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Fig. 1. Phase diagram for vesicles of DOPC/DPPC/Chol:
(a) Phase diagram at 32 °C. Red dotted line denotes the
composition whose L, and L4 phases occupy the same sur-
face area. Scale bar is 10 um. (b) Size distribution of the
domains. (c¢) Surface density of the domains.
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Table 1.  Lipid composition in domains and bulks.
T KA
DOPC DPPC Chol DOPC DPPC Chol
M1 4% 67%  29% 52% 39% 9%
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M3 41% 26%  33% 5% 8% 4%
M4 62% 26%  12% 10% 0%  20%

Hor

n/(107% pm—2)

M4

(=28 FEifu /20 43 ) ARHL T WG A% (r) STt %5 B
ISR 53 B AH o B e R SR AP B 2
5. M1-—M3 B 48 (r) 88K, % R IR
T M4 150 RN, 1 26 B R . &1 1(b) AN
Bl 1(c) 45 T s R 51 % B gk 45 %
M1—M3 F W5 (14 F- 2 242 43 5108 M4 19 4.7, 3.2,
2.0 f%, A1 % B 2 5 & 1 10.1%, 19.8%, 30.0%.
X BRI = A2 40 S e s R s ML L. 7 B
FERLR AR I AT, T ] 25 LARE IR 5 M
FOHE A 5161 E ] 1(a) HhAS IR 3] B 55 A 1 25
“hk. ARZk S (UL F 30) AR IER K S s T
i B PR e & 1 i ol e | 0 N O ek oo
B Ly~ Ly KBES5HY.

GUVs fdii iy isf ]y A8 (] 2(a) FE 2(b)) &
HH Bl 1 45 R B EL AT Al Ml . [T 2(c) X R
T 2.5—4.0 min P50 5 AR N 4 Al YR B (n)

60 s

at@ VANV A A

i
|
|
\
\

1
1
1
i
u
A\ ' Coalescence of
! V&V
:

r/pm
=

Coalescence of
I & I

I WWWVNV”V\
0 7 14 21 28
t/s

Kl 2 BERHLAE  (a) M1AT (b) M4 R Rl-E R AL . 820 S R BROE 9  BIOR Rl 5 B IT ok . O IR R K AR LA
LT Sk AR AR AR I 20 18] R B9 9O 1. (¢) 2.5—4.0 min H M1—M4 B T AR Y B VOB (d) SOus i) ROST A . s 1T
T, IV @A A s VI, 7 A T S 25 A SO LA . TR R 2 Al B oy 1 RO eA 2R84k 43 RUR 10 pm

Fig. 2. Coarsening of domains. Coarsening by coalescence of domains in (a) M1 and (b) M4. The diffusion and coalescence of some

typical domains are marked. The green circles denote the coalescence. The red arrows denote the diffusion direction of domains

between the adjacent images. (¢) Number of coalescences in unit surface area between 2.5-4.0 min. (d) Time evolution of domain

size. Coarsening of domains is produced by the coalescence of the domains II, Ill, IV to form domain VI. Size of the domain 1 re-

mains unchanged without coalescence. Scale bar is 10 um.
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Fig. 3. Line tension calculated by domain boundary fluctuation: (a) Fluorescence microscopy of domains in M1 - M4; (b) radial fluc-

tuation as a function of polar angle (6); (c) relationship between (a2) + (b?) and 1/(k? — 1) calculated from the Fourier coeffi-

cients (a;, b;) and mode number (k); (d) dependence of line tension on lipid composition.
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Fig. 4. Diffusion of domains in lipid membranes: (a) Typical trajectories and MSD. Brownian and non-Brownian motions are
marked by blue and red colors. (b) Coalescence-induced domain diffusion. Before the coalescence of domains I and I, domain Il
underwent Brownian motion (blue trajectory). After the coalescence, domain Il diffused to I and I through a nearly straight line
(red trajectory). The diffusion distance of domain Il is around 3 pm in 833 ms (images at right). (c) Plot of diffusion coefficient

versus domain size obtained from the Brownian motion of the domains. Scale bar is 10 pm.
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Fig. 5. Bulk viscosity: (a) Numerically computed bulk vis-
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M1- M4 (5.0 min after the temperature quench).
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Fig. 7. Bulk viscosity-depended scaling relation between do-

main size and time. r and ¢ are normalized for comparison
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Table 2. Estimated values of n and nmr at the
experiments (2.5-4.0 min after the temperature

quench).

r/pm nmr /(107 Pa:sm) 7 /(10 Pa-s'm)
M1 1.9-10.5 2.6—14.0 2.5
M2 1.7—6.6 2.3—8.8 34
M3 0.7—4.5 0.9—6.0 52.8
M4 0.4—29 0.5—3.9 118.0
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Abstract

Lipid rafts are small biomembrane functional units, resulting from the lateral phase separation of
phospholipids. The phospholipid phase separation plays a crucial role in spatially organizing the biomolecules in
life activities. Here, we study the kinetics of multi-component phospholipid phase separation quantitatively by
using the single domain characterization methods including the movement tracking and radial fluctuation
analyses, which provide valuable information about the physical and mechanical properties of the bulks and
domains. The study is carried out in a low line tension condition similar to that in cells. The order of magnitude
of line tension is ~ 0.1 pN as estimated from the radial fluctuation analysis. Fluorescence microscopy
characterization shows that domains mainly coarsen through the coalescence pathways, while the evaporation-
condensation is negligible. Through the tracking of domains, it is found that the bulk viscosity dominates the
dynamics of domain coalescence. The coalescence of domains produces strong hydrodynamic flows in low
viscosity bulk, which promotes the non-Brownian motion of surrounding domains, accelerating the lateral
diffusion and coalescence of the domains. However, these hydrodynamic flows decrease significantly in high
viscosity bulk. The domains rely mainly on Brownian motion to diffuse in this highly viscous medium, resulting
in the slow lateral diffusion and low coalescence. Picking the domains following Brownian motion, the viscosities
of liquid ordered bulk and liquid disordered bulk are determined to be, respectively, in a range of 1078
107 Pa-s'm and 10° Pa-s'm from the Hughes-Pailthorpe-White empirical relation. Furthermore, we observe a
bulk-viscosity-dependent scaling relation between the domain size and coarsening time experimentally. A
theoretical model of domain diffusion and coalescence is established to understand the scaling relation. If the
bulk viscosity is low, the hydrodynamic flow produces a high power exponent of 1.0. And if the bulk viscosity is
high, the Brownian diffusion produces a low power exponent of 0.5. In addition, we demonstrate that the bulk
viscosity can be regulated through the relative content of cholesterol. The 1,6-Diphenyl-1,3,5-hexatriene
fluorescence anisotropy characterization exhibits that the increase of cholesterol in liquid ordered and liquid
disordered bulks disorders and orders the phospholipid packing, thus reducing and increasing the bulk viscosity,
respectively. It is expected that this viscosity regulation strategy can be used to control the multicomponent
phospholipid phase separation. All in all, our study deepens the understanding of the physical mechanism
behind the formation of lipid rafts. It also provides a reference for regulating the biomolecule distribution in cell

membranes.

Keywords: phospholipid phase separation, single domain study, diffusion and coalescence, membrane

viscosity
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