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FIG. 2. The scattering profile for $=0.1031 at 7=295.72 K in the
Guinier plot is presented. The straight line indicates the fitted Guinier
approximation.
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FIG. 4. Temperature change of the observed scattering profiles for
¢=0.1031 in double logarithmic plot are presented. The straight line
indicates the Q~* line suitable for the observed profiles of high-Q region.
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FIG. 3. Temperature variations of the observed Guinier radius for
¢=0.1031 is given. The open circles are the observed points, and the solid
and dashed line is the fitted straight line. Error bars are less than the size
of the plot characters. In order to determine the form factor for all the
scattering curves, this fitted values were used.
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FIG. 5. The scattering profile in Zimm representation at different tem-
peratures; horizontal axis denotes the square of wave number Q and the
vertical axis the inverse of structure factor S(Q), for ¢=0.1031 compo-
sition. The open circles are the data taken at AT=7.69 K, difference from
the spinodal point T';, the full rhombus at AT =4.18 K, the open triangles
at AT=2.44 K, and the full squares at AT=0.81 K. Straight lines indi-
cate the fitted Ornstein—Zernike formula.
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(Q) = P(Q)S(Q)+L(Q)

P(Q) : form factor of a droplet

polydisperse
Schultz size distribution #Ro

Kotlarchyk and Chen, J. Chem. Phys. 79 (1983) 2461.

S(Q) : inter-droplet structure »
factor
hard-core and short-range _
attractive potential Po | |R g
Liu, Chen, Huang, Phys. Rev. E54 (1996) 1698. ofF----
e
SN
water AOT  decane

L(Q) : concentration fluctuation
=1/(5Q2+ 1)
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Droplet form factor with Schultz size distribution:

P(Q)xR(Z+1)%a”"7G,(Q), (1)

GI(Q):CY_(Z+1)_(4+61’2)_(2+1)/2COS

2
(Z+ 1)tan1—]
(84

F(Z42)(ZH1)] @ Tt (44 a?) 202
2
X cos (Z+3)tan‘1;” —2(Z+1)(4+a?) #2012
2
X sin (Z+2)tanlgl, (2)
a=(Z+1)/0R,. (3)

M. Kotlarchyk and S. -H. Chen, J. Chem. Phys. 79, 2461 (1983).
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S(Q) for particles in the form of a hard sphere with an adhesive surface.

[+ for 0<r<R'
%
(r):< Q)  for R"<r<R,
kgT
L0 for R<r

Y. C. Liu, S. -H. Chen and J. S. Huang, Phys. Rev. E, 54, 1698 (1996).

Structure factor for the droplet size distribution exists or orientational averaging is necessary,
ds |
g (2)=P(0)S'(Q)
§'(Q)=1+B(Q)[S(Q)—1],
BO)=KF(O)I*PKIF(Q)I?),

M. Kotlarchyk and S. -H. Chen, J. Chem. Phys. 79, 2461 (1983).
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FIG. 5. The P-T phase diagram obtained. Both the slope in the case of P
and that in the case of P, were almost the same negative value.
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Pressure-induced structural phase transition of dense droplet
microemulsions studied by small-angle x-ray scattering

H. Seto, et al. J. Chem. Phys. | 15,9496 (2001)

FIG. 1. Schematic phase diagram of a ternary microemulsion
AOT/D,0O/n-decane system at ambient pressure. The molar ratio of

[D,0O]/[AOT] was fixed at 40.8 on the ¢-axis. Open circles represent the
mixtures of the present study.

I(Q)=cP(Q)S(Q)+coLo(Q)

Intensity(arb. unit)
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FIG. 2. The droplet volume fraction, ¢, variation of the SAXS spectra at
ambient pressure. All profiles are shifted ten arbitrary units for better visu-
alization. The solid lines are the fit curves to the scattering function of the
dense droplet structure.
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M. Nagao and H. Seto, Phys. Rev. E 75,061401 (2007)
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Polymer Gel
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Unbinding of a lipid bilayer
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Inter-bilayer interaction
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unbinding transition = 2nd order transition



Natural swelling method
Lipid Dry film

(1) Lipids are solved in an (2) The organic solvent are (3) Dry lipid film remains on a
organic solvent. evaporated. solid substrate.

R -

Dry Film
o
Hydration
—
(4) After the hydration, Giant Vesicles are formed spontaneously.
** A.D. Bangham et al., J. Mol. Biol. 13 (1965) 238.
“*N. Magome, T. Takemura, K. Yoshikawa, Chem. Lett. 26 (1997) 205.
I

20um



Time-resolved SAXS measurement

X-ray
Dry Film

Glass capillary

SPring-8, BL40B2
A=1A, Camera-length=1m, Detector: CCD
room temperature



The early stage (0~20s) and the intermediate stage
(20~2005s)

early : intermediate
DI‘y Film —™ stage stage
66 | ?
| g:— | guauanuenend - 3
0o —_— — | L ] — e
............ °< : ..I
__92- e S \ | =60 - | ..I. _6%‘
::90—' .." 0 58 - ] - ‘l.ll! §
S, 88 — ..'°. \ — 56 - ¢ ': L] O 8=
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_‘80 | | | | | 50 | l| | | | I I | I 2
009 0.0 0.11l 012  0.13 0 20 40 60 80 100 120 140 160
q[A™] time [sec]

Repeat distance between layers “d” increases inverse-exponentially.

The peak intensity decreases in the early stage, and recovers in the intermediate stage.

. B

Penetration of water
&

Relaxation to be a
quasi-stable state




The late stage (100 - 600 s)

late stage
66 - ]
64_,:!l§!l!l'!"!4?
. ™ .
A S,
=62 2
88 — = 60 5 ; z
3: 47 — ...' T 100 58 - ¢ i [ { s 8 2 é
= > \ 56 - ' '
2 86 — 200 e..c’\ (I 'i‘:s
@ % 300&6\% 2. ! | &)
_ 400 - o
E i \/\/\J‘L/\_\__/ 500 < 52 - :
84 T T T T T 50 T T T T T
009 010 011 012 0.13 100 200 300 400 500 600
q[R™"] time [sec]
. “d” is almost constant (= 64 A).
. The peak intensity decreases monotonically. (The peak width is almost constant.)

Bilayers gradually peel off from the
stack in the late stage.




“H.I. Petrache et al., Phys. Rev. E 57 (1998) 7014
**W. Helfrich, Z. Naturforsch 33a (1978) 305

Free energy profile per unit area as a function of “d”

F(d)= F gy (d)* F,(d)* Fg, (d)

van der Waals H 1 2 1
interaction”™ 127

FdW(d)=_ — +
' (d-a,)” (d) (d+a))

Hydration repulsion® F) ,(d) = F, ,\ exp( _ ;al) )—

(kpT)

Steric repulsion™
(Helfrich repulsion)

Fy(d)=0.42

K.(d-a,)




This process should be the 1st order transition

x10° k7
P
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164 Intermediate

1.4

1.2

1.0

Late stage

——e e

= s

d[A]

>

giant vesic@

\—:/><
—

late stage

The energy barrier
AF ~102- 103 k,T
Diffusion (peeling-off) is
too slow to observe.

— Bilayers remain stacked
and giant vesicles are not
formed.




One side of the outermost bilayers is not restricted by
other bilayers.

F(d)=deW(d)+thd(d)+ AF, (d)

van der Waals Hydration Steric
interaction repulsion repulsion

A :Effective Steric repulsion

/ The outermost layer: A>1

/ The inner layer: A=1




Unbinding kinetics of the outermost bilayer

N 20—
8 20
8-

X The outermost layer Inner layers: AF ~102-103k,T
1.6 - — Diffusion is too slow to observe.
1.4+

The outermost layer: AF ~k,T
1-2- — Bilayer is unbound by thermal
10- fluctuation to form a giant vesicle.
| | | I
60 70 80 90
d[A]

(Smoluchowski equation) ot yim od od / od

Fokker-Planck equation % _ 1 J _ Kf n kB T i\_ K 8F

The rate of unbinding through the 1 cc'm AF \
energy barrier. r = cXp =
(Kramers’ rate ) A 27T 16 !.LR k BT /




Compared with the experimental result

The time-dependence of the number of
stacked bilayers calculated with this
assumption 1s consistent with the
experimental result.

(A =1.0433)

s19Ae[Iq payde)s JO Jaquuinu ay [,

20, I I |
100 200 300 400 500 600

time [sec] l

A few-percent increase 1n steric repulsion only for

the outermost bilayer triggers the peeling-off of
bilayers from the stack.
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Spontaneous Blebbing of an Interface




How to characterize living systems?

Self-organization Exchange of materials/information

Ribonucleotide H &
Amino acids ¢
J ® Drug

Self-duplication Spontaneous motion / deformation

Cellular- S|gnal

84



Spontaneous motion of cells

Amoeboid motion

the extension of pseudopods is
partially driven by generation of
actomyosin gel (Amoeba,
Keratocyte, Leukocyte, etc)

Listeria motion

propels itself by generating a
tail-like actin gel from G-actin
in the cytoplasm of its host cell
(actin rocket)

45 times
speed

S MM

The generation of aggregates can be a simple and important factor of biological motility.
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Model system to investigate
spontaneous motion of interface

Tetradecane (C,,H;,) + Palmitic Acid (PA)

N

Cp,=1~20 mM

Water + Steayltrimethylammonium Chloride(STAC)
Cs=0.1~100 mM

86



Typical example ‘




Blebbing of oil/water interface

20 mm

— oil droplet

(1 ml)
\

aqueous phase
(100 ml)

Cs=1mM, C=10 mM

No convection flow was observed

. 3

M e ctabili

Y. Sumino, HS et. al., Phys. Rev. E 2007
88

(speed x10)




Generation of aggregates

aqueous phase

Cs=1mM, C=20 mM

0.2 mm (speed x3)

89



What is the aggregates?

Aqueous phase : STAC+PA

C=50 mM, C,=10 mM
There appears Coagel phase (L.-phase) in aqueous phase.

.
.
.
s®

““
““
.

....
....
L/

Polarized microscopic image
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Characteristic features of blebbing

5 mm

aqueous phase
(2ml)

Cs=10mM, C=5mM

Slow spherical protrusion ~10s
Fast shrinkage ~1s
No characteristic flow

(speed x6) l

Pressure-induced interfacial motion

91



Our first interpretation

Pressure-induced interfacial motion

Stacked Rubber-Band Model

Assumption:

Aggregates are
continuous (gel-like phase)
deformable
permeable

92



Theoretical consideration

10mm

The gel is generated only at the droplet interface, and the gel is pushed into the
aqueous phase while it grows.

The radial stress increases the internal pressure of an oil droplet and the tangential
stress promotes the breakage of the gel.

Y. Sumino, HS et. al., Soft Matter, 2011
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Structure of the aggregates

Micro-beam SAXS measurement at BL-4A, Photon Factory, KEK

60 mm

space distribution

#

/

/

micro-beam X-ray: 4.5 pm x 4.5 ym, A=1.1A

/2mm

Cs=50mM, C,=20mM

Y. Sumino, HS, et al., Langmuir 2012
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Real space vs Reciprocal space ‘

95



Blebbing & pillar formation

N

Periodic distribution of “blebbing regions™ and “non-blebbing regions”.
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Detailed structure of a pillar ‘




Structures of pillars ‘




STAC concentration difference

Data were obtained 5400 s after the initial contact between organic and aqueous phases.

Cs=10 mM
d=52.8nm

Cs=20mM
d=43.6nm

Cs=60 mM
d=26.6nm

99



Pillar formation process

(a)
(b)
(c)
(d)

organic phase

aqueous

phase
w

a8

The aggregate layer is formed at the oil-water
interface.

The aggregate layer is broken by the blebbing
of the interface.

The layer is peeled off from the blebbing region
and move to the non-blebbing region. The pillar
grows downward by the continuous
compression from the sides.

The blebbing region becomes flat due to the
increase of interfacial tension.
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Summary of SAXS studies

A regular lamellar
structure is formed at
the moving interface.

The construction and
destruction of nano-
scale structures is a key
factor for spontaneous
motions.

101



Problems to be solved

The blebbing motion is suppressed when turbid aggregates (instead
of semi-transparent aggregates) are formed.

The requirement of positive curvature of the oil-water interface to
have pressure increment in the organic phase.

ot

Detailed structure and temporal transition of surfactant aggregate
formed at and around an oil-water interface.

N

Effect of surfactant concentration on the blebbing motion.
In-situ & mm-beam SANS experiments.

102



Lower surfactant concentration

Cs=20 mM, C,=20 mM

Blebs extend to aqueous phase for 2 s and
retread back within 0.5 s. This motion continues
for more than 1 hour. After an hour, semi-
transparent aggregate was observed on the oil-
water interface.

Y. Sumino, HS, et al., submitting.
103



Higher surfactant concentration

Cs=50 mM, C,=20 mM

The oil-water interface showed blebbing for a
few minutes and stopped. Once the turbid
aggregates appeared on the oil-water interface,
the aggregates spread and covered the
interface.

104



mm-beam SANS

CG-2, HFIR, ORNL (US), beam size =2 mma®, A = 0.6 nm

Quasi-static meas. €.=20 mM, Cp=20 mM; 12 hours elapsed, sample (C C,,Hs,), position dependence

14D3O,

Dynamics meas. time dependence, sample(C, ,H, )

C;=20 mM, Cp=20 mM(moving interface) water:DzO, Oi|:C14H3O or C14 D30
C;=50 mM, Cp=20 mM(static interface)
C;=20 mM or 50 mM

C,=20 mM 5




Time dependence

Direction of interface
C.= 20 mM: Blebbing interface (semi-transparent aggregates)

C.= 50 mM: Static interface (turbid aggregates)

0 min 10 min 20 min 30 min 40 min 50 min 60 min 120 min
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Vertical vs Horizontal

C.= 20 mM: Blebbing interface
(semi-transparent aggregates)

C.= 50 mM: Static interface
(turbid aggregates)
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Position dependence of the semi-
transparent aggregates

The blebbing interface (Cs = 20 mmol/L) 12 hours after preparation

0mm
100 -
'f|0.75 |’:::: L
S L
e
g %
|T5 mm|
1

0.1

0 10 20 30 40 50 60x10°

q(1/A)

Fitting with paracrystalline model
d~ 80nm, ~ 40nm
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C14H30/D,0/STAC/PA

C,=20 mM, C =20 mM; 12 hours elapsed

9020-- .

1250 pum 2250 pum 2500 pm 3250 um
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C14D30/D,0/STAC/PA

C,=20 mM, C =20 mM; 12 hours elapsed

- - -...

1250 pum 2250 um 2500 pm 3250 um
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C14H30 Vs C14D30

“ C,4H1,/D,0/STAC/PA o 1 /D,0/STAC/PA
q 1\e]

Small difference of the profiles with C,,H;, and with C, D4,

—tetradecane is not included in the lamellar region

q [A1] q [A1]
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ExXperimental results indicate...

Lower surfactant concentration: blebbing interface
1) A lamellar structure parallel to the oil/water interface with large d (about

80nm) is formed at the interface.
2) The lamellar structure immediately collapsed into an isotropic lamellar

structure with approximately half d (~ 40nm).
3) The spontaneous blebbing of the interface continues for several hours,
and the shorter lamellar aggregates stack between blebbing regions and
pillars are formed.
Higher surfactant concentration: static interface

4) The blebbing motion continues only for minutes and the interface is

covered with turbid gels.
5) The small repeat distance lamellar structure with small d (~ 25 - 40nm) is

observed in the turbid gel region.

The formation of lamellar structure is not the sufficient
factor for the blebbing motion. The drastic transition of
lamellar structure from large dto small d is essential.




Aggregates near an interface ‘




Lamellar-lamellar transition

semi-transparemt
: ~aggregate
stable in the accumulation

stable at the interface aqueous phase

La: stable at small dstac/dea

Lg: stable at large ¢pstac/Ppra
The transition occurs when STAC molecules are supplied form the agueous phase.
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Droplet case ‘
L, Ly
00

oil droplet transition front becomes elastic ring ¢

R
LB

€«
.L

A
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Flat interface case

N

L L

A L L=
organic phase o 4 =)
transition front becomes elastic ring

A A L i

ring breaks €&
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Summary of SANS studies

At lower surfactant concentration: blebbing motion of the oil/water
interface occurs and the semi-transparent aggregates are formed.

At higher surfactant concentration: the turbid gel is formed around the
interface and the blebbing motion stops immediately.

The lamellar repeat distance d of aggregates at a blebbing interface
is larger (~80nm) than that apart from the interface (~40nm), which is
close to that of the turbid gel covering the static interface.

The internal stress when the larger d lamellar structure shrinks into
the smaller d could be the origin of the blebbing motion.




Summary

- We constructed a non-biological system mimicking amoeba-like blebbing
motion.

- Theoretical model to explain the mechanism is introduced.

- The long-period lamellar structure is formed at the moving interface and
transform to the short-period lamellar structure.

- The construction and destruction of nano-scale structures is a key factor for
spontaneous motions.

Blebbing in cell Blebbing droplet

Melanoma cell fragment

10 um 5 mm
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