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ABSTRACT: The diffusion and mobility in biomembranes are
crucial for various cell functions; however, the mechanisms
involved in such processes remain ambiguous due to the
complex membrane structures. Herein, we investigate how the
heterogeneous nanostructures cause anomalous diffusion in
dipalmitoylphosphatidylcholine (DPPC) monolayers. By iden-
tifying the existence of condensed nanodomains and clarifying
their impact, our findings renew the understanding of the
hydrodynamic description and the statistical feature of the
diffusion in the monolayers. We find a universal characteristic
of the multistage mean square displacement (MSD) with an
intermediate crossover, signifying two membrane viscosities at
different scales: the short-time scale describes the local fluidity
and is independent of the nominal DPPC density, and the long-time scale represents the global continuous phase taking into
account nanodomains and increases with DPPC density. The constant short-time viscosity reflects a dynamic equilibrium
between the continuous fluid phase and the condensed nanodomains in the molecular scale. Notably, we observe an
“anomalous yet Brownian” phenomenon exhibiting an unusual double-peaked displacement probability distribution (DPD),
which is attributed to the net dipolar repulsive force from the heterogeneous nanodomains around the microdomains. The
findings provide physical insights into the transport of membrane inclusions that underpin various biological functions and
drug deliveries.
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INTRODUCTION dynamics of the lipid membranes.'”™"’ Emerging evidence
renewed the fluid-mosaic model by viewing the lipid
membrane structure as “more mosaic than a fluid”.">'® More
recently, the nanostructures formed by molecular crowding or
lipid—protein interaction and their impact on membrane
mobility have become captivating issues.””'”'**° Such
nanostructures at lipid membranes are heterogeneous at the
nanoscale, and their dynamic movement and interplay can
significantly influence the membrane mobility as well as
membrane biological functions.**' For instance, recent
experiments have revealed that the cell membranes manifest
an unusual and heterogeneous flow resistance.'”'® In
particular, the crowding effect in protein-rich native cell
membranes is found to be significant in the formation and

Lipid membranes, such as cell membranes or lung surfactant
membranes, are ubiquitous in biological systems. Despite their
different functions, lipid membranes have a common
structure—a thin film consisting of lipid and protein
molecules. An early fluid-mosaic model' treated the live cell
membrane architecture as a two-dimensional (2D) fluid matrix
in which the lipids and proteins are randomly dispersed. The
transport of microscale and nanoscale particles in these
inherently dynamic lipid membranes is intriguing in many
biological processes,”™> such as signal propagation, membrane
trafficking, and protein sorting.”"® In particular, the lateral
diffusion/mobility facilitated by the membrane fluidity has
been found to play an important role in the dispersion of
inhaled nanoparticles”'’ and the protein-mediated trans-
port'""? in pulmonary surfactant membranes and also the
delivery of nanomedicine.'”'* Thus, deciphering the diffusion
in such membranes is essential for understanding many
biological functions and mechanisms.

Over the past few decades, studies have shown that the fluid-
mosaic model oversimplified the complex structure and
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function of multiprotein complexes,”' ~>* and a better under-

stand of the protein crowding effect requires a thorough
characterization of the lateral diffusion dynamics. Even in some
synthetic lipid membranes for mimicking real cell membranes,
heterogeneous structures due to phase separation were
reported,”>™** which caused anomalous diffusive behavior of
various membrane inclusions. Here, the notion of anomalous
diffusion means that the motion follows a power-law MSD

(mean square displacement),”**” i.e. x*(t) ~ t*, where the
exponent @ > 1 indicates a superdiffusive behavior and a < 1
indicates a subdiffusive behavior. To date, however, how to
model the diffusion and mobility in the membrane with
heterogeneous nanostructures is still controversial, and the
underlying nanoscale mechanism and dynamic features remain
unclear,7-2131,32

In fact, the hydrodynamic description of the flow resistance
of diffusive inclusions in a 2D membrane has been a critical
challenge.33_35 The diffusion coefficient of membrane
inclusions was initially given by Saffman and Delbriick (called
the SD model).” By assuming that a uniform membrane at an
air—water interface has a 2D viscosity #,,, whose unit is Pa s m,
the diffusion coefficient of a membrane inclusion in the SD
model can be written as D = kyT/(47n,,) A(€), where A(e) =
In(2/€) — y is the reduced mobility, y is the Euler constant,
£ = 1y o) is the dimensionless size, r is the radius of the

inclusion, and p,;, and y,,, are the viscosities of air and water,
respectively. However, the SD model is a linear approximation
and is only applicable to small & values. Later, Hughes,
Pailthorpe, and White (HPW) extended the SD model and
applied it to describe the diffusion of larger inclusions,”* such
as condensed microdomains in synthetic lipid mem-
branes.””** Notably, the dispersed condensed domains
formed by phase separation appeared not only on the
micrometer scale but also on the nanometer scale in the
continuous fluid phase.'”™>"***" The existing hydrodynamic
theories, including both the SD and HPW models, fail to
describe the diffusion as well as mobility of any membrane
inclusions due to the presence of the heterogeneous nano-
domains. Hence, it is vital to study the diffusion of membrane
inclusions by considering the dynamic impact from the
surrounding heterogeneous nanostructures.

Besides the hydrodynamic description, a distinct micro-
scopic mechanism due to the heterogeneous nanostructures
will cause anomalous dynamics of the diffusion on the
membrane. Such anomalous dynamics signifies the non-
intuitive nanoscale interactions on the membrane,”*® whereas
no consensus has yet been reached. In contrast to the
conventional studies focusing on analyzing the MSD, other
statistical features, such as displacement probability distribu-
tion (DPD), have drawn increasing research attention
lately.**™*" These statistical results can provide important
information such as energy barrier, interaction range, and
hopping frequency in the membrane, which are urgently
needed to construct a complete theoretical system to
understand and model the microscopic mechanisms. More-
over, the surprising “anomalous yet Brownian” behavior,
exhibiting a linear MSD but a non-Gaussian DPD, has been
observed in the diffusion within heterogeneous environ-
ments.*' ~** Additional complexity comes from the temporal
evolution of the DPDs,**~* emphasizing the rich physics
involved in the interactions with the surrounding nanostruc-

tures on different time scales. Therefore, a systematic
characterization of the statistical features of the diffusions is
essential to understand the microscopic mechanism of the
anomalous diffusions and the interactions within the
membranes.

In this study, we measured the diffusion of microdomains in
the monolayers of DPPC (chemical formula C,HgNOgP,
molar mass 734.05 g/mol), which is the predominant
constituent of a lung surfactant film.'****> As a well-controlled
2D model membrane system, the DPPC monolayer can help
disentangle the out-of-membrane effects that are difficult to
avoid in live biological membranes. We identified the existence
of nanoscale condensed domains surrounding the micro-
domains, by which we unveiled the anomalous features of the
microdomain’s diffusion caused by these nanodomains. Due to
the confinement of the nanodomains, the measured MSD
shows multiple stages and signifies two diffusion coeflicients
and two associated membrane viscosities at different length
scales. Interestingly, we find that the short-time viscosity
reflecting the local membrane fluidity remains constant,
indicating a dynamic equilibrium between the continuous
fluid phase and the condensed nanodomains in the molecular
scale. In contrast, the long-time viscosity representing the
global behavior taking into account the heterogeneous
distribution of nanodomains clearly increases with DPPC
density. In addition, the DPD surprisingly displays a “non-
Gaussian yet Brownian” feature showing a double-peaked
shape at long times, whereas the MSD remains linear. Such a
DPD differs from the usual sharp-peaked DPD observed in
confined diffusions on membranes,*'~* implying the crucial
role of the dipolar repulsive interaction between a micro-
domain and the surrounding heterogeneous nanodomains.

RESULTS

Phase Separation and Nanodomains Surrounding
the Microdomains. DPPC, consisting of a polar headgroup
and two long apolar alkyl chains,*® forms a monolayer at the
air—water interface. The DPPC monolayer manifests different
microstructures during its phase transitions, which is usually
demonstrated by an isotherm with varied molecular areas.
Figure la shows the compression isotherm of the DPPC
monolayer containing the fluorescent probe 1,2-dihexadeca-
noyl-sn-glycero-3-phosphoethanolamine (Texas Red-DHPE;
99.8:0.2, mol/mol) at room temperature of 20 °C. This
isotherm was measured using constrained drop surfactometry
(CDS, see Note 1 of the Supporting Information for details).
As seen from Figure 1la, when the monolayer is compressed to
moderate molecular areas approximately from 55 to 80 A%/
molecule, within the range reported in the literature,*”*® it
exhibits a phase separation and coexistence of the condensed
and continuous fluid phases, characterized by a plateau in the
isotherm.’>* In the phase coexistence, the micrometer-sized
condensed domains nucleate, appearing black, as the probe
Texas Red-DHPE preferentially partitions into the continuous
phase (see the two fluorescence microscopy images in Figure
la). Additionally, as the molecular area decreases, the
fractional area of microdomains increases at the cost of a
decrease in the continuous phase. We observed that the
microdomains show clear diffusive motions, and one trajectory
is shown in Figure 1b. Here, the diffusion of microdomains was
measured on the DPPC monolayers at three different surface
densities, corresponding to molecular areas of 58, 68, and 81
A%/molecule.
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Figure 1. Characterizing the DPPC monolayer and identifying the
nanodomains. (a) Compression isotherm of the monolayer
composed of DPPC/Texas Red-DHPE. The three points marked
in cyan are at 58, 68, and 81 A?/molecule, representing the three
DPPC densities used in this work. The insets are the fluorescence
microscopy images of the condensed domains in monolayers of 81
and 58 A’/molecule. (b) Trajectory of a diffusing microdomain.
(c) AFM topographic image of the monolayer of 68 A%/molecule
on a mica surface. (d) Fluorescence microscopy image of the same
monolayer on mica as (c) and in the same observation scope. (e)
Overlay image of (c) and (d). (f) Enlargement of the yellow box
indicated in (c). The nanodomains indicated by yellow arrows are
prevalent in the continuous fluid phase. (g) Height variation along
a scanning line indicated by the black arrowhead in (f).

To reveal the nanodomains on the DPPC monolayer, we
used atomic force microscopy (AFM) to scan the topography
of the DPPC monolayer that was transferred from the air—
water interface onto a freshly peeled mica sheet (see Materials
and Methods). Figure 1c shows the AFM topographic image of
a transferred DPPC monolayer of 68 A?>/molecule. The bright
regions are the microdomains with a larger height, whereas the
dark regions are the continuous phase with a smaller height
because the DPPC molecules are ordered-packed in the
domains and the alkyl chains tilt at a smaller angle.36’50 We
guarantee that these domains are the original structures on the
monolayer at the air—water interface rather than those formed
by aggregation during drying or transferring. To confirm this,
first, the transferring was not considered successful until the
monolayer morphology observed on the mica surface (see the
fluorescence microscopy image, Figure 1d) was similar to that
on the air—water interface before transferring. Second, we
compared the fluorescence image (Figure 1d) of the
monolayer with its AFM image (Figure 1c) to verify that the
high regions in the AFM are indeed the microdomains. This

approximately 0.8 nm above the continuous phase, as shown
in Figure 1g. Such a small height difference and the uniform
height throughout the domains confirm that the domains on
the mica surface are the original molecular structures of the
monolayer. The size of the nanodomains is approximately
100—200 nm, and the separation between them is approx-
imately 1—2 pm. The separation between the microdomain
and the nearest nanodomains is approximately 1.5—2 um,
implying a depletion effect that could be attributed to dipolar
repulsive interactions among domains.”’ Moreover, we note
that the amount and size of the nanodomains slightly increase
with the increasing DPPC surface density in our experiments.
The prevalence of these nanodomains and the dipolar repulsive
interaction are expected to cause a non-negligible impact on
the microdomain’s diffusion.

Distinct Diffusive Behavior at Short and Long
Elapsed Times. We used a single-particle tracking technique
to obtain the trajectories of individual microdomains and then
calculated the time-averaged MSD of each microdomain.
Figure 2a—c show the measured MSDs of the microdomains of
different sizes at different surface densities. The MSDs share a
similar trend: linear diffusion, i.e., MSD = t, at short elapsed
times, followed by a subdiffusive crossover at intermediate
times t & S s, and then the MSDs become linear again at long
times. Such MSDs violate the conventional SD or HPW
theories that indicate a simple linear MSD in a homogeneous
membrane. The crossover demonstrates the confinement effect
from the surrounding media, which has often been observed
for confined diffusions in crowded and heterogeneous
surroundings.21’44’45’52_55 From Figures 2a—c, the MSD curves
are shifted rightward with the increasing size of the
microdomains, since larger microdomains move more slowly.
Surprisingly, we find in Figure 2d that the MSDs of different
microdomains with the same radius overlap together,
indicating a negligible effect of the surface density of DPPC
on the diffusion. Here, the surface density is a nominal value
calculated by dividing the added amount of the substance of
DPPC over the monolayer area. Notably, the Y-axis values of
the MSDs in the crossover regime are all close to 2 ym? for the
microdomains with different sizes. This result suggests that the
confinement originates from the nearest nanodomains that are
located N\/ 2 pm away from the border of the microdomain, as
evidenced by our AFM scanning in Figure 1f. With the
knowledge that the confinement is given by the nanodomains,
the MSD results provide important information on the
mesoscopic diffusive behavior, domain interaction, and spatial
configuration of the nanodomains.

To highlight the occurrence of the crossover, we calculate

the data of x°(t)/t. Figure 2e shows the variations of x*(t)/t
of three microdomains in the DPPC monolayer of 81 A2/
molecule (as shown in Figure 2c). We observe that each curve

of x*(t)/t manifests two horizontal plateaus connected by a
sharp decline in the middle, corresponding to the two linear
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Figure 2. Multistage MSD curve with a crossover. (a) One-

dimensional MSD x*(t) as a function of the elapsed time ¢t for
microdomains of different radii on the monolayer of 58 A%/
molecule. From top to bottom, the radii of the microdomains are
1.1, 2.7, and 3.6 ym. The short black straight line shows a linear
slope of MSD. The dashed lines show the fittings of the data prior
to the long-time linear regime to the function A[1 — exp(—t/7)],
with fitting parameters A and 7. The typical time scale 7 is marked.
(b) MSDs of the monolayer of 68 A?/molecule. From top to
bottom, the radii are 0.6, 2.6, and 3.4 um. (c) MSDs of the
monolayer of 81 A*/molecule. From top to bottom, the radii are
1.2, 2.3, and 3.4 um. (d) Data of three microdomains with a same
radius (1.3 gm) but on monolayers with different surface densities:
81 A’/molecule (blue); 68 A>/molecule (green); 58 A?/molecule

(red). (e) Data of x*(t)/t from the results in (c) for the monolayer
of 81 A’/molecule, which can better appreciate the crossover
between the two linear stages manifested by the horizontal
plateaus. (f) Variation of the scaling exponent a(t) with time,
calculated from the curves in (e). For each curve in the figure, n =
3000 consecutive displacements are used in the statistical
calculation.

stages at short and long time, respectively, and the crossover in
between. We also plot the scaling exponent a(t) in Figure 2f by
calculating the logarithmic derivative from the MSD data,
which could provide information to evaluate whether the
anomalous diffusion is subdiffusive or superdiftusive in
addition to the crossover. For all of the experiments, the
values of the exponent a(t) are approximately 1 at short times
and decrease to approximately 0.4 during crossover, indicating
a subdiffusive behavior. The smaller the microdomain, the
earlier the subdiffusive crossover appears. After the crossover,
the fluctuation amplitude of a(t) seems enlarged compared to
its short-time value, showing periodic switches between
subdiffusive and superdiffusive behaviors. We suspect that
this fluctuation might be a signal of the nonequilibrium motion
related to the time-evolving DPD at long times, as will be
discussed later. It is also of interest to mention that, before the
millisecond short-time stage as in the current experiment, there
could be other microscopic nonlinear stages. Theoretical and
numerical investigations have revealed a crossover of MSD
from subdiftusion with & & 0.6 around a nanosecond to o = 1
around a microsecond in lipid membranes,””** which was
verified by a neutron spin echo spectroscopy measurement.*®

On top of the evaluation of the MSD results, we further
calculate the velocity autocorrelation function Cy, as shown in
Figure 3. We can clearly observe a negative part of the
autocorrelation for each curve. This negative correlation
usually returns to zero when ¢t > 0.1 s, as shown in Figure
3b,c. However, for the case of the lowest molecular area
(Figure 3a, corresponding to the monolayer with the highest
DPPC density), the negative part takes a slightly longer time to
decay. This negative correlation should originate from certain
forces that are against the motion of the microdomains. One
possible force is due to the elastic effect of the lipid
membrane,””*® as such a membrane is known to be inherently
viscoelastic. Another source is the electric dipolar repulsive
force from the surrounding condensed domains,”" which can
produce long-range repulsion and makes an important
contribution to the domain—domain interaction.

The MSDs with a crossover shown in Figure 2 signify two
diffusion coefficients, namely, Dy,q and Dy, obtained by the
linear fittings of MSD vs ¢ at short and long times, respectively,
as illustrated in the inset of Figure 2a. Dy, is always larger
than Dj,,, indicating that the microdomains diffuse faster
locally before they can sense confinement from neighboring
nanodomains. Figure 4a,b shows the values of Dy, and Diyyg
as a function of the radius of microdomains at different surface
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81 A° /molecule
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Figure 3. Negative correlation of autocorrelation functions. (a—c) Data for a DPPC monolayer with molecular area, 58, 68, and 81 A%/
molecule, respectively. The colors represent different microdomain radii, as noted in the figures.
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Figure 4. Diffusion coefficients at short and long times. (a) Dy, VS
r (radius of microdomains) on monolayers with different surface
densities: 81 A%/molecule (blue); 68 A%/molecule (green); 58 A%/
molecule (red). The error bars are the standard deviations from
the linear fittings of MSD vs t at short times. The inset picture
shows that a cylindrical inclusion diffuses within a membrane at
the air—water interface. (b) Digng vs 1. The logarithmic inset shows
Dygpg vs €: at 81 A?/molecule (blue) and at 58 A%/molecule (red).
In both (a) and (b), dashed lines are fittings of D, and Dj,,, to
the HPW model. The black solid lines are the asymptotic solution
of the HPW model for € = o0. (c) Dghort/Diong Vs T at S8 A%/
molecule. The green dashed line in (c) is the prediction of the
HPW model using #;,c,) and 7y, from the fittings. For each point
in this figure, n = 3000 consecutive displacements are involved in
the calculation of its mean value. Error bars are calculated based
on the standard deviation of the data.

densities. Both Dy and Dy, decrease nonlinearly with
increasing size, and we found that they can be fitted to the
HPW model (dashed lines) separately by introducing a 2D
membrane viscosity #,,. Even though the hydrodynamic theory
of HPW fails to describe the complete diffusion, it applies to
the short-time and long-time stages, respectively. Correspond-
ingly, two membrane viscosities are needed to describe the
monolayer: 7, that is used to fit Dy, to the HPW model
and Aggpt for Digye- The solution of the diffusion coefficient in
the HPW model can be written as®*** D = kyT/(4mn,,)A(e),
where A(e) is the reduced mobility. As directly solving the
HPW model involves a complicated computation, an explicit
equation of A(e)” is mathematically provided as a high-
precision approximation of the HPW solution

Ae) = h{%) - % _ [;Jln(%)

3
X (1 - [8—] ln(z) + clehl/(l + czehz)
€

T

—1

1

where y = 0.5772 is the Euler constant and the parameters are
¢, = 07376, b, = 27482, ¢, = 0.5212, and b, = 0.5147,
respectively. The black solid lines in Figure 4a,b are
the asymptotic solutions of the HPW model for infin-
itely large dimensionless size ¢€:

D(e » ) == L LA kgT/8r(p, + ... ), which is

4mn, 2¢e
independent of 7,,. The SD model fails to fit Dy, and Djqpg
because our € values range from approximately 0.8 to 12 (see
inset of Figure 4b), far above the scope & < 0.1 where the SD
model should apply. More details of the comparison of the
HPW and SD models are shown in Note 2 and Supplementary
Figure S2 of the Supporting Information.

In Figure 4a, we show all the data of the diffusion
coeflicients Dg,,, at short times on DPPC monolayers with
different surface densities. Interestingly, we notice that Dy,
does not obviously change with the nominal surface density.
This is consistent with Figure 2d, in which the short-time
MSDs are independent of the nominal surface densities.
Figures 4a and 2d imply that in our experiments increasing the
DPPC amount does not noticeably change the molecular
density in the continuous phase of the membrane, which is
supported by the plateau in the compression isotherm (Figure
la), indicating that the surface pressure of the membrane also
does not vary with surface density. Figure 4a also shows that
the data of Dy, for large sizes are located near the asymptotic
solution (black solid line) for & - oo based on the HWP
model. In contrast, Digyg in Figure 4b deviates significantly
from the asymptotic solid line, indicating that a larger
membrane viscosity 7yop, is required to fit the data. Note
that Dy,,, decreases as the surface density increases (inset of
Figure 4b), particularly for small microdomain sizes. Table 1

Table 1. Membrane Viscosities #j,.; and 74, at Different
Surface Densities

molecular area (A%/molecule)

58 68 81
Tocat X 1071% (Pa s m) 1.8 + 0.7 2.0+ 08 12 + 09
Hgoba X 107'% (Pa s m) 7.7 = 1.0 57 + 14 42 + 12

gives the values of the membrane viscosities used to fit Dy,
Diong Miocay a0d 7giopa- Based on the above discussion of the
MSDs, we deem that 7., represents the surface viscosity of
the local continuous phase, whereas 77y, represents the global
membrane viscosity taking into account of nanodomains. As a
result, /1o, is always smaller than 77y, at each surface density.
Moreover, the membrane viscosity of the local continuous
phase 77, With an average value of 1.7 X 107'° Pa s m, does
not change clearly with the nominal surface density within the
experimental uncertainties. This constant short-time viscosity
reflects a dynamic equilibrium between the continuous fluid
phase and the condensed nanodomains on the molecular scale.
In comparison, 77b, increases as the surface density increases.
This tendency can also be seen by the variation of Dy, vs €
displayed in the logarithmic inset of Figure 4b, where Dy, at
81 A*/molecule is shifted to the right relative to that at 58 iz/
molecule. The increasing trend of 7y, with the surface
density can be explained by AFM scanning (Figure 1), in
which we found that the size and number of nanodomains
increase with increasing surface density of the monolayer. The
above results indicate an intrinsic feature of the DPPC
monolayer in its coexistence phase: added DPPC molecules
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would aggregate to the condensed nanodomains rather than
disperse in the continuous fluid phase. Using the average value

=59 X% 107" Pas m in Table 1, we estimate the ratio

Mtobal
globa
of the viscous effect of the membrane to the aqueous phase
nglobal/ hu ... to be approximately 250, where h = 2.4 nm is the

thickness of the DPPC monolayer. This enormous ratio
implies a significant effect of the membrane viscosity that
dominates the mobility of an embedded particle with sizes up
to 250 times the membrane thickness.

Figure 4c plots the ratio Dsfgm/Dlnng as a function of the
radius of microdomains at 58 A?/molecule. The ratio Dy,,./
Digng is always larger than 1 and decreases as the micro-
domain’s radius increases, which can be described by the HPW
model calculated using 7, and 7y, Obtained from the
above, respectively. The trend of Do/ Dioyg decreasing with
the radius indicates that the subdiffusion stage is more obvious
for small microdomains. Similar phenomena were also
observed in polymer systems when the size of the diffusing
particle was smaller so that it approached the polymer mesh
size, "%

Universal Scaling of the MSD Based on an Energy
Barrier Model. The anomalous diffusive behaviors shown
above, combined with the heterogeneous membrane nano-
structure scanned by AFM, provide valuable physical insights
into the spatial distribution of the nanodomains and the
interaction between a microdomain and surrounding nano-
domains. From a view of the energy landscape of the
membrane, the spatial distribution of nanodomains can be
analogous to a distribution of energy barriers that influence the
motion of microdomains®' (Figure 5a). The microdomain can
be approximated as diffusing under an energy landscape V(x)
by envisaging the nanodomains as the energy maximums with
a period of 1. We thus establish a model to help understand the
diffusion mechanism affected by these nanodomains.

The domain—domain interaction is complicated, which
contains various physical sources such as electrostatic force,
curvature effect, long-range attractive effect, hydrodynamic
force, etc. Here, we show that the dipolar repulsive force is the
major contribution and estimate this force between different
domains (Supplementary Note 3 in the Supporting Informa-
tion). The dipolar repulsive force between two neighboring
38R 1
4808* ?’

s
microdomains can be approximated using |F,l =

ep’(e, + &,

where £* = ), by treating them as two point dipoles

2e,.6,
because their distance is relatively large,”’ with d and R being
the center—center distance and their radius respectively, & is
the excess dipole density of the condensed domains with
respect to the continuous fluid phase, and ¢, €, €,, and €, are
the dielectric permittivities of vacuum, air, water and
DPPC, respectively. The force between a microdomain
and one nearby nanodomain can be obtained by integrat-
ing the force over the microdomain:
= 3%, [ R (A + R —r, cos 0) .
lE\/INl = 471&'08* -/0' ‘/O' [rlz+(R+A)2—2rl(R+l) cos (J]S/2 drl do (Flg_
ure Sa), with a,,,, as the area of the nanodomain. The result
shows that the dipolar repulsive force between the micro-
domain and one of its nearest nanodomains is usually 2 times
larger than the force between two neighboring microdomains.
Thus, the confinement effect due to the dipolar repulsive force
from the nearest surrounding nanodomains on the micro-
domain’s diffusion is rather local, and it is rational to neglect

a ° ° o

° °

Microdomain 2

surface density
d 81 Az/ mole

68 Az/mole
d 58 Az/molc

0
t/T 10

Figure S. Spatial distribution of nanodomains and the universal
scaling of the dimensionless MSDs based on an energy barrier
model. (a) Schematic diagram of the monolayer structure.
Microdomains 1 and 2 are separated by d. The separations
between a microdomain and a nanodomain and between
nanodomains are both A. The motion of the microdomain is
analogous to diffusion over a periodic energy landscape

V(x) =V, cos(z%) by treating nanodomains as energy maximums

with a period of A. (b) 7 vs r (radius of microdomains) on
monolayers with different surface densities: 81 A?/molecule
(blue); 68 A’/molecule (green); 58 A”/molecule (red). The
error bars are the standard deviations when fitting MSD vs ¢ prior
to the long-time linear stage. The red line shows 7 calculated by

. a’ T2 — (He + Her)
the equation 7 = = 247 /kgT X (4”’7310ba1)/ AHPW[ nglobalt ],
with 77 =59% 10" Pasm from Table 1, and 2 = 1.2 Hm

global

taken from (c). (c) 4 vs r. (d) Dimensionless scaling of «*(t) /A% vs
t/t. This graph contains all the experimental data (shown in
colorful dots here) that appear in Figure 2a—d. Their universal
trend is highlighted by a gray band in (d). The empty black circles
are from our simulation.

the effects from the neighboring microdomains. It is necessary
to mention another local confinement effect due to the
viscoelasticity of the DPPC membrane. The elastic force from
the membrane is against the microdomain’s motion, causing
the negative correlation shown in Figure 3 as well. However,
the membrane elasticity has been found to be important only
at high-frequency clynamics,58 according to the measured
elastic modulus of lipid membranes. Hereafter, when we
discuss the confinement taking effect in a few seconds or even
longer, we consider the dipolar repulsive force as the dominant
effect.

We further use a mean-first-passage-time (MFPT) ap-
proach®"®* to describe the diffusion process surrounded by
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Figure 6. Temporal-evolved DPD and the double-peak feature at long times. (a) MSDs x*(t) vs t for microdomains with different radii, r =
1.0 gm (blue) and r = 2.3 pm (red), on the monolayer of 81 A*/molecule. (b) Excess kurtosis K — 3 vs t for the data plotted by the blue
curve in (a). (c) Normalized DPD G, vs Ax/6 (the normalized displacement) for the data plotted by the red curve in (a) at three
representative elapsed times, marked by cyan triangles in (a). In the leftmost panel, the dashed line shows the standard Gaussian
distribution. In the remaining two panels, the dashed lines are guidelines for the experimental data. (d) G, vs Ax/c for the data plotted by
the blue curve in (a) at three representative elapsed times. (e) Three double-peaked DPDs at t = 11.15 s, t = 22.85 s, and t = 39.95 s,
respectively, showing a slow broadening tendency of the separation between the two peaks. (f) G, vs Ax/c from the simulation at three
representative normalized elapsed times (t/7) that are marked by the red triangles in Figure 5d. (g) Snapshot of particles at an instant time
during the simulation. In (c) and (d), three independent measurements containing n = 3000 displacements each are used to obtain the DPD.
In (f), over 150000 displacements from simulation are used to calculate the DPD for each case.

the energy barrier from the nanodomains. This MFPT
approach quantifies the typical time that the microdomain
needs to diffuse a distance A from the origin, which also
indicates the characteristic time of the crossover of the
measured MSDs, i.e., 7, as the diffusion has been confined by
the energy barrier. Based on this crossover, the MFPT
approach can theoretically establish a connection between
the local short-time diffusion confined by the barrier and the
global long-time diffusion as®!%?

_ li Dshort
long 2L Rl (2)
where
R, = (/WA (7Y WIAT), (3)

Here, the parameter R; is determined from the energy
landscape V(x), {..), denotes calculating the average over a
period of 4, L represents the dimensionality, and z is the
number of nearest nanodomains for a microdomain.
Considering the one-dimensional diffusion of the micro-
domain, L = 1 and z = 2. The MFPT for the microdomain

to diffuse a distance A from the origin is given by*”!
/12
T= Rﬂ
‘Dshort (4)

where 7 is also the characteristic time of the crossover of the
MSDs.>> We obtain the value of 7 by fitting MSD vs ¢ prior to
the long-time linear stage to the equation

MSD = A(1 — ¢™/"), where A and 7 are two fitting
parameters. The fits have been shown by the dashed lines in
Figure 2a, and the values of 7 are plotted as a function of the
radius of microdomains in Figure Sb. Figure Sb shows that 7
increases with increasing radius r of the microdomains because
larger microdomains move more slowly and spend a longer
time dwelling among the nanodomains.

Substituting the value of 7 into eqs 2 and 4, the spatial
separation between domains A can be calculated using A* =
TDjgng With Dj,,, being known from Figure 4b, and the 4 values
are shown in Figure Sc. We see that the separation between
domains A does not obviously change with the microdomain’s
size or the surface density of the monolayer. The averaged
A is approximately 1.2 uym, in good agreement with the
separation between nanodomains shown by AFM scanning
(Figure 1f). The red line in Figure Sb plots the
theoretically calculated values of 7 using

2* 72 - r(”air + ”water) :
PR ey A

long Tlgiobal

Mytobal = 59 X 10" Pasm taken from Table 1 and 1 = 1.2

pum. This red line describes the increasing trend of 7 very well,
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which results from the little varied A4 over different domain
sizes and a decreasing Dy, with the sizes.

Knowing the typical scales 7 and A characterizing the
confined diffusion, we are able to establish a dimensionless

scaling law between xz(t) /A*and t/z. Figure 5d shows that all
the dimensionless experimental curves display the same
tendency highlighted by a gray band, particularly at short
elapsed times, which suggests that the diffusion of micro-
domains with different sizes actually obeys the same scaling law
under this theory.

In addition, the model above can help estimate the energy
barrier E,, which is closely related to the ratio R; = Do/ Diong
(eqs 2 and 3). Although it is difficult to know the explicit
expression of V(x), we can approximately estimate the energy
barrier Ey, based on eqs 2 and 3 by assuming a small value of

E,. For instance, the energy landscape near the microdomain is

treated as the cosinusoidal function V(x) = Vocos(z%)

where V, = % We substitute V(x) into eqs 2 and 3 and obtain

Dshort — R/1 — <eEb/2 cos(z%)/kBTh@—Eb/Z cos(z%)/kBT»

Dlong

2 i
— Lz eEb/Zcos(z%)/kBde/‘ e—Eb/Zcos(Z%)/kBde

A7 Jo 0
(%)

According to Figure 4c, the average value of R; = Dyr/Diong
is 1.27. Substituting this value into Figure 5, we deduce E,/kyT
= 1.4, which is a relatively small energy barrier generated by
the nanodomains. As seen from Figure 4¢, R) = Dgpore/Diong
decreases as the size of the microdomains increases. Therefore,
based on eq S, E, should be larger for smaller microdomains,
implying a relatively strong confinement from the nano-
domains for smaller microdomains.

We notice that the above energy barrier model using the
MFPT approach usually works in a static energy landscape. In
the present experiments, the energy landscape around a
microdomain mainly fluctuates with the dynamic rearrange-
ment of the surrounding nanodomains. When the micro-
domain still gets jammed by the nanodomains and the
rearrangement of the nanodomains is not fast, applying the
energy barrier model at short times can help estimate the
typical confinement time 7 from the crossover. The nano-
domains are prevalent on the membrane having a high density.
If one nanodomain is pushed away from its original position,
another nanodomain will move to that region by other
nanodomains’ repulsion so that the membrane system
maintains a low energy state. Even at long times, the potential
distribution V' of the energy landscape should maintain a
periodic fluctuation with a similar wavelength 1 in a time-
average view. Nonetheless, we underline that the energy
landscape of the membrane is dynamic and complicated, and
the domains’ motion is nonequilibrium. A theoretical approach
to deal with the nonequilibrium energy barrier can refer to the
method based on the stochastic nonlinear Langevin
equation.63'64 Using eqs 2—S is just an approximation to
estimate the confinement time characterizing the crossover and
the mean wavelength representing the time-average energy
landscape. Precisely characterizing the energy landscape and its
key parameters still needs further investigation.

Temporal-eEvolved DPD and Double-Peaked Fea-
ture. It was commonly believed that the diffusion with
confinement shows a non-Gaussian DPD with a sharp peak at

the center and narrower waists at two sides, as observed in the
diffusions of inclusions in crowded biological mem-
branes.””*""**** However, here, we obtain temporal-evolved
DPDs and find a surprising double-peaked DPD even at long
elapsed times, which was once reported to occur in man-made
active systems”® but has been considered as being uncommon
in a crowded passive system such as the present one. Figure 6¢
shows the temporal evolution of the measured DPDs (red) of a
microdomain with radius » = 2.3 ym at three different elapsed
times t = 0.65, 4.7, 11.1 s, respectively. Figure 6d gives the
DPDs (blue) of another microdomain with radius r = 1.0 um
at almost the same times, which manifests similar shapes of
DPD respectively compared with Figure 6¢. Their correspond-
ing MSDs are displayed in Figure 6a with the same colors,
respectively, and the three times are marked by cyan triangles.
These three times are located respectively in the short-time
stage, crossover, and long-time stage; thus, the three typical
shapes of the DPDs in Figure 6¢,d represent distinct diffusive
dynamics in different stages.

The DPD at the short elapsed time is well described by a

2

standard Gaussian distribution, G, = % exp(—?—:z), where ¢
is the standard deviation of the displacement. At this early
stage, the microdomain can diffuse almost freely in the
continuous phase. In the crossover stage with subdiftusive
MSD, the DPD deviates from the standard Gaussian

I . A
distribution and generates a sharp peak at Tx =0 and has a

relatively narrow waist, which results from the confinement of
the nanodomains nearby. Such a sharp peak non-Gaussian
DPD has been commonly observed in crowded biomem-
branes®"** where the volume excluded effect is important, or
in confined diffusion close to boundaries.’”*"* At long
elapsed times, surprisingly, a double-peaked DPD appears. We
emphasize that this double-peaked DPD does appear even
when the MSD recovers to linear in the early long-time regime
t = 10 s, which clearly displays an “anomalous yet Brownian”
feature.*” Obviously, the double-peaked DPDs differ from
previously reported non-Gaussian DPDs that contain a central
sharp peak or heavy tails.”*' =" In our case, the double-
peaked feature and the DPD’s temporal evolution indicate the
nonequilibrium dynamics of the lateral diffusion on the
membrane and provide important physical information about
the interaction between the microdomain and surrounding
nanodomains. The double-peaked DPD can be even observed
at a much longer elapsed time. As shown in Figure 6e, such a
double-peaked DPD still exists when t & 40 s. The three DPDs
display similar shapes from roughly t = 10 s to t & 40 s, but the
separation between the two peaks increases slowly with a speed
of about 0.1 um/s. Interestingly, within our measurement
range of elapsed time of about 100 s, we do not see the
recovery of the DPD to Gaussian.

((ax)y*
((Ax)y?
good measure of non-Gaussian DPDs, which is zero for a
Gaussian or a normal distribution.”* A positive excess
kurtosis is obtained when the DPD shows a narrower peak at
the center or fatter tails at two sides than the Gaussian
distribution, whereas a negative excess kurtosis occurs in a
DPD with a broader peak or lighter tails. Figure 6b shows the
excess kurtosis as a function of the elapsed time for the data of
the blue curve (microdomain r = 1.0 ym) in Figure 6a. Three
stages are observed in this excess kurtosis as well,

The excess kurtosis, defined as K — 3 = — 3, is a
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corresponding to three DPDs with different shapes shown in
Figure 6¢: the excess kurtosis stays close to zero until t & 2.5 s,
subsequently becomes positive, and then reverses to negative
upon t & S s. Similar evolutions of the excess kurtosis are
observed for other microdomains.

We argue that this unique double-peaked DPD should be
closely related to the negative correlations of the micro-
domain’s motion in a confining environment, as have been
shown in Figure 3. The negative correlation can be understood
as repulsive forces or reflecting a potential barrier exerting on
the microdomain that is against the motion of the micro-
domain. Such repulsive forces in our experiments can have two
origins: the dipolar repulsive force from nearby nanodomains
and the elastic force from the viscoelastic DPPC membrane. As
the elastic force from the membrane is not important in low-
frequency dynamics, the repulsive force is mainly attributed to
the dipolar force from the surrounding nanodomains, as
discussed and calculated above. We notice that a recent
theoretical work® has shed light on understanding the
correlations in motion confined by a potential barrier, in
which the authors concluded that negative correlations lead to
a depletion of diftusive particles from a static repulsive barrier.
In our experiments, the rearrangement of the nanodomains is
dynamic in the DPPC monolayer, which gives rise to the
uneven distribution of the nanodomains around a micro-
domain (refer to the AFM image in Figure 1f). Such unevenly
distributed nanodomains can result in a net dipolar repulsive
force that pushes the microdomain to the side with fewer
nanodomains, which forms the fluctuating potential barrier
leading to the negative correlation. The dynamic rearrange-
ment and the uneven confinement from the nanodomains
cause the deviation of the DPD’s peak: i.e., the peak is pushed
away from the symmetric position in the middle to both sides.
It is intriguing to see that the double-peaked DPD is still
evolving at long times (Figure 6e), which clearly indicates the
situation is nonequilibrium. We suspect that such a non-
Gaussian double-peaked DPD will never return to Gaussian as
long as the nanodomains keep rearranging in a nonequilibrium
environment. At an infinitely long time, the DPD may become
a uniform distribution within a separation between two nearby
repulsive energy barriers.”®

Computational Modeling of the DPPC Monolayer
with the Nanodomains. We performed Brownian dynamics
simulations containing hydrodynamic interactions to model
the experimental system by including the dipolar repulsive
interaction between the microdomain and nanodomains. The
validation and details of the simulation are illustrated in
Supplementary Note 4 and Supplementary Figure S4 in the
Supporting Information. We monitored the diffusion of a large
hard spherical particle (representing the microdomain)
surrounded by small hard spherical particles (representing
nanodomains) in a viscous fluid. The simulation system was a
box of 60 (dimensionless unit) in both the x and y directions.
The lateral dimensions of the box were much larger than the
height, which was 18 to match the thin DPPC monolayer. The
hydrodynamic effect, random Brownian motion, and dipolar
repulsive force between particles were all considered.
Supplementary Figure S3 shows the initial configuration of
the particles in the system. Although the simulation
approximates the real experiments by assuming spherical
particles for the micro-/nanodomains, it can still capture the
key factors of the dynamics in the experiments. Figure 6f shows
the DPDs of the simulation at three different elapsed times,

which are marked by red triangles in the corresponding MSD
plotted by empty black circles in Figure Sd. The simulated
DPDs exhibit shapes and temporal evolution similar to those in
the experiments. In addition, the MSDs also have the same
trend as those in the experiments: a linear regime at short
elapsed times followed by a subdiffusive crossover and a linear
regime again at long elapsed times. A snapshot of the diffusive
particles at an instant of time during the simulation (see Figure
6g) confirms that the nanodomains diffuse dynamically around
the microdomain and may become unevenly distributed. This
result supports our aforementioned explanation that the
dynamic rearrangement of the nanodomains causes a net
repulsive force on the microdomain to generate the double-
peaked DPDs at long elapsed times. By suitable modeling of
the dipolar repulsive force between domains and the multistage
hydrodynamic viscosity of the membrane, our simulation
reproduces all of the diffusive features and provides a complete
description for the diffusive dynamics in the DPPC monolayer.

DISCUSSION

In the above sections, we summarize the crossover connecting
two linear stages of the MSD on a time scale approximately
from milliseconds to 10 s and the non-Gaussian behaviors
characterized by the temporal evolution of the DPD. This
result, in combination with the existin§ results about another
crossover on a nanosecond scale,”””**® might help establish a
more comprehensive picture regarding the diffusive dynamics
in lipid membranes based on MSD. The microscopic
crossover, following approximately t*° occurring from nano-
seconds to sub-microseconds, is determined by the lipid
molecular trapping and the crowding effect from the
embedded macromolecules.””***® The present experiment
shows a mesoscopic crossover bridging the continuous-phase
diffusion and the confinement from condensed-phase nano-
domains. At longer times, a linear MSD should be expected,
whereas we suspect that the non-Gaussian double-peaked DPD
will always be a prominent feature. Besides, we clarify the
applicable scope of the SD model and highlight that the HWP
model can describe respectively the short-time and long-time
viscosities of a 2D fluid membrane with a molecular thickness.

The result here not only reveals the non-Gaussian double-
peaked DPD in DPPC monolayers but also depicts its origin in
such a nonequilibrium system. Recent progress in the study of
the non-Gaussianity of the diffusive dynamics is a theoretical
work considering the “diffusing diffusivity” in a viscoelastic
system,”” which is in line with our observation of the periodic-
like fluctuation of the exponent a(t) of MSD. An obstacle
causing an excluded volume effect has been frequently
discussed as well, which is known to form a narrow peak
DPD.%>”® The heterogeneity of the spatial distribution of the
obstacles was also tested, and the result indicated a higher non-
Gaussianity by using denser heterogeneous structures.”’ Our
experiment does not show increased non-Gaussianity by
increasing the nominal DPPC molecular density. The plateau
in the compression isotherm (Figure 1la) of the phase
coexistence implies that increasing the DPPC amount does
not change the molecular density in the continuous phase, and
the additional DPPC molecules should be adsorbed to the
condensed phase domains due to mass conservation.

It is also necessary to emphasize that the membrane in our
experiment is purely DPPC and protein-free. The diftusive
dynamics only represents the contribution from lipid
molecules and is different from that of protein-rich
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membranes. The crowding effect of proteins has been a
research focus,*"* showing the critical roles of the macro-
molecular complexity and spatiotemporal membrane hetero-
geneity in determining the stochastic nature of the lateral
diffusion. Despite the current experimental system using a pure
DPPC lipid monolayer is protein-free, it can still serve to
clarify the membrane fluidity and distinguish the contribution
of the heterogeneous nanodomains and the continuous phase
that are prevalent in many lipid membranes.

On top of the issues above, the surface curvature elasticity
has been found to be important in cell membranes.””* The
surface curvature will appear and induce significant curvature
elasticity when the inclusion has larger thickness than the
membrane or imposes a nonzero contact angle due to different
hydrophobicities.”” However, we believe that the surface
curvature effect is trivial in our 2D monolayer system produced
on flat air—liquid interfaces. First, in our experiment, the
thickness of the condensed nanodomain is only 0.8 nm thicker
than the surrounding LE phase (as shown in Figure 1g). This
protrusion thus introduces a nanoscale surface curvature radius
on the edge of the nanodomain, which is unlikely to affect
much the domain—domain interaction with a domain
separation larger than 1 ym. Second, if the domain can locally
tilt the membrane, imposing a contact angle, the surface
curvature elasticity will become long range. In such cases,
according to Goulian’s theory,”” the elastic interaction
potential V,(d) between two domains with separation d is
approximately: V,(d) ~ k(Rh)?/d’, where k is the bending
rigidity and R and h are the radius and thickness of the domain,
respectively. Even for a microdomain, this potential will
become trivial when the domain separation d > 100 nm, which
is much smaller than the nanodomain separation in our
experiments. Furthermore, the elastic potential V,(d) decays
with d*, which is faster than the dipolar repulsive potential
decaying with d’. As a result, we think that the dipolar
repulsive force is more significant than other elastic effects
when the heterogeneous nanodomains emerge.

CONCLUSIONS

In this work, we identify the existence and structure of the
condensed nanodomains on DPPC monolayers and find that
these nanodomains significantly affect the hydrodynamic
mobility and the statistical feature of membrane diffusion,
which are different from the existing theories considering the
membrane as homogeneous. We decipher the contribution of
these heterogeneous nanostructures on membrane mobility
and diffusion by revealing the diffusive dynamics of the
embedded microdomains in the local continuous phase and
confined due to the nanodomain—microdomain interactions.
The diffusion can be divided into multiple stages: short-time
linear motion, then confined diffusion, and finally “anomalous
yet Brownian” behavior that shows a linear MSD but an
unusual double-peaked DPD. Thus, two membrane viscosities
are needed to describe the hydrodynamic mobility of the
microdomains: the short-time viscosity describes the local
continuous fluid phase, which is found to be independent of
the nominal surface density of DPPC, and the long-time
viscosity describes the global phase taking into account the
nanodomains, which is approximately 3 times larger than the
local viscosity and increases with the DPPC density. We find
that the constant short-time viscosity reflects the dynamic
equilibrium between the continuous fluid phase and the
condensed nanodomains on the molecular scale. Despite the

multistage MSD, the short-time or long-time diffusion
coefficient can be described by HPW’s hydrodynamic theory
separately.

Our results stress the unusual DPDs of the diffusion in
DPPC monolayer with heterogeneous structures, which
contain valuable information of the diffusion dynamics and
nanodomain—microdomain interactions. The temporal evolu-
tion of the DPD demonstrates that the interaction between a
microdomain and the surrounding nanodomains varies on
different time scales. In the early stage, the confinement from
nearby nanodomains dominates, which can be described and
quantified by the energy barrier theory. In the late stage, the
dynamic nature of the nanodomains induces a disturbance of
the positions of the nanodomains relative to the microdomain,
and the unevenly distributed nanodomains induce a net dipolar
repulsive force on the microdomain and cause the double-
peaked DPD. We stress that the observed double-peaked DPD
is closely related to the negative correlation due to the
repulsive force from the confinement, which is in line with the
latest theoretical prediction.”® We unveil the double-peaked
DPD as a distinct feature of the “anomalous yet Brownian”
behavior in the DPPC monolayer, which differs from
previously reported non-Gaussian DPDs in other complex
systems that exhibit a central sharp peak or heavy tails.>*' ~**¢
Simulations involving the essential dynamic components, such
as those in experiments reproducing the MSD and DPDs,
support our explanations of the experimental results. Our work
emphasizes the effect of heterogeneous nanostructures in lipid
membranes, which enriches the hydrodynamic description of
membrane inclusions’ diffusion with distinct statistical features.
The findings provide physical insights into the anomalous
diffusion of membrane inclusions that underpin various
biological functions and drug deliveries.”*~"°

MATERIALS AND METHODS

Sample Preparation and Monolayer Formation. All experi-
ments were performed at a room temperature of 20 °C.
Dipalmitoylphosphatidylcholine (DPPC) was purchased from Avanti
Polar Lipids (Alabaster, AL). To prepare the DPPD solution, the
DPPC powder was dissolved in chloroform (Sigma-Aldrich, MO) at a
concentration of 1 mg/mL. A fluorescent probe, Texas Red 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Texas Red-
DHPE; Life Technologies, OR), was doped with the DPPC solution
at 99.8/0.2 mol/mol (DPPC/Texas). A glass cell culture dish with an
inner diameter of 89 mm and a height of 15 mm was used as a trough
to contain the DPPD monolayer. Deionized water (Milli-Q, resistivity
18.2 MQ cm) was poured into the dish to form a supporting layer
with a thickness of ~1 mm. The DPPC monolayer was formed by
spreading the DPPC/chloroform solution with a 5 uL Hamilton
microsyringe onto the air—water interface. We tuned the surface
density of the monolayer by controlling the volume of the DPPC/
chloroform solution dropped on the interface.

Microscopic Observation and Particle Tracking. The
diffusion of the microdomains was observed using an inverted
fluorescence microscope (IX71, Olympus, Japan) with a 60%/1.2
objective lens. An electron-multiplying charge-coupled device
(EMCCD) (Ultra897, Andor, Northern Ireland) captured an image
sequence of 4000 consecutive frames with an interval time of 0.05 s
and an exposure time of 5 ms. A subimage mode was used to crop raw
images (512 X 512 pixels) to be approximately 300 X 300 pixels, with
a resolution of 0.26 ypm/pixel. Photobleaching of the monolayer did
not obviously weaken the contrast of black to white of the captured
frames within the observation duration of 200 s. To minimize the
surface flow of the monolayer, a Teflon ring (outer diameter 12 mm,
inner diameter 6 mm, height 2.5 mm) was placed above the
monolayer to make a stable region inside. A cover glass was placed on
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the top of the ring to reduce air flow disturbance. Several additional
hours elapsed to eliminate the directed surface flow. Only the
monolayer inside the ring was observed by microscopy. The diffusions
of the microdomains with diameters ranging from approximately 1.5
to 11 um were measured by the particle tracking technique, the
method of which is the same as described in our previous work.*>**
The details of image processing are provided in Supplementary Note
S and Figure SS in the Supporting Information. Our method can
determine the displacement of the microdomains with a precision of
approximately a half pixel.

Atomic Force Microscope Measurement. Prior to AFM
imaging, the DPPC monolayer on the air—water interface was
transferred to a freshly cleaved mica surface by vertically elevating the
presubmerged mica sheet out of the air—water interface at a rate of 1
mm/min.”° The transferred DPPC monolayer was scanned by AFM
within 2 h upon transfer. An AFM instrument (MFP-3D, Asylum
Research Inc, USA) was used to image the topography of the
transferred monolayer using tapping mode in air. A silicon cantilever
with the spring constant k & 2 N/m was used. Prior to each
measurement, we calibrated the spring constant k of the probe using
the thermal power spectral density method.”” The typical imaging
resolution is 512 X 512 pixels at a scanning rate of 0.5 Hz.
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