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By applying pH stimuli to fatty acid vesicles, unique response dynamics caused by solubilization of fatty 
acids are observed.  
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Dynamics of Fatty Acid Vesicles in Response to pH stimuli† 

Keita Ikari,a Yuka Sakuma,a Takehiro Jimbo,a Atsuji Kodama,a Masayuki Imai,*a  

Pierre-Alain Monnard,b and Steen Rasmussenb 

We investigate dynamics of decanoic acid/decanoate (DA) vesicles in response to pH stimuli. Two types of dynamic 

processes induced by micro-injection of NaOH solutions are sequentially observed: deformations and topological 

transitions. In the deformation stage, DA vesicles show a series of shape deformations, i.e, prolate-oblate-stomatocyte-

sphere. In the topological transition stage, spherical DA vesicles follow either of two pathways, pore formation and vesicle 

fusion. The pH stimuli modify a critical aggregation concentration of DA molecules, which causes solubilization of DA 

molecules in the outer leaflet of the vesicle bilayers. This solubilization decreases the outer surface area of the vesicle, 

thereby increasing  surface tension. A kinetic model based on area difference elasticity theory can accurately describe the 

dynamics of DA vesicles triggered by pH stimuli. 

1   Introduction 

   Amphiphile vesicles are structures composed of a closed 

bilayer membrane of amphiphilic molecules. They exhibit 

unique dynamics in response to external stimuli, such as shear 

flow, electric field, and optical illumination. Depending on the 

stimuli type, different dynamic responses are observed, which 

aim at reducing the stress experienced by the structures. Shear 

flow causes two characteristic motions of vesicles.1,2 When an 

elongational flow is dominant, vesicles exhibit tank-treading 

motion, whereas tumbling of vesicles is observed, when a 

rotational flow governs the shear flow. In the presence of 

electric fields, vesicles are deformed and form transient pores 

due to the electric stress.3 An optical illumination of a tubular 

membrane transforms them into necklace of pearls to 

accommodate the increase of surface tension during 

irradiation.4  

   In contrast to these physical stimuli, chemical stimuli lead to 

other types of response dynamics since chemicals interact with 

membrane molecules and modify their chemical nature. For 

example, when HCl solutions are micro-injected to an anionic 

phospholipid vesicle, the vesicle membrane forms invaginated 

tubes.5-7 The observed membrane deformation is well described 

by the changes of the equilibrium lipid density and the 

spontaneous membrane curvature induced by the chemical 

modification of lipids in the outer leaflet. The micro-injection 

of NaOH solution to neutral phospholipid vesicles can also 

induce their movement toward the source of the chemical 

stimulus.8 This behaviour might be due to the alkaline 

hydrolysis of the phospholipids, which decreases the local 

surface tension of the membrane, driving them toward the 

region where the surface tension is lower.9 Thus chemical 

stimuli have a high potential to control vesicle dynamics. So far 

the dynamics in response to the external stimuli has been 

investigated using phospholipid vesicles. 

   The fatty acids, which are composed of a carboxylic acid 

functional group bonded to a long aliphatic chain, are simple 

amphiphilic molecules that form vesicles.10,11  Due to the weak 

electrolyte nature of these amphiphiles, their vesicles are more 

sensitive to chemical modifications than their phospholipid 

counterparts.12 One important property of the fatty acid 

assemblies is that their critical aggregation concentration (cac) 

is strongly dependent on the pH. For example, the cac of 

decanoic acid/decanoate (DA) molecules varies from 14 mM at 

pH 6.8 to 102 mM at pH 11.8.13 DA molecules are therefore 

easily solubilized into the medium by increasing the pH. The 

second important property is that the type of self-assembled 

structures depends on the pH. In high pH region, the fatty acids 

preferentially form micelles, whereas in low pH region they 

form oil droplets. The formation of fatty acid vesicles is 

restricted to a rather narrow pH range (ca. 6.8 – 8 for DA), 

where approximately half of the carboxylic groups are 

ionized.14 These two features induce unique dynamics in the 

fatty acid vesicles subjected to pH stimuli. The purpose of this 

study is to investigate the dynamics of fatty acid vesicles in 

response to pH stimuli and understand their physical basis. 

 

2   Materials and methods 

2.1  Chemicals 

   Decanoic acid, sodium hydroxide (NaOH) and hydrogen 

chloride (HCl) in special grade were obtained form Wako pure 
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chemical industries, Ltd (Osaka, Japan). In the experiments, we 

used purified water obtained from Direct-Q 3 UV system 

(Millipore, USA). 

2.2  Preparation of DA vesicles 

   Since formation of fatty acid vesicles is restricted to pH range 

of 6 – 8, usually DA vesicles are prepared by adjusting the pH 

using buffer solutions.13 The buffer solutions, however, reduce 

influences of pH stimuli significantly. We therefore have to 

prepare DA vesicles without buffer solutions, applying the pH 

titration method.15 First, we pipetted 38.7 µl decanoic acid 

liquid (60 °C) into 4.1 ml pure water (60 °C), which resulted in 

the formation of DA droplets floating on the water surface. 500 

µl NaOH solution (1M) was then mixed with the DA solution at 

60 °C, which solubilized DA droplets (pH 13.0). Thereafter, the 

transparent DA solution (60 °C) was titrated with 400 µl HCl 

solution (1M) using a pipette. The resulting samples were 

turbid due to the formation of giant vesicles having the sizes of 

~ 10 µm (pH 6.8). The pH stimuli experiments were performed 

using the vesicle suspension immediately after the sample 

preparation. 

2.3  pH stimuli experiments 

   A sample chamber for the micro-injection experiments was a 

hole in a silicon rubber sheet, which was placed onto a glass 

slide (Fig. 1). The hole had a diameter of 9 mm and a thickness 

of 1 mm. The micro-pipette used for the micro-injection was a 

Femtotip II with an inner diameter of 0.5 µm  0.2 µm 

(Eppendorf, Germany). The positioning of the micro-pipette 

was controlled using a hydraulic micro-manipulator MMO-

202ND (Narishige, Japan), and the micro-injection was 

performed using a FemtoJet system (Eppendorf, Germany). An 

65 µl aliquot of the vesicle suspension was carefully transferred 

into the sample chamber at room temperature. The micro-

pipette filled with the injection solution was then inserted into 

the chamber. To minimize the drift flow in the sample solution, 

we carefully performed all procedures and waited 10 min for 

the sample to equilibrate. Most of the injection experiments 

were performed using an injection pressure of 15 hPa, and 

behavior of GVs triggered by the injection was observed using 

an Axio Observer Z1 inverted fluorescent microscope (Carl 

Zeiss, Germany) with a 20x objective (Plan-Neofluar 20x N.A. 

= 0.50) and recorded using a CMOS camera, ORCA-Flash 4.0 

with the time resolution of 50 msec (Hamamatsu Photonics, 

Japan). 

3  Results and discussion 

3.1  pH field generated by micro-injection 

   In this study, we examined DA vesicle dynamics triggered by 

the micro-injection of NaOH solutions. The micro-injection 

produces a pH gradient around the tip of the micro-pipette. The 

concentration of injected solute C(x,y,z,t) at position (x, y, z) 

and time t, was calculated by solving the diffusion equation 

with convoluting the inner radius of the pipette, ε, as 

C(x, y, z, t) =

S0 exp −
(x − r cosθ )2 + (y− r sinθ )2 + (z − z0 )2

4D(t − s)










4πD(t − s)3/2

0

2π

∫
0

ε

∫
0

t

∫ rdrdθds
 (1) 

where S0 is the flux of the injected OH− from the pipette, D is 

the diffusion coefficient of the solute, r and θ designate the 

position in the mouth of pipette and the pipette axis is the z 

direction.8 The position of the micro-pipette tip is (0, 0, 0). The 

time dependence of the pH profiles was calculated for a micro-

injection of 50 mM NaOH solution, using DOH =5.27 10-9 

m2/s and S0 = 2.15 10−18 mol/sec (Fig. 2).16 The concentration 

of OH− steeply decreases in the vicinity of the tip and thereafter 

gradually decreases with increasing distance from the tip. 

Overtime, the OH− concentration increases at distances larger 

than ~ 5 µm and the profiles reach a steady state within ~ 1 sec. 

At the distances larger than ~15 µm, the pH gradient in the 

steady state is not significant, i.e., vesicles feel a constant pH. It 

should be noted that the micro-injection generates injection 

flow around the micro-pipette. We visualized the injection flow 

using small aggregates of DA dispersed in the medium. The 

obtained velocities of the injection flow were ~ 1 µm/s in the 

vicinity of the tip and negligible at the distances larger than ~10 

µm. This velocity is much smaller than the diffusion length per 

sec of hydroxide ions, ~ DOHt  = 73 µm. Effects of the injection 

flow can be therefore neglected. 

×
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Fig. 2. Time dependence of pH profile around the tip of the micro-pipette 

(located at distance of 0 µm) after the continuous micro-injection of a 50 mM 

NaOH solution calculated by eq. (1).  
Fig. 1. Experimental setup for a micro-injection experiment. 
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   We chose to focus on the micro-injection of 50 mM NaOH 

solution (pH 12.7) as the vesicle dynamics observed at this pH 

were representative for the injection of any NaOH solution pH

≥  11, while the effects of solution with pH 5 to 11 on the 

vesicle morphology were limited. Only vesicles located at 

distances larger than ~15 µm from the tip were studied, because 

these vesicles are exposed to constant pH of ~10.7. Two types 

of dynamic processes were observed: deformations and 

topological transitions. 

 

3.2  Deformations 

   An important effect of the micro-injection of basic solution is 

the solubilization of DA molecules in the outer leaflet, since the 

cac of DA molecules increases with increase of the pH and the 

pH stimuli are applied only on the outer leaflet. This 

asymmetric solubilization causes unique shape deformations of 

the vesicles. A representative shape deformation pathway of 

vesicles subjected to the micro-injection of 50 mM NaOH is 

shown in Fig. 3(a) and video 1 of the ESI†. The distance 

between the vesicle and the tip of the micro-pipette was ~ 20 

µm. By the micro-injection, a prolate vesicle kept its shape for 

~ 1 s and then transformed to a stomatocyte shape via an oblate 

shape. Subsequently, the stomatocyte vesicle deformed to a 

sphere with regressing invagination. The spherical vesicle 

decreased its size overtime and finally disappeared due to the 

micellisation, as expected for deprotonated fatty acids. We 

repeated the micro-injection experiments more than 10 times, 

always observing dynamics comparable to those presented here. 

   First, we discuss the observed shape deformation from prolate 

to sphere based on the area difference elasticity (ADE) 

theory,17-19 since ADE theory accurately decribes vesicle shapes 

and shape transitions.20 The elastic energy of ADE theory 

normalized by the bending energy of a sphere is expressed by 

 

W

8πκ c

=
1

8πκ c

κ
c

2
2H( )2

dA+
κ r

2Ad 2
∆A− ∆A0( )2

∫







        =
1

16π
2H( )2

dA +
κ r

κ c

∆a − ∆a0( )2

∫
,  (2) 

where κc and κr are the local and the non-local bending moduli, 

respectively, H is the mean curvature, and A is the vesicle area. 

The geometrical area difference between the inner and the outer 

leaflet, ∆A, is given by 

 ,  (3) 

where d is the distance between the neutral surfaces of 

monolayers, and the intrinsic area difference, ∆A0, is given by 

 ∆A0 = (N + − N − )a ,  (4) 

where N+ and N- are number of DA molecules in the outer and 

the inner leaflet, respectively. a = 0.226 nm2 is the cross section 

area of a DA molecule (for simplicity we assume that a 

decanoic acid molecule and a decanoate molecule have the 

same cross section area).21,22 The ADE energy arises from the 

deviation in the total area difference ∆A from ∆A0. The two area 

differences, ∆A and ∆A0 are normalized by the area difference 

of a sphere as 

 ∆a =
∆A

8πdR0

  (5) 

 ∆a0 =
∆A0

8πdR0

, (6) 

where R
0

= A / 4π . The vesicle shape is obtained by 

Fig. 3. (a) A series of shape deformations of DA vesicle triggered by 

micro-injection of 50 mM NaOH. Elapsed time since the injection start 

(0.00 s) is shown at the bottom corner of each image. A scale bar is 5 

µm. See also video 1 in the ESI†, which shows real time deformation 

(injection was started at 7.00 s in the video 1). (b) Reconstructed 3D 

vesicle image for each microscope image obtained by a surface evolver 

package. 
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minimization of the elastic energy, eq. (2) with constant 

volume, V, and constant area, A, constraints. According to ADE 

model vesicle shapes are determined by two geometrical 

parameters, the reduced volume given by v =V / [4πR0

3 / 3]  and 

the normalized intrinsic area difference, ∆a0. A morphology 

diagram obtained by the ADE model (κr/κc=4.4) is shown in 

Fig. 4. The ratio κr/κc=4.4 is usually used to describe 

phospholipid vesicle morphologies18,20 and we assume that this 

ratio is also valid for fatty acid vesicles. Solid lines indicate the 

first-order discontinuous transitions between stomatocyte and 

oblate (Dsto/obl), oblate and prolate (Dobl/pro), and prolate and 

pear (Dpro/pea). A limiting shape line is shown by L. The shape 

transition (e.g. from prolate to oblate) should take place when 

the deformation trajectory crosses the shape boundary line 

(Dobl/pro). 

   We estimate the shape deformation trajectory based on the 

asymmetric solubilization model illustrated in Fig. 5. DA 

molecules in an outer leaflet are solubilized into the external 

medium with a rate constant of ks, whereas DA molecules in an 

inner leaflet undergo a flip-flop motion with a rate constant of 

kf. This kinetic model is described by the following differential 

equations, 

 
dN +

dt
= −ksN

+ + kfN
−
  (7) 

 
dN −

dt
= −kfN

−
. (8) 

The simultaneous differential equations can be solved as 

 N + (t ) = N + (0)exp(−kst) + N − (0) 1− exp(−kft )( )   (9) 

 N − (t) = N − (0)exp(−kft) . (10) 

Then time dependence of the total surface area of a vesicle is 

expressed by 

  

,

 (11) 

since the area difference is much smaller than the total area of 

the vesicle. Thus the vesicle area linearly decreases with time 

and the slope gives the solubilization rate. However, the 

volume of a vesicle keeps a constant value during the 

deformation stage. 

   To validate this prediction, we evaluate time dependences of 

the total area and volume of vesicles. We reconstructed stable 

3D vesicle shapes from the observed 2D images by using a 

surface evolver (SE) package,23 where we assume that vesicles 

have axisymmetric shapes. The stable vesicle shapes were 

obtained by minimizing the ADE energy, eq. (2). The accuracy 

of the 3D vesicle model was first assessed by visual inspection 

and then by using a calculated parameter, the ratio of the 

vesicle height to width.24 Reconstructed stable 3D vesicle 

images are displayed in Fig. 3(b). Within the SE package, we 

can readily evaluate vesicle volume V and area A, as well as the 

geometrical area difference ∆A.  

   Figure 6(a) shows obtained time dependences of A and V for 

the deformation of three vesicles, where the origin of time is the 

start time of the micro-injection. Please note that the 

deformation process for vesicle 1 is illustrated in Fig. 3. For all 

deformation pathways, the vesicle area was kept constant 

during the first 1 sec and then decreased linearly with time. The 

time lag, to, originates from the time interval between injection 

and induction of the vesicle changes due to diffusion as 

highlighted in Fig. 2. After this lag phase, vesicles felt the 

steady pH field around the pipette (pH ~10.7). While the 

vesicle volume was kept constant, V(to), the observed decrease 

of the vesicle areas (Fig. 6(a)) for three deformation examples 

were fitted by eq. (11) with an offset time of to=1.0 s, which 

gives the solubilization rate, ks = 0.28 ± 0.03 s-1
.  

   We also plot the reduced volume of vesicle 1, obtained from 

the total area and the volume of the vesicle calculated by SE, as 

a function of time in Fig. 6(b). Using eq. (11) the time 

dependence of the reduced volume is expressed by 

 

Fig. 4. Morphology diagram in (v, ∆a0) plane predicted by ADE model with 

κr/κc=4.4. Solid lines indicate first-order discontinuous transitions between 

stomatocyte and oblate (Dsto/obl), oblate and prolate (Dobl/pro), and prolate and pear 

(Dpro/pea). A limiting shape line is shown by L. Schematic vesicle image of each 

phase is shown in figure. Thick red line is a predicted trajectory for vesicle 1 

(deformation process shown in Fig. 3) based on a kinetic model described in text 

and the transition points are marked by red circles. 

Fig. 5. A schematic representation of a kinetic model for the deformation stage. 

DA molecules in an outer leaflet are solubilized into the external medium with a 

rate constant of ks, whereas DA molecules in an inner leaflet undergo a flip-flop 

motion with a rate constant of kf. 
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 v(t − t0 ) =
3V (t0 )

4π
A(t0 )

4π
1−
ks(t − t0 )

2














3

2

, (12) 

which is shown by a solid line in Fig. 6(b). Here, A(to) and V(to) 

are the area and the volume of vesicle 1 at t=to(=1 sec). The 

calculated reduced volume agrees with the experimental data. 

In addition, we obtained the normalized geometrical area 

differences, ∆a, from the stable 3D vesicle images of vesicle 1 

and plot them as a function of time in Fig. 6(b). The initial 

shape (t = 1 s) of the vesicle 1 was a prolate having values of 

(∆a, v) ~ (1.25, 0.7). The vesicle 1 kept the prolate shape until t 

~1.6 s and it then transformed to oblate shape with (∆a, v) ~ 

(1.16, 0.75) at t ~ 1.85 s. Subsequently, the oblate vesicle 

adopted a stomatocyte shape with (∆a, v) ~ (1.09, 0.80) at t ~ 

2.0 s. Finally, this stomatocyte vesicle converted into a 

spherical shape with (∆a, v) ~ (1.0, 1.0). As described above, 

shape transitions from prolate to oblate and from oblate to 

stomatocyte should take place when the deformation trajectory 

in (∆a0, v) plane crosses the discontinuous transition lines 

between prolate and oblate (Dpro/obl), and between oblate and 

stomatocyte (Dobl/sto), respectively (Fig. 4). Using the reduced 

volumes at the prolate/oblate transition (v = 0.75) and the 

oblate/stomatocyte transition (v = 0.8), we can fix the transition 

points on the discontinuous transition lines in (v, ∆a0) phase 

diagram (Fig. 4), thereby the trajectory of vesicle 1 across the 

Dpro/obl line at (v, ∆a0) = (0.75, 1.0), and the Dobl/sto line at (0.80, 

0.6).  

   Based on the kinetic model the time dependence of the 

normalized intrinsic area difference is expressed by 

 ∆a0 (t − t0 ) ≅
A0 (t − t0 ) − A0

− (t0 )exp −kf (t − t0 )( )
4πd A0(t − t0 ) / 4π

 , (13)  

where A0

− (t0 ) = N − (t0 )a  is the intrinsic area of the inner leaflet 

at t=to. By solving simultaneous equations of eq. (13) at the two 

transition points (t, ∆a0) = (1.8, 1.0) and (2.0, 0.6), kf = 0.09 s-1 

and A0

− (t0 ) = 76.2  µm2 were obtained, assuming d = 1.71 

nm25,26 and A0 (t − t0 ) = 76.3(1− 0.115(t − t0 ))
 
µm2. Using eqs. 

(12) and (13), the deformation trajectory of vesicle 1 in the 

phase diagram therefore can be determined (Fig. 4) . Similarly, 

kf = 0.088 s-1 and 0.10 s-1 were calculated for vesicles 2 and 3 in 

Fig. 6(a), respectively. Thus, the flip-flop rate of DA molecules 

is kf = 0.09 - 0.10 s-1. This value is smaller than the reported 

flip-flop rate of 1~10 s-1 for fatty acid,27 but it could be related 

to the fact that we only observe a net flow of DA molecules 

from the inner leaflet to the outer leaflet to compensate the loss 

of DA molecules in the outer leaflet due to the solubilization. 

Our kinetic model explains the observed vesicle deformation 

and gives two important time constants for the solubilization 

and the flip-flop motion.   

3.3  Topological transitions 

   During the solubilization, the total membrane area decreases 

while the volume is kept constant (Fig. 6(a)), i.e., increase of 

the reduced volume, and finally vesicles transform into a tense 

spherical shape. After the deformation to a spherical vesicle, 

DA molecules continue to dissolve in water, which results in 

increase of the membrane tension. To release the membrane 

tension, the tense vesicles employed two processes: pore 

formation and fusion. The membrane tension induced pore 

formation has been reported in many phospholipid vesicle 

systems including solubilization by detergents.28-33 In this case, 

the surface tension of the vesicle increases until it reaches a 

tension threshold value, i.e., the rupture tension, where a pore 

with the diameter of up to several µm forms allowing the inner 

solution to flow out. Thereafter, the radius of the vesicle 

decreases with time continuously or periodically.30,31,32 In the 

case of DA vesicles, the continuous shrinking of spherical 

vesicles was observed upon micro-injection of a 50 mM NaOH 

solution. Figure 7 shows the shrinking of the tense spherical 

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

0 0.5 1 1.5 2 2.5 3

∆a
v
calculated v

∆
a
, 
v

Time [s]

(b) 

Fig. 6 (a) Time dependences of total area (closed circles) and volume (closed 

triangles) of three vesicles (1-3) in the deformation stage (the deformation 

process of vesicle 1 is shown in Fig. 3). Solid lines are results of fitting for time 

dependences of total area using eq. (11) and broken lines indicate volume of 

each vesicle keeps a constant value during the deformation stage. (b) Time 

dependence of the geometrical area difference (black closed circles) and the 

reduced volume (red closed triangles) in the deformation stage of vesicle 1. A 

solid line is the predicted time dependence of the reduced volume using eq. 

(12) with t0=1 sec. 
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vesicle (video 2 of the ESI†). In more than ten observations, the 

vesicle size continuously decreased before the structure finally 

disappears. Pores on the vesicle could not be directly observed, 

indicating the pore radius might be the order of ~ 0.1 µm, i.e., 

below the microscope resolution. However, the formation of 

pore is supported by the observation made on shrinking vesicles 

that encapsulate another vesicle.31,32 Figure 8 illustrates the 

prototypical response of such a vesicle subjected to the micro-

injection of NaOH solution (video 3 of the ESI†). Upon NaOH 

injection to a spherical vesicle (white arrow) containing another 

encapsulated vesicle (red long arrow), the inside vesicle was 

dragged toward the membrane, indicating leaking of internal 

fluid through a pore. The inside vesicle plugged the pore and 

then expanded it. Finally, the encapsulated vesicle passed 

through the pore and two independent vesicles co-existed. This 

phenomenon strongly supports the pore formation induced by 

the solubilization of DA molecules.  

   When the shrinking of vesicle is governed by the pore 

formation, the volume of the vesicle varies as 

 
dV

dt
= −πr2vl = 4πR2 dR

dt
, (14) 

where r is the radius of circular pore on the spherical vesicle 

with the radius R, and vl is the leaking velocity of inner solution 

through the pore. The leaking velocity is determined by the 

pressure difference between the inner and outer media, ∆P, and 

the drag force, as 

 vl =
r(t )∆P(t)

3πηs

=
2σ (t)r(t)

3πR(t)ηs

,  (15) 

where ηs is the viscosity of the solution, and σ(t) is the surface 

tension.29,34 Combining eqs. (14) and (15), we obtain  

 
dR

dt
= −

σ (t)

6πηs

r(t)

R(t)







3

. (16) 

Thus, relative pore size, r(t)/R(t), is determined by the vesicle 

shrinking rate, dR/dt, and the surface tension.  

   Figure 9 shows the time dependence of the vesicle radius at 

the shrinkage stage, where the start time of the shrinking of 

spherical vesicle is t = 0. As described in the deformation 

Fig. 7. Shrinking of a spherical DA vesicle triggered by micro-injection of 50 mM 

NaOH. Elapsed time since spherical vesicle started to shrink is shown at the top 

corner of each image. A scale bar is 10 µm. See also video 2 in the ESI†, which 

shows real time shrinking (shrinking was started at 7.84 s in the video).  

Fig. 8. Exit of a large encapsulated vesicle through a pore. Elapsed time since 

start of micro-injection (0.0 s) is shown at the top corner of each image. The 

large vesicle with the radius of ~ 3.5 µm (red long arrow) was initially inside 

the mother vesicle with radius of ~4.5 µm (white arrow) (8.48 s). Following 

the micro-injection, the encapsulated vesicle plugged the pore (8.80 s) and 

then expanded the pore (9.04 s). Finally, the inside vesicle passed through the 

pore and a mother vesicle with radius of ~ 3 µm and a daughter vesicle with 

radius of ~ 3.5 µm (9.20 s) could be observed. Once separated, both vesicles 

started to shrink (9.52 s). A scale bar is 10 µm. See also video 3 in the ESI†, 

which shows real time exit of encapsulated vesicle. 
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section, the time dependence of total vesicle area should be 

expressed by eq. (11). Inset of Fig. 9 shows the time 

dependence of the surface area, which is well described by the 

linear function (solid line) 

 A(t) = 290 ×10−12 (1− 0.132t)  [m2]. (17) 

Using eq. (11) the slope gives the solubilization rate, ks= 0.264 

s-1. The good agreement in ks between the deformation stage 

and the shrinking stage indicates that the solubilization rate 

does not significantly depend on the membrane tension. From 

eq. (17) the shrink rate can be expressed by 

dR / dt = −1.52 ×10−12 / R   m/s and the pore/vesicle size ratio, 

r(t)/R(t), is then given by 

 
r(t)

R(t )







3

=
1.52 ×10−12

R

6πηs

σ (t)
.  (18) 

Since we cannot observe a definite pore on the vesicle, this 

ratio should be less than 0.1, r(t) / R(t) ≤ 0.1 . The surface 

tension has then to be larger than 10-5 N/m, which is larger than 

that of the phospholipid vesicle with a long-lasting pore (σ~10-6 

N).32 The high solubilization rate of DA molecules  (ks = 0.26 s-

1) for the pH stimulus might explain the high surface tension.  

  Another important dynamics to release the tension is fusion 

between two tense vesicles. An example of fusion event is 

shown in Fig. 10 and video 4 of the ESI†. When two tense, 

adjacent vesicles were subjected to the micro-injection of 50 

mM NaOH, these vesicles could suddenly fuse and form one 

larger spherical vesicle over a transient budding shape. During 

this fusion, the total area of the vesicle decreased from ~ 360 

µm2 (two vesicles) to ~ 290 µm2 (a single vesicle), whereas the 

volume kept a constant value of ~ 460 µm3, i.e., without 

leaking of the inner solution. The excess membrane produced 

by the fusion clung to the fused spherical vesicle as a black 

patch at the contact zone (arrow in Fig. 10, 5.12 sec). 

Dissipative particle dynamics simulations propose the 

following dynamics of tension-induced vesicle fusion.35-37 The 

energy barrier that prevents the fusion of vesicles is related to 

the energy cost of inter-membrane amphiphilic molecule flips 

between the adjacent vesicles. This energy barrier should be 

reduced with increasing the surface tension since the 

amphiphilic molecule distance in a layer increases with the 

tension. The inter-membrane flips are consequently accelerated. 

The intermingling of the amphiphilic molecules in apposing 

bilayers generates a hemifused-bilayer zone. This zone grows 

due to the surface tension and finally form the fusion pore, 

resulting in the vesicle fusion. Unfortunately, due to limits of 

the length and time resolution, we could not visualize the fusion 

mechanism. However, our observations clearly show the 

tension induced vesicle fusion, because fusion events between 

adjacent spherical vesicles never occurred in the time frame of 

the observation without the micro-injection of NaOH solution. 

After the fusion the spherical vesicles exhibited morphological 

changes consistent with those of the shrink pathway by pore 

formation. 

      We have shown that the pH stimulus induces two types of 

dynamics in DA vesicles; deformations and topological transitions. 

The main effect of the pH stimuli on DA vesicles is the 

solubilization of DA molecules in the outer leaflet of the vesicle 

bilayers. This solubilization is responsible for the observed 

deformations and topological transitions. The observed dynamics is 

characteristic to fatty acid vesicles, since the critical aggregation 

concentration of fatty acids increases with increase of pH. For 

phospholipid vesicle we did not observe the similar dynamics caused 

by the solubilization of phospholipids. The main effects of the pH 

stimuli on the phospholipid vesicle are modifications of the shape of 

lipid molecules and the surface tension. The former effect induces 

the formation of the tubular membrane,5-7 whereas the latter effect 

causes the migration of the vesicle to decrease the surface energy.8 

Thus effects of the pH stimuli on vesicles depend on the type of 

amphiphilic molecules that compose the vesicle.   

4  Conclusions 

   By applying pH stimuli to DA vesicles, two types of unique 

response dynamics caused by the solubilization of DA 

molecules are observed: deformations and topological 

transitions. In the deformation stage, a coupling of 

solubilization of DA molecules in the outer leaflet and the flip-

flop motion from the inner to the outer leaflet causes a series of 

shape deformations, i.e, prolate-oblate-stomatocyte-sphere. The 

Fig. 10  Fusion of two spherical DA vesicles triggered by the micro-injection of 50 

mM NaOH. Elapsed time since start of the micro-injection (0.0 s) is shown at the 

top corner of each image. An arrow in 5.12 s frame shows the clung membrane at 

the contact zone. A scale bar is 10 µm. See also video 4 in the ESI†, which shows 

real time fusion process. 
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kinetic model based on the area difference elasticity (ADE) 

theory quantitatively describes the observed shape deformations 

and gives two characteristic time constants, the solubilization 

and the flip-flop rates. In the topological transition stage, the 

solubilization of DA molecules out of spherical vesicles 

increases the membrane tension. To release the tension, vesicles 

can follow two pathways: pore formation and vesicle fusion, 

two topological transitions that are relevant to transportation 

processes in cellular system. The observed dynamics of fatty 

acid vesicles in response to the pH stimuli highlight the 

uniqueness of chemical stimuli to control the vesicle shape. 

Moreover fatty acids are considered plausible prebiotic 

amphiphilies.38 That is, precellular compartments may be 

modelled by fatty acid vesicles. The vesicle dynamics induced 

by chemical stimuli may have therefore played a significant 

role in the evolution of molecular, self-assembled, precellular 

systems toward the cellular life.39 
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