phase
lipids over fluid-phase lipids (38). So, in the case of
DOPC/DPPC/Chol (1:1:1) bilayers, chol associates with
DPPC and imparts an overall fluidizing effect to the mem-
brane as compared to DOPC/DPPC (1:1). This composition
is a better mimic of cell membranes (39). AFM images of
DOPC/DPPC/Chol (1:1:1) bilayers on glass did not show
any distinct domains (Fig. 2 H). This could be because of
highly dynamic domains in this bilayer, unresolvable height
differences because of leveling by chol, the roughness of the
glass, and the very small size of lipid domains on the
glass for this composition (Fig. 2 H), which were not
resolvable by the current lateral resolution of AFM. The
height profile for these bilayers was very similar to
DOPC bilayers on glass (Fig. 1 A). However, ITIR-FCS ex-
periments performed on these bilayers provided a D
of 1.08 5 0.27 mm2/s and a t0 of �0.21 5 0.04 s
(Fig. 3 D; Table 1). On mica, AFM images showed a high
density of domains ranging from 20 to 50 nm in size
(Fig. 2 I). The height differences of domains from the sur-
roundings were �0.3 nm. D of this bilayer on mica was
1.09 5 0.24 mm2/s with a t0 of �0.21 5 0.11 s (Fig. 3
D; Table 1), very similar to values on glass. AFM images
of lipid bilayers that exhibit negative intercepts show very
small (10-50 nm) and a dense network of domains as
implied by the regular spikes (peaks) of a defined length
and height in the cross sections. In case of DOPC bilayers
(Fig. 1), the cross sections do not show the presence of
any lipid domains because there are no regular peaks of
similar lengths and heights, whereas in the case of DMPC/
DSPC bilayers on glass and DOPC/DPPC/Chol bilayer on
mica, regular spikes are observed in the cross-sectional pro-
files, indicating the presence of lipid domains. However, it
could be difficult to visualize the domains in these samples
directly.

Thus, for a better visualization of the AFM data in case of
bilayers exhibiting hop diffusion, we have shown 1) magni-
fied images of all the relevant bilayer samples with color
scales adjusted such that different lipid phases are clearly
observed (Fig. S2) and 2) spatial autocorrelations calculated
from AFM images of various lipid bilayer samples (Fig. S3).
Glass, mica, and DOPC on glass or mica did not show
spatial correlations beyond the substrate surface roughness,
indicating that DOPC bilayers are smooth and have no own
structure. In the case of DMPC/DSPC (8:2) bilayers pre-
pared on glass and DOPC/DPPC/Chol (1:1:1) bilayers pre-
pared on mica, we observed positive autocorrelations with
a width following the domain sizes seen on these bilayers,
confirming the analysis of the AFM images. Bilayers with
Biophysical Journal 118, 2434–2447, May 19, 2020 2441
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larger domains exhibited wider spatial correlations
compared to the bilayers that show hop diffusion.
Demonstration of domain-obstructed diffusion
exhibiting negative intercepts by simulations

In AFM images of samples with negative intercepts, we
find a high density of very small domains with sizes in
the range of 10–50 nm. We therefore performed 2D simu-
lations on diffusing particles with similar dynamic param-
eters encountering similar structures. A 2D plane with an
array of static, circular, and nonoverlapping domains was
created (Fig. 4 A). The diffusion coefficient inside the do-
mains (Din) was kept at 0.1 mm2/s, and the diffusion coef-
ficient outside the domains (Dout) was 0.3 mm2/s. The
domain radii were set to 20 nm 5 10%. However, the
shape of domains was kept circular, unlike the irregularly
shaped domains observed in AFM images. When a parti-
cle encounters a domain boundary, it can either be re-
flected or it can enter or exit the domain with certain
probabilities, denoted as Pin and Pout, respectively. Gener-
ally, the value of Pin used is higher than that of Pout
(10,17). Here, the simulations have been performed at
two Pin/Pout ratios of 3.3 (Pin ¼ 0.5 and Pout ¼ 0.15)
and 20 (Pin ¼ 0.1 and Pout ¼ 0.005), mimicking different
confinement strength (ratio of the probability of a mole-
cule entering to the probability of a molecule exiting the
domain) (10,17). The density of domains was altered by
varying the interdomain center-to-center distances. The
simulation parameters for the data shown in Fig. 4 are
listed in Table 2.
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To test whether a high density of domains is crucial for
obtaining a negative t0, diffusion law analysis was per-
formed for square image grids of a 1-mm2 area with varying
interdomain distances (Fig. 4 A). Initially, particles were
distributed randomly on the image grid. Because the
different properties of the domains and the nondomain
area will lead to different partitioning, we first determined
how long the systems needed to converge to equilibrium.
We simulated image stacks of 100,000 frames at a time res-
olution of 1 ms. Analysis of the diffusion law demonstrated
that systems need a minimum of 30,000 frames to converge
to equilibrium because we generally obtained a higher diffu-
sion law intercept upon analyzing the first 30,000 frames
and a constant value from the remaining 70,000 frames,
each calculated by analyzing overlapping 30,000 frames
in a sliding window fashion. Thus, we discarded the first
30,000 frames from the simulations and used only the re-
maining 70,000 for the analysis (Fig. 4 B). The simulations
were performed with interdomain distances varying from 42
to 160 nm. The number of steps was optimized so that the
size of each step is much smaller than the size of domains
and the interdomain distances. In this study, a step size of
0.3 nm was used. With increasing interdomain distance
and concomitant increase in the fraction of liquid-disor-
dered phase area, there was an increase in the effective
diffusion coefficient (Fig. 4 C). At the same time, t0 un-
dergoes a transition from negative to positive values of the
diffusion law intercept with the increase in interdomain dis-
tances, and eventually, t0 becomes zero at an interdomain
distance of 60 nm (Fig. 4 D). When the distance between
adjacent domains was 42 nm, i.e., with a solid-ordered
FIGURE 4 Systematic analysis of diffusion

regime characterized by negative intercept using

simulation experiments. (A) An image grid with

an array of domains of radius 20 nm is shown.

(B) Proof of simulation convergence for interdo-

main distance of 42 nm (solid circle), 52 nm (solid

square), and 160 nm (solid triangle) is shown. (C)

The dependence of effective diffusion coefficient

on interdomain distance is shown. (D) The depen-

dence of diffusion law intercept on interdomain

distance is shown. The gray-shaded region

(50.1 s) is the range in which we assume free

diffusion in our setup due to experimental errors.

Error bars represent the standard deviations. The

data shown are simulated for a Pin ¼ 0.5 and

Pout ¼ 0.15 and interdomain distances varying

from 42 to 160 nm. To see this figure in color, go

online.
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fraction �72%, the value of t0 was �0.62 s (Fig. 4 D). As
the interdomain distance increased to 43.4 nm, i.e., when
solid-ordered fraction dropped to 67%, t0 increased to pos-
itive values and reached 0 at an interdomain distance of
50–60 nm, i.e., when only 38% area was covered by do-
mains. The error associated with D is significantly less
than that with t0. To test the effect of higher confinement
strength, simulations were performed on the same system
with a Pin/Pout ratio of 20 (Table S1). Under these condi-
tions, when the interdomain distance was 42 nm, the diffu-
sion of molecules was extremely slow (D ¼ 0.008 mm2/s)
with a t0 of 39 s. This is presumably because �70% of
the total area is covered with domains, and the confinement
strength of the domains is too high to allow significant mo-
lecular diffusion. As a result, molecules spend most of the
time inside the domains, resulting in a low D. At this
confinement strength, as the interdomain distances increase,
there is a drop in t0, but the value remains positive even at
180 nm separation. This indicates that the t0-values are
strongly dependent on confinement strength of the domains.
For the confinement strength as high as 20, we observed no
negative intercepts. It indicates that the interplay between
domain size, spacing, and confinement strength is respon-
sible for the intercept value. From a particular confinement
strength onwards, trapping always wins over meshwork-like
behavior, at least at the domain fractions determined here.
DISCUSSION

The FCS diffusion law analysis has been effectively used to
determine the diffusive modes of lipid and proteins in lipid
bilayers and cell membranes (2,12,16,20,40–42). However,
there are cases in which the known or expected diffusion
mode is not recovered from the simple interpretation of pos-
itive, zero, and negative values corresponding to transient
trapping, free, and hop diffusion. This was, in particular,
the case for some samples with expected or known domain
structure that nevertheless gave negative intercepts. We
therefore combined AFM and ITIR-FCS measurements to
gain a better understanding of the dependence of the FCS
diffusion law intercept on the nanometer bilayer structure.

Experiments on pure DOPC bilayers established that
despite the difference in surface properties, the diffusion
properties on glass and mica are comparable, as demon-
strated by similar D-, t0-, and EArr-values obtained for sam-
ples on both substrates. AFM images for DOPC bilayers on
glass showed height differences between 1 and 4 nm, which
was about 10 times more than what was observed on mica
because of substrate roughness (Fig. 1).

In the case of phase-separated lipid bilayers, AFM images
show that the substrate influences the domain organization.
The geometry of domains in DLPC/DSPC (1:1) and DOPC/
DPPC (1:1) bilayers exhibited more rounded boundaries on
mica but more irregular boundaries on glass (Fig. 2). The
size of domains was generally severalfold larger on mica
than on glass. For instance, in the case of DLPC/DSPC
(1:1) bilayers, the size of domains is �2-fold larger on
mica than on glass, and in the case of DMPC/DSPC (8:2)
bilayer, this increases to even an �6-fold difference, consis-
tent with literature (37). A possible explanation is the inter-
action of the bilayer with the substrate and the transmission
of this effect from the inner to the outer leaflet (43,44). The
roughness of the glass surface can act as pinning sites, which
restrict the large-scale domain formation in the membrane,
thereby inducing formation of smaller domains on glass
than on mica. The effect of the substrate is less prominent
on membrane fluidity, and we obtain similar D, independent
of the substrate, consistent with reports by Benda et al. (45).
However, the diffusion law intercept t0, an indicator of the
diffusion mode, is strongly dependent on the membrane or-
ganization. Because membrane organization is different on
glass and mica even for the same lipid composition, t0
varies and, therefore, can be used to probe the lateral mem-
brane organization.

Our results show that DLPC/DSPC (1:1) bilayers exhibit
micrometer-sized, partially connecting domains on both
substrates (Fig. 2). For these bilayers, t0 is positive, with a
higher value for the one on mica, which exhibits larger
domain sizes. According to the existing description of mi-
crodomain partitioning, domain size is proportional to the
confinement strength (10), and therefore, larger domains
result in higher t0-values. On DOPC/DPPC (1:1) bilayer
on glass, we found a lower t0 than for DLPC/DSPC (1:1),
consistent with the smaller domain size in this bilayer.
DLPC/DSPC (1:1) bilayers on both substrates, DMPC/
DSPC (8:2) bilayers on mica, and DOPC/DPPC (1:1) on
glass show nonlinear, concave diffusion law plots. These
are also the bilayers that show more or less visible domains.
The diffusion law plots in these cases are not linear because
the domains are not beyond the diffraction limit. So, we
observe an influence of domain size on the diffusion law
plot. Besides domain sizes and confinement strength, other
factors such as domain density and line tension also influ-
ence t0 (46,47).

The AFM images show that the height differences in
DOPC/DPPC (1:1) bilayer were 1.5 nm, whereas in
DOPC/DPPC/Chol (1:1:1), it was �0.3 nm. These observa-
tions support the results published by Bag et al. (20) that a
variation in height differences results in distinct membrane
organization. These distinct membrane organizations are
reliably predicted by imaging FCS diffusion law analysis.
The AFM images for the bilayers that exhibit a negative
FCS diffusion law intercept show a high density of gel do-
mains with a size of 10–50 nm as observed in the case of
DMPC/DSPC (8:2) and DMPC/DSPC (18:2) bilayers. Mur-
esan et al. (37) imaged equimolar DMPC/DSPC bilayers by
AFM and also reported gel domains of 10–50 nm with rather
irregular shape.

Neutron diffraction measurements revealed that the
average center-to-center distance between the small DSPC
Biophysical Journal 118, 2434–2447, May 19, 2020 2443
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domains was smaller than 10 nm (32). The lower magnitude
of t0 in DMPC/DSPC (18:2) as compared to DMPC/DSPC
(8:2) indicates the sensitivity of this parameter toward
domain size and density. In case of DOPC/DPPC/Chol
(1:1:1) on mica, the membrane structure was similar to
DMPC/DSPC mixture except for the height difference.
DMPC exhibits a 14-carbon acyl chain, and DSPC exhibits
an 18-carbon acyl chain. On the other hand, DOPC and
DPPC are both asymmetric lipids, with one chain consisting
of 16 carbons and the other with 18 carbons with an addi-
tional double bond in DOPC. The variation in height differ-
ences in the two lipid mixtures can be attributed to the
relative variation in the acyl chain lengths of the bilayer
components (48).

The structural features observed by AFM images for bila-
yers with negative intercept were used for simulations
to investigate the dependence of t0 on domain density
more in detail. Simulation results show that a negative
intercept was observed when the interdomain distance was
�42–43 nm for a Pin/Pout ratio of 3.3. With the increase in
the distance between the domains, there was a progression
in the intercept from negative to positive values. It is evident
from the results that the interdomain distance and confine-
ment strength are crucial determinants of FCS diffusion
law intercepts.

According to the FCS diffusion law analysis, a negative t0
is due to the membrane compartmentalization by a mesh-
work, and a probe molecule has to hop over the mesh bound-
aries to continue diffusion (10). This explanation is more
relevant in the context of cell membranes where the actin
cytoskeleton is present. However, in this study, we show
that small lipid domains can also show a negative intercept.
To explain how lipid domains arranged in this manner can
create mesh-like boundaries, it was proposed that a two-
component bilayer can form coexisting phases (gel and
fluid) at a specific temperature. Upon cooling the lipid
bilayer below the transition temperature, a point is reached
when the solid phase can form, connecting domains in the
bilayer, thereby disconnecting the fluid phase into isolated
domains (Fig. 5 A). This point is known as the percolation
threshold of the bilayer (49). In a fluorescence recovery after
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photobleaching-based study, percolation thresholds at vary-
ing temperatures were determined for DMPC/DSPC mix-
tures (50,51). AFM images and simulation results indicate
that at an intermediate confinement strength, lipid bilayers
show negative intercepts when the bilayer is near the perco-
lation threshold, which is reached when the area of the solid
fraction is �70% (50). For further validation, we calculated
the fraction of solid-ordered and liquid-disordered phases in
the AFM images of DMPC/DSPC (8:2) bilayers and found a
fraction of the solid-ordered phase of �78% (Fig. 5 B).
Thus, model membranes near the percolation threshold
can have a similar effect as cytoskeleton fences on protein
diffusion (52). Also, we cannot exclude that the substrate
also influences this meshwork-like behavior of percolating
domains by influencing the phases and their organization
as observed in case of DMPC/DSPC (8:2) bilayers. So, it
is quite possible that on free-standing bilayers, the effects
are somewhat different. However, our simple simulations,
which do not take any substrate into account, also show
negative intercepts, and thus we think this is a universal phe-
nomenon even if it might have different thresholds at which
negative t0 intercepts are reached. For a better understand-
ing, we performed a quantitative analysis of our AFM
data, and we estimated the minimal domain size (r) and
the maximal interdomain distance (d) observed in each of
the phase-separated bilayer samples. Then, we calculated
the minimal r/d ratio for each of the samples (Table S2).
Our results show that the phase-separated bilayers that are
characterized by negative intercepts show an r/d R 0.25.

However, samples that exhibit a positive intercept show
an r/d ratio of around 0.1. It is important to note that in an
experimental setup, there are a range of domain sizes and in-
terdomain distances that exist, and we do not have direct in-
formation about the confinement strengths. However, we
calculate only the minimal possible r/d-values in each sam-
ple because it provides us a threshold around or above which
a sample can be considered close to the percolation
threshold. Consistent with our experimental results, simula-
tion results also show a similar trend that at higher r/d-
values, negative intercepts are observed, whereas at smaller
r/d-values for the same domain sizes and confinement
FIGURE 5 (A) Schematic of a membrane matrix

close to the percolation threshold at which the

solid-ordered phase forms a continuous phase,

whereas the liquid-disordered phase forms a discon-

tinuous phase. (B) Histograms of peak heights in

relation to the average surface level (0 point on x

axis) in DMPC/DSPC (8:2) bilayer prepared on glass

(bar graph) are shown. The peak at negative x axis

values represents the fraction of the liquid-disor-

dered phase, and the peak at positive x axis values

represents the fraction of the solid-ordered phase.

The grey and black curves represent Gaussian fits

to the liquid disordered and solid ordered phases,

respectively. To see this figure in color, go online.
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strengths, positive intercepts are obtained. The r/d-values
obtained from the AFM image analysis and simulation ex-
periments cannot be directly compared because in experi-
ments, confinement strengths vary for each sample, and
we have a range of domain sizes and interdomain spacings.
Overall, these results show that a high density of domains,
close to percolation threshold is essential to obtain the nega-
tive intercepts.

According to the hop diffusion model, proteins that
attempt to cross the boundaries of one compartment to
diffuse into another compartment can be resisted by the
fixed fence posts. However, in a recent study, it was shown
that cytoskeleton fences are not fixed fences but can change
dynamically (53). Similarly, a particle diffusing through
percolating domains is constantly hindered by the surround-
ing obstacles that are arranged in the form of a maze over
FIGURE 6 Schematic illustration of FCS diffusion law analysis describing com

in the figure, previous literature has described possible interpretations for free dif

to meshwork organization, biphasic membranes near the percolation threshold
many length scales (54). The particle traverses a fractal
structure with numerous dead ends. In such a structure, often
a particle encounters a compartment boundary more than
once before crossing it, leading to obstructed diffusion.
These results demonstrate how different membrane config-
urations with varying domain density and size lead to FCS
diffusion law intercepts that do not follow a simple model
of interpretation (Fig. 6). In particular, this work shows
how small domains at high density with intermediate
confinement strength lead to diffusion that is better
described by hop diffusion than by transient trapping on
the length scales observed. Because membranes with do-
mains near the percolation threshold exhibiting hop diffu-
sion are observed on both glass and mica, our observation
of hop diffusion in such membrane configurations is valid
irrespective of substrate properties.
plex interpretations associated with each of the diffusion mode. As marked

fusion and domain-confined diffusion. In this work, we show that in addition

can also exhibit hop diffusion. To see this figure in color, go online.
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CONCLUSIONS

FCS diffusion law analysis or similar plots have been widely
used to infer structures that cannot be imaged because they
are beyond the measurement systems achievable spatial res-
olution. However, the FCS diffusion law and its intercept is
an indicator of the diffusion mode and not necessarily of the
underlying structure in which diffusion takes place. There
are already several publications outlining various limits of
the FCS diffusion law analysis. Here in this article, we
add one more exception, namely the case of biphasic lipid
bilayers near the percolation threshold, exhibiting small do-
mains at high density and intermediate confinement
strength. These bilayers can show negative intercepts con-
trary to the simple interpretation that domain confinement
or transient entrapment should lead to positive intercepts.
Thus, the attribution of structures to particular FCS diffu-
sion law intercepts might be permissible in simple cases,
but complex cases require extra information. This can be
in the form of extra spatiotemporal information (e.g.,
AFM, Near-field scanning optical microscopy, Stimulated
emission depletion-FCS) or additional biological informa-
tion (disruption of domains or meshwork by chemical
agents). In the presence of this extra information, the FCS
diffusion law analysis remains an important tool to infer
structural and organizational features below the resolution
limit from dynamic information.
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Figure S1: Roughness profile of (A) glass and (B) mica - the commonly used substrates for 
lipid bilayer studies. 
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Figure S2: Magnified AFM images of lipid bilayers exhibiting negative FCS diffusion law 
intercepts. (A) DMPC:DSPC (8:2) on glass (B) DMPC:DSPC (18:2) on glass (C) 
DOPC:DPPC:Chol (1:1:1) on mica. The colour scales are adjusted according to the domain 
heights in the respective samples. 

 

 

 

Figure S3: Normalized spatial autocorrelation calculated on AFM images of glass, mica, 
DOPC prepared on glass, DOPC prepared on mica, DOPC:DPPC:Chol (1:1:1) on mica, 
DMPC:DSPC (8:2) on glass and DMPC:DSPC (8:2) on mica.  
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Interdomain distances FCS diffusion law intercept 
42 nm 39.35 s 
80 nm 3.89 s 
190 nm 0.54 s 

Table S1: The dependence of diffusion law intercept over the inter-domain distance analysed 
by simulations. The data shown here is simulated for a confinement strength of Pin /Pout =20, 
with Pin = 0.1 and Pout = 0.005. Here we performed FCS Diffusion law analysis at interdomain 
distances of 42 nm, 80 nm and 190 nm. 

 

 

Sample FCS diffusion 
law intercept 

Domain Size 
(r) min 

Interdomain 
distance (d) max 

r/d min 

DLPC:DSPC (1:1) 
on glass 

2.67 ± 0.52 0.5 μm 5.0 μm 0.1  

DLPC:DSPC (1:1) 
on mica 

2.90 ± 1.07 1.0 μm 9.0 μm 0.1  

DOPC:DPPC (1:1) 
on glass 

0.43 ± 0.08 0.1 μm 0.7 μm 0.14  

DOPC:DPPC (1:1) 
on mica 

- 1.0 μm 9.0 μm 0.11  

DMPC:DSPC (8:2) 
on glass 

-0.43 ± 0.11 30 nm 58.0 nm 0.51  

DMPC:DSPC (8:2) 
on mica 

1.27 ± 0.04 0.2 μm 1.4 μm 0.14  

DMPC:DSPC 
(18:2) on glass 

-0.14 ± 0.20 10 nm 39.0 nm 0.25  

DOPC:DPPC:Chol 
(1:1:1) on glass 

-0.21 ± 0.04 - - - 

DOPC:DPPC:Chol 
(1:1:1) on mica 

-0.21 ± 0.11 30 nm 56.0 nm 0.53  

 

Table S2: Summary of AFM and FCS diffusion law analysis results in phase separated lipid 
bilayers. Here we show the minimum domain size (r) and maximum interdomain distance (d) 
observed on AFM images of each of the samples. Further, we calculate the minimum (r/d) 
value that is observed in each of the samples. DOPC:DPPC (1:1) bilayers prepared on mica 
undergo constant reorganizations due to which the quality of FCS data obtained in this case 
was unreliable. Thus, we do not report it in the table above. Despite the negative intercepts 
obtained on DOPC:DPPC:Chol (1:1:1) bilayers prepared on glass, the AFM images for this 
sample do not show any lipid domains thus, we do not report domain characteristics in the table 
above.   
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