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Osmotic pressure can break the fluid balance between intracellular and extracellular solutions. In hypo-osmotic so-
lution, water molecules, which transfer into the cell and burst, are driven by the concentration difference of solute across
the semi-permeable membrane. The complicated dynamic processes of intermittent bursts have been previously observed.
However, the underlying physical mechanism has yet to be thoroughly explored and analyzed. Here, the intermittent re-
lease of inclusion in giant unilamellar vesicles was investigated quantitatively, applying the combination of experimental
and theoretical methods in the hypo-osmotic medium. Experimentally, we adopted a highly sensitive electron multiplying
charge-coupled device to acquire intermittent dynamic images. Notably, the component of the vesicle phospholipids af-
fected the stretch velocity, and the prepared solution of vesicles adjusted the release time. Theoretically, we chose equations
and numerical simulations to quantify the dynamic process in phases and explored the influences of physical parameters
such as bilayer permeability and solution viscosity on the process. It was concluded that the time taken to achieve the
balance of giant unilamellar vesicles was highly dependent on the molecular structure of the lipid. The pore lifetime was
strongly related to the internal solution environment of giant unilamellar vesicles. The vesicles prepared in viscous solution
were able to visualize long-lived pores. Furthermore, the line tension was measured quantitatively by the release velocity
of inclusion, which was of the same order of magnitude as the theoretical simulation. In all, the experimental values well
matched the theoretical values. Our investigation clarified the physical regulatory mechanism of intermittent pore forma-
tion and inclusion release, which provides an important reference for the development of novel technologies such as gene
therapy based on transmembrane transport as well as controlled drug delivery based on liposomes.

Keywords: osmotic pressure difference, membrane tension, pore, line tension
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1. Introduction
Cells can transmit substances, energy and information

across their phospholipid bilayer with the surrounding en-
vironment, enabling life activities to be coordinated.[1,2]

External stimuli (pH value,[3–5] temperature, and osmotic
pressure,[6] etc.) cause phospholipid redistribution in the
membrane and reassembly in structure, which affects and con-
trols the process of cell function.[7–9] It is still a challenge to
understand the regulation mechanism of membrane reassem-
bly under external stimuli.

Osmotic pressure is one of the important factors that reg-
ulate the function of cells in organisms.[10] For example, red
blood cells expand and collapse in the lungs and kidneys due
to continuous osmotic pressure changes.[11,12] Another case in
point is the effect of the proton sponge, in which the drug is re-
leased into the cell in vivo via osmotic pressure.[13] At present,
giant unilamellar vesicles (GUVs) with cell-like sizes are often
used as a simplified model of the cell membrane to study cell
responsiveness in a complex environment.[14] When GUVs are
laid in a hypo-osmotic medium, lipid vesicles apply outward
pressure on the membrane, causing the membrane to stretch

and swell outward, giving rise to widening of the molecular
gap of phospholipids and extension of the projected surface
area.[15,16] If the pressure is large enough, the GUV mem-
brane is damaged and ruptured and a single pore is formed.[17]

Karatekin et al. reported that pore formation caused the rear-
rangement of phospholipid molecules to minimize hydropho-
bic tail exposure to water, which means that there is a force
at the edge of the membrane. This is called line tension (γ),
which drives the closure of the pore.[18]

A study by Oglȩcka et al. showed that GUVs underwent
cyclic swelling and pore formation in the hypo-osmotic bath.
Likewise, GUVs composed of phase-separated lipid mixtures
displayed a cycle accompanied by phase behavior.[19] Imran et
al. reported that the size of the hypo-osmotic environment had
a significant effect on the cycle, such as the swell time and the
amount of solute released through the pore.[20] However, it is
unclear whether the important physical properties of GUVs
(micrometers to tens of micrometers in size,[21] membrane
permeability regulated by the cytoskeleton,[22] high viscosity
caused by the crowded environment,[23] etc.) will affect the
cycle of liposome and pore lifetimes under a hypo-osmotic
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medium. The related behavior and its internal mechanism
need to be studied and analyzed.

Here, we studied the internal physical parameters that
regulated the GUV cycle, based on fluorescence microscopy
images which showed vesicle swell–burst and membrane pore
open–close in the hypo-osmotic medium. The internal physi-
cal mechanism was analyzed by adopting the numerical anal-
ysis method. By changing the initial radius of the vesicle, the
permeability of the membrane, and the viscosity of the solu-
tion, the quantitative relationships between the cycle time and
the number of cycles, as well as pore lifetimes and number of
cycles, were obtained. The results are helpful for understand-
ing the cycle of GUVs in a hypo-osmotic medium and provide
a reference for the design of controlled drug release of the li-
posome system.

2. Experimental details
2.1. Materials

The 1-palmitoyl-2-oleoyl-sn-1-glycero-3-phosphocholine
(POPC) and 1-stearoyl-2-docosahexaenoylphosphatidylcholine
(SDPC) were acquired from Avanti Polar Lipids. RhB-
PE (1,2-dipalmitoyl-sn-glycero-3-phospho-ethanolamine-N-
(lissamine rhodamine B sulfonyl)) and Sulfo-Rhod (3-
(4,5-dimet-hylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
were acquired from Sigma. Glass slides coated with indium
tin oxide (ITO) were acquired from Shenzhen Laibao Tech-
nology Co. Ltd. Sucrose, glucose, chloroform, and glycerol
were acquired from Shanghai Hushi Corporation. The water
was purified by a Milli-Q ultrapure water system (resistivity
> 18.2 MΩ·cm).

2.2. Electroformation of GUV preparation

GUVs were prepared using an electroformation
technique.[24] Briefly, the chloroform solution consisted of
POPC (or POPC: SDPC, 1:1, mol%:mol%) doped with flu-
orescent dyes (RhB-PE) of low concentration (1 mol%). A
3 µL quantity of lipid solution was extracted to the ITO con-
ductive surface and spread evenly, before being placed in a
vacuum drying oven for 2 h. The silica gel was covered to
form a compartment, and 0.2 M sucrose solution (or sucrose:
glycerol, 3:7, v/v) was then added to the compartment. The
vesicles were obtained by applying an AC current at 5 V and
10 Hz for 2 h.

2.3. Fluorescence microscopic characterization of GUVs

The morphology and solute leakage of GUVs were char-
acterized in real time by an inverted fluorescence microscope
(OLYMPUS IX81, 532 nm laser). A 2 µL quantity of GUVs
was diluted with 98 µL ultrapure water at room temperature
(22 ◦C). Then the appropriate volume of solution was quickly

placed on the surface of the glass slides to obtain fluores-
cence images of the vesicle morphology and membrane pore
(22 frames/s). The phospholipid membranes in the leakage
experiment were not labeled with RhB-PE, and the hydrated
solution was doped with 50 µM Sulfo-Rhod.

3. Results and discussion
The dynamics of GUVs in the hypo-osmotic medium

showed a swell–burst cycle (Fig. 1(a)). After the applica-
tion of the hypo-osmotic solution, the difference in sucrose
concentration on both sides of the membrane produced a
chemical potential gradient.[25] Consequently, the external wa-
ter molecules passed through the semi-permeable membrane
to reduce the free energy of the system, leading to mem-
brane swelling and a reduction in internal solute concentration
(Fig. 1(b)). Meanwhile, the membrane became thinner and the
tension increased due to stretching. Considering that the mem-
brane is a successive and closed thin shell, it can only extend
to a certain degree. In addition, it is not allowed to support
large membrane strains.[26] When the radius of the GUVs ex-
ceeded the critical value, the membrane burst by opening a sin-
gle pore instantaneously.[27,28] We observed that there was an
obvious non-fluorescent pore in the phospholipid membrane
(Fig. 1(a)), at which time the membrane tension decreased,
indicating remodeling of the membrane morphology; that is,
the edge of the lipid molecules rearranged into a cylindrical
shape, creating line tension (Fig. 1(c)). The end of a cycle
was characterized as the closure of a pore. More importantly,
the resealing of the pore is crucial for cell survival, otherwise
the cells face death.[29,30] Subsequently, the remaining trans-
membrane osmotic pressure difference was used to repeat the
swell–burst cycle. The repetitive intermittent release is ad-
vantageous for drug delivery,[31] such as insulin delivery in
diabetes, thyroid hormone delivery in hyperthyroidism, etc.
Therefore, it is necessary to study the biophysical factors reg-
ulating intermittent release.

Table 1. Values of parameters in simulation.

Parameter Typical value

R0 12 µm–19 µm
P 20 µm/s
vs 18.04×10−6 m3/mol
ρs 1000 kg/m3

keff 0.2 N/m
γ 10−11 N
h 3.5×10−9 m
c0 0.2 M
T 21 ◦C

ηm 5 Pa·s
ηs 0.001 Pa·s
D 5×10−10 m2/s

However, the swell–burst of GUVs is a highly dynamic
process, which can be accomplished in a cycle during tens of
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milliseconds. It is difficult to make a quantitative and detailed
analysis of the experimental results only through observation.
Essentially, it involves a series of biophysical mechanisms that
cooperate with this process as well. In this cycle, the vol-
ume change of GUVs depends on the inflow of water through
the lipid bilayer of the membrane and the leakage of the pore.
However, the internal driving mechanism is the specific imbal-
ance between the osmotic pressure driven by the concentration
difference (∆posm = kBT NA∆c)[32] and the Laplace pressure
caused by the membrane tension (∆pL = 2σ/R).[33] As a re-
sult, the radius R of GUVs can be represented as[34]

4πR2 dR
dt

=
Pvs

kBT NA
A
(

kBT NA∆c− 2σ

R

)
−πr2vL, (1)

where A = 4πR2 −πr2 is the surface area of the membrane, P
is the permeability of the membrane, vs is the molar volume of
solvent, and vL is the leakage speed of the solvent.

In the same way, our experimental observation of tran-
sient pore opening and closing seems to indicate an au-
tonomous response. Its dynamics are controlled by the com-
petition between the pore line tension and membrane tension
generated by osmotic pressure. It is also related to the friction
of pore and membrane (as well as the solution), which can be
regarded as a damping system. Thus, the pore radius r can be

represented by[18,27]

(ηmh+Cηsr)
dr
dt

= σr− γ, (2)

where ηm and ηs denote the viscosity of the membrane and so-
lution, respectively, and C is the geometric constant (C = 2π).
Table 1 shows the typical values of the different parameters
used in the theoretical model.

It is worth noting that the subsequent swell–burst cy-
cles of GUVs gradually slow down, indicating that the driv-
ing force decreases with the end of each cycle. At present,
a unique physical mechanism of solute outflow is needed to
make the internal solute concentration change at the end of
each cycle. It is also known that there are two types of so-
lute molecule flow in GUVs: sucrose diffusion and solution
convection through the pore. Thus, the solute concentration in
GUVs can be represented by[35]

4
3

πR3 d∆c
dt

=−πr2(D
∆c
R

+ vL∆c). (3)

Here D is the diffusion constant of solute molecules.
Taken together, the swell–burst cycle of GUVs can be

characterized by three differential Eqs. (1)–(3), which are the
radius of GUVs, the radius of the pore, and the solute concen-
tration of GUVs.

(a)

0.00 s 0.04 s 0.09 s 46.36 s 46.41 s 46.46 s

94.53 s 94.58 s 94.63 s 149.92 s 149.97 s 150.02 s

Sucrose

Sucrose

h

(b)

(c)

H2O

H2O

H2O

H2O

H2O

H2O

H2O

Fγ Fσ

Fig. 1. Swell–burst of giant unilamellar vesicles in the hypo-osmotic medium. (a) Micrographs of swell-burst cycles. These images showed the dynamics of four
sequent cycles of GUVs, starting at 00:00 and ending at 02:30.02. The white arrows indicate the location of the pore, scale bars represent 5 µm. (b) Schematic
representation of a swell-burst cycle. The pink arrows indicate that water is permeating through the phospholipid bilayer, and the blue arrow indicates that the
leakage of internal solute (blue sphere) through the membrane pore. (c) Schematic representation of the reassembly of phospholipid bilayer during the whole
swell-burst cycle. Fσ is the driving force of the pore opening, Fγ is the driving force of pore closing, h is the thickness of liposome monolayer.
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Fig. 2. Influence of initial radius R0 of GUVs on the cycle dynamics. (a) Simulation curve of GUV radius change of R0 = 12 µm. (b) Simulation curve of
GUV radius change of R0 = 19 µm. (c) Theoretical prediction results of pore lifetimes with time (R0 = 12 µm). (d) Theoretical prediction results of pore
lifetimes with time (R0 = 19 µm). (e) Cycle time curve. The experimental points and theoretical prediction points are drawn in the figure for comparison.
The illustration shows the y-axis data with logarithm, highlighting the exponential correlation.

Given the complexity of the GUV swell–burst cycle pro-
cess, the controllability of the experiment and the adjustable
parameters of the model should be taken into account. We
discussed how the initial radius of GUVs R0, permeability P,
and viscosity ηs affected the dynamics of the GUV cycle. By
choosing different parameter values of GUV radius of 12 µm
and 19 µm (P is 2× 10−5 m/s, ηs is 10−3 Pa·s), the typical
evolution of GUV radius and pore lifetime with time were
obtained (Figs. 2(a)–2(d)). The GUVs with a smaller initial
radius had a shorter cycle time and greater number of cycles
(Figs. 2(a) and 2(b)). Due to the high area-to-volume ratio
(Rs/Rv−1, where Rs and Rv are the radius of a sphere with the
same area and volume as the vesicle, respectively) of GUVs
with a small initial radius, external water molecules rapidly
permeated the vesicles, resulting in a high velocity of mem-
brane swelling to reach the critical strain more quickly.[36]

Furthermore, the numerical calculation suggested that both
pore lifetimes had an increasing tendency (the maximum value
was about 80 ms) (Figs. 2(c) and 2(d)), indicating that varia-
tion in the initial radius of GUVs was not enough to attain
prolonged pore lifetimes. In addition, the cycle did not con-
tinue indefinitely, and the cycle time was an exponential func-
tion of the number of cycles. The reason was that solute leak-
age during the swell–burst cycle led to a gradual decrease in
osmotic pressure difference, which eventually balanced the
Laplace pressure and the residual osmotic pressure difference
in the GUVs, thus preventing the cycle.[37] In the meantime,
we chose the POPC GUVs encapsulated with sucrose (radii of
11.95 µm and 19.08 µm) from the hypo-osmotic experiments,
likewise analyzing the relationship between the number of cy-
cles and cycle time (Fig. 2(e)). The correlation coefficients
were 0.99966 and 0.99947 respectively, which meant that the
experimental data were well distributed around the theoretical
simulation curve. The results contribute to understanding the

size dependence of the response of the real cell to the hypo-
osmotic environment.

The permeability of cell membranes of different species is
highly variable (plants have a high magnitude of permeability,
while animals have a low magnitude of permeability), regulat-
ing physiological functions such as morphological evolution
of the membrane and protein activity of the bio-membrane.[38]

It can be seen from Eq. (1) that one of the factors affecting
the solvent dynamics of GUVs is the membrane permeabil-
ity P, which is the degree of across the membrane of water
molecules. Next, we considered swell–burst cycles with per-
meability of 2× 10−4 m/s, 2× 10−5 m/s, and 2× 10−6 m/s,
from which i–T curves were obtained (Fig. 3(a)). It is worth
noting that for GUVs of P = 2 × 10−6 m/s, the number of
cycles required to reach balance was half that for GUVs of
P = 2× 10−4 m/s. Since the GUVs had a large permeability,
more water molecules were permeating across the membrane
per unit time,[39] which sped up the swelling velocity, reduc-
ing the time used for one cycle. Consequently, the number
of cycles was relatively higher. Noticeably, the cycle time in-
creased with the number of cycles, and the GUVs with higher
permeability had shorter cycle times for the same number of
cycles. The results indicated that the cycle time was influ-
enced by swelling velocity, which could be regulated via the
permeability parameter.

Viscosity is one of the key biophysical parameters, and
has been increasingly investigated. For example, people who
suffer from heart attacks and strokes have a high level of blood
viscosity.[40] From Eq. (2), we can see that the dynamics of
pore radius have a certain functional relationship with viscos-
ity. To explore the importance of the ηs parameter on the
swell–burst cycles, it was simulated at 10−4 Pa·s, 10−3 Pa·s,
and 10−2 Pa·s, respectively (Fig. 3(b)). Then, we fitted the ex-
ponential distribution of the cycle time (T ) with the number
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of cycles (i) (the indices are 1.176, 1.184, and 1.399, respec-
tively). Based on the results, it can be seen that the cycle time
increased due to taking the higher viscosity for the same num-
ber of cycles. The results revealed that the adjustment of the
viscosity had an impact on the cycle time. This meant that
a large viscosity made the number of cycles decrease (when
ηs = 10−2 Pa·s, the number of cycles was only 4). There is no
denying that a prolonged swell–burst cycle of liposomes could
be achieved through changing the solution viscosity.

0

5
10

15
20

100

101

102

103

P/
Τ -4 m/s

η
s=

10 -2 Pa⋅s
η
s=

10 -3 Pa⋅sη
s=

10 -4 Pa⋅s

P/
Τ -5 m/s

P/
Τ -6 m/s

ηη
s=

1
=

1

ηη
s=

1
=

100 -3 Pηη
s=

1
=

100 -40

5
10

15
20

10-1

100

101

102

103

Cycle (i)

Cycle (i)

(a)

(b)

T
 (

s)
T
 (

s)

Fig. 3. Influence of permeability P and viscosity ηs of GUVs on the cy-
cle dynamics. (a) Functional relationship between cycle time T and number
of cycles i (P = 2× 10−4 m/s, P = 2× 10−5 m/s, P = 2× 10−6 m/s). (b)
Function curves of cycle time T with number of cycles i (ηs = 10−4 Pa·s,
ηs = 10−3 Pa·s, ηs = 10−2 Pa·s). The cycle time shows the y-axis data loga-
rithmically, highlighting the exponential correlation.

To deeply understand the underlying mechanisms of the
dependence of swell–burst cycling dynamics on vesicle radius,
permeability, and viscosity, we quantitatively discussed them.
For the parameter of vesicle radius, the swelling phase was
characterized by a linear increase in the radius of GUVs (ex-
cept for the final cycle i = 12). For example, for i = 1, the
vesicle radius increased from 8 µm to 25 µm, and the swelling
slope ((Rc/R0)/tswell) decreased by 68.7%; for i = 6, the
swelling slope decreased by 75.9% (Fig. 4(a)). This shows that

at the beginning of the cycle (∆posm > ∆pL), which was suf-
ficient to maintain the velocity of vesicle swelling. As ∆posm

became infinitely close to ∆pL, the reduction of the driving
force drove the swelling velocity to slow down, resulting in
strong nonlinear time dependence of the final cycle. The cycle
time had a near-linear to higher-than-linear dependence on the
vesicle radius (Fig. 4(b)). This meant that for a small vesicle
radius of GUVs, the membrane tension (σ ) increased at a fast
velocity (this state of the membrane tension was an increas-
ing function of time), allowing the energy barrier for opening
a pore to be reached more quickly, thus effectively shortening
the cycle time. For the parameter of permeability, the cycle
time had a negative exponential dependence on permeability
(Fig. 4(c)). The membrane tension (σ ) increased intermit-
tently at an accelerated velocity, corresponding to fast stretch-
ing of the membrane along with shorter swelling time, leading
to a shorter cycle time. For the parameter of viscosity, the cy-
cle time had a strong nonlinear viscosity dependence, increas-
ing at higher viscosity (Fig. 4(d)). Note that the higher part
than the linear region from 0.00166◦ increased to 0.00558◦.
One potential explanation is that the viscous enrichment of the
solution environment permitted the escape of large amounts
of solute. This meant that the osmotic pressure (∆posm) for
initiating the next cycle decreased dramatically, hence a quick
increase in curve deviation.

Indeed, permeability is dependent on the structure of the
phospholipid bilayer. The order of the lipid bilayer could
be adjusted by polyunsaturated phospholipids. Furthermore,
the permeability of the mixture bilayer is a linearly increas-
ing function of SDPC mol%.[41] Hence, we used a lipid mix-
ture of POPC:SDPC (1:1 mol%:mol%) encapsulated with su-
crose solution for the experimental study (Fig. 5(a)). We
identified that the increase in pore lifetime prolonged the cy-
cle time (250 ms). Following that, we simulated curves of
pore lifetimes with dτ/di increasing exponentially (Fig. 5(c)
grey histogram and red point-line diagram). From the time
range of the vertical axis, it can be seen that the pore lifetimes
were prolonged as the permeability increased (the longest pore
lifetimes at P = 2 × 10−4 m/s could reach about 500 ms,
while the longest pore lifetimes at P = 2 × 10−4 m/s could
reach about 26 ms). It could be inferred that taking the
different permeability values influenced the line tension. It
was previously reported that the line tension could be mea-
sured by different membrane components. It was found that
adding dioleoylphosphatidylethanolamine to the DOPC mem-
brane could reduce the line tension.[42] Accordingly, we boldly
speculated that the phospholipid mixture of POPC:SDPC (1:1
mol%:mol%) would cause a decrease in the line tension. Our
results provided a novel idea for investigation of the quanti-
tative relationship between line tension and polyunsaturated
lipid components.
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Fig. 4. Regulation of the cycling dynamics of GUVs. (a) Time dependence of the vesicle radius during the swelling phase. (b) Vesicle radius dependence of
cycling dynamics. (c) Permeability dependence of cycling dynamics. (d) Viscosity dependence of cycling dynamics.

Moreover, viscosity depends on the properties of the so-
lution, as sucrose solution flows more freely than glycerol so-
lution. We exposed POPC vesicles with 70% v/v glycerol to
the hypo-osmotic medium to explore the effect of viscosity
parameters on the swell–burst cycle by experimental means
(Fig. 5(b)). One distinguishing aspect was prolonged pore
lifetimes with a consequent increase in the cycle time up to
400 ms. It was evident that such a method provided some
time for internal drug release from the vesicles. Thus, we the-
oretically conducted that the relationship between pore life-
times τ and i was plotted (Fig. 5(c) blue histogram and green
point-line diagram). We noticed that the pore lifetime with
ηs = 10−2 Pa·s was six orders of magnitude longer than that
with ηs = 10−4 Pa·s. This suggested that the increase in vis-
cosity reduced the line tension, stabilized pore boundary, and
increased the pore lifetime, thus increasing the cycle time. It
is reasonable to assume that the viscosity of different orders of
magnitude changed the pore lifetime, thus changing the cycle
time of GUVs. We indicated that the vesicles prepared in vis-
cous solution could obtain long-lived pores, which enhanced
the efficiency of drug delivery through the membrane pore.

The swell and burst of GUVs are mediated by a transient
transmembrane pore, which plays a key role in the swell–burst
cycle under osmotic pressure. Thereby, we chose one of the
cycles to study its dynamic change of pore (Fig. 6(a)). There
was a maximum radius (15.58 µm) of GUVs before opening
a single pore in the POPC vesicle; once the membrane tension
exceeded the critical value, a micrometer pore appeared. The
pore radius (6.8 µm) was approximately 44% of the maximum
radius. On the other hand, it was observed for merely about
45 ms as the excess solute and water molecules overflowed

through the pore, leading to pore closure. To check for leak-
age, we encapsulated GUVs with rhodamine sulfide dye and
noticed that some of the dye was released, while the other part
remained in the resealed vesicle (Fig. 6(b)). Strikingly, a sim-
ilar dynamic could be obtained from theoretical predictions;
we obtained the vesicle radius and pore radius as a function
of time. We noticed that the pore radius of pulse rising was
up (7 µm) to 45% of the critical vesicle radius (15.6 µm), and
the pore lifetime was 40 ms from the time scale. The theoret-
ical and experimental results were in good agreement, which
meant that the pore radius and lifetime could be adjusted by
regulation of the parameter values in theory or changing the
experimental conditions in the experiment. For example, us-
ing a viscous mixture to slow down the leakage of internal
liquid in the presence of a pore allowed the pore to reach a
large radius (several micrometers) and last for at least a few
seconds.

Furthermore, it should be noted that short pore lifetime
is one of the constraining factors in the practical applica-
tion of drug on-demand delivery.[43] In addition, the pore
lifetime is inversely proportional to the line tension. Nev-
ertheless, it is difficult to measure the value of line tension
directly in the experiment. The reason is that the edge of
the lipid bilayer is hardly stable for a long time. In this
study, we reported a method to determine line tension indi-
rectly. The fluorescent images of pore transmembrane trans-
port (Fig. 6(c)) revealed that the small vesicle (Rs = 3.3 µm)
inside the large vesicle (RL1 = 19.47 µm) was dragged out
of the GUVs (RL2 = 19.18 µm) by the leaking liquid in the
hypo-osmotic medium. It was supposed that the small vesicle
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Fig. 5. Influence of permeability P and viscosity ηs on pore lifetime. (a) Mi-
croscopic images of GUVs composed of POPC:SDPC (1:1). The white ar-
rows indicate the pore location and the cycle time is displayed as 0.25 s. Scale
bars represent 5 µm. (b) Fluorescence micrograph of POPC vesicle contain-
ing 70% glycerol (v/v) for one cycle. The white arrows indicate the pore
location and the cycle time is displayed as 0.4 s. Scale bars represent 5 µm.
(c) When P and ηs take different values (grey histogram: P = 2×10−4 m/s,
red point-line diagram: P = 2× 10−6 m/s, blue histogram: ηs = 10−4Pa·s,
green point-line diagram: ηs = 10−2 Pa·s), the pore lifetime τ changes with
the number of cycles.

moved linearly at a constant rate (v) and the initial displace-
ment was set to y = 0. Therefore, it could be determined
that v = dy/dt = 19.61 µm/90 ms ≈ 0.22 µm/ms. Using the
following formula: πR2

s vt + 4πR3
L2/3 = 4πR3

L1/3, the value
of RL1 (19.33 µm) could be deduced. The calculated value
was close to the measured value, indicating the availability
of the formula. More importantly, it provided a simplified
method for roughly estimating the amount of leakage. Of
course, drugs with higher molecular mass may undergo a fur-
ther increase in osmotic pressure difference to achieve re-
lease. Moreover, the line tension could be inferred from the
rate of small vesicle transport which predicted that the value
(3πηsRL1v/2 ≈ 2.02× 10−11 N) was slightly higher than the
theoretical simulation value (Table 1, 10−11 N), yet they were

of the same order of magnitude. Indeed, other physical and
biological factors also had an impact on the rearrangement of
marginal lipids (such as temperature and lipid composition).
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Fig. 6. Pore dynamics of GUVs. (a) Theoretical simulation curves of vesi-
cle radius R and pore radius r with time t. The black dots represent the
experimentally measured values. (b) Micrographs of fluorescent leakage vi-
sualizing the diffusion of solute through a pore. The leakage of fluorescent
dyes is made obvious by increasing the contrast. The white arrow indicates
leakage position. Scale bars represent 2 µm. (c) Small vesicle escaping from
a large vesicle. The small vesicle indicated by the white arrow was first lo-
cated in the large vesicle (0 ms). Then the appearance of the transient pore
promoted the movement of the small vesicle (45 ms), until it finally left the
large vesicle (90 ms). Scale bars represent 5 µm.

4. Conclusion
In this study, by adjusting the three GUV physical pa-

rameters of initial radius R0, membrane permeability P, and
solution viscosity ηs, quantitative analysis of the swell–burst
cycle process in a hypo-osmotic medium was successfully ob-
tained. Both theoretical simulations and experiments showed
that a large initial radius depended on a slow dynamic process.
The simulation predicted that the membrane permeability de-
creased by two orders of magnitude, resulting in a halving of
the number of cycles required to reach balance. The solution
viscosity increased by two orders of magnitude, leading to an
increase in pore lifetime by six orders of magnitude. The pre-
diction results provided a theoretical basis for the experiment.
We acknowledged that the potential impact of thermal distur-
bance on the cycle had not been considered here. It will be of
great significance to build a model closer to the real biophys-
ical process in future research. Furthermore, it was demon-
strated experimentally that the phospholipid membrane with
high permeability or vesicles of viscous solution prolonged

098701-7



Chin. Phys. B 31, 098701 (2022)

the cycle time via increasing the pore lifetimes, which de-
pended on the line tension. We quantitatively measured the
linear tension of the membrane pore through the release ve-
locity of inclusion, which played a key role in the resealing
mechanism of the membrane in the physical scheme of drug
release. The findings contribute to the study of self-assembly
and self-healing of the bilayer structure of lipids, which has
broad application prospects.
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[19] Oglȩcka K, Rangamani P, Liedberg B, Kraut R S and Parikh A N 2014

eLife 3 e03695
[20] Imran A, Popescu D and Movileanu L 2020 Langmuir 36 3659
[21] Erik R, Fredrik H and Bengt K 2003 Langmuir 19 1681
[22] Liu X L and Schnellmann R G 2003 J. Pharmacol. Exp. Ther. 304 63
[23] Fujiwara K and Yanagisawa M 2017 Soft Matter 13 9192
[24] Bi H M, Yang B, Wang L, Cao W W and Han X J 2013 J. Mater. Chem.

A 1 7125
[25] Velegol D, Garg A, Guha R, Kar A and Kumar M 2016 Soft Matter 12

4686
[26] Tu Z C and Ouyang Z C 2014 Adv. Colloid Interface Sci. 208 66
[27] Karatekin E, Sandre O and BrochardWyart F 2003 Polym. Int. 52 486
[28] Levadny V, Tsuboi T A, Belaya M and Yamazaki M 2013 Langmuir 29

3848
[29] Guo M, Pegoraro A F, Mao A, Zhou E H, Arany P R, Han Y, Burnette

D T, Jensen M H, Kasza K E, Moore J R, Mackintosh F C, Fredberg J
J, Mooney D J, Lippincott-Schwartz J and Weitz D A 2017 Proc. Natl.
Acad. Sci. USA 114 E8618

[30] Lira R B, Leomil F S C, Melo R J, Riske K A and Dimova R 2021 Adv.
Sci. 8 2004068

[31] Anamika S, Harikesh D, Indu S and Dharmchand P S 2012 J. Appl.
Pharm. Sci. 02 166

[32] Koslov M M and Markin V S 1984 J. Theor. Biol. 109 17
[33] Alam S S U, Ghatak C, Sayem K M A, Moniruzzaman M and Yamazaki

M 2017 Biophys. J. 112 1290
[34] Alam S S U, Ghatak C, Sayem K M A, Moniruzzaman M and Yamazaki

M 2016 Biophys. J. 111 2190
[35] Liviu I G and Dumitru P 2019 Biosystems 179 48
[36] Wongsirojkul N, Shimokawa N, Opaprakasit P, Takagi M and Hamada

T 2020 Langmuir 36 2937
[37] Popescu D and Popescu A G 2008 J. Theor. Biol. 254 515
[38] Ha Y, Y Koo, Park S K, Kim G E, Oh H B, Kim H R and Kwon J H

2021 RSC Adv. 11 32000
[39] Fettiplace R and Haydon D A 1980 Physiol. Rev. 60 510
[40] Dobrovol’skii N A, Lopukhin Y M, Parfenov A S and Peshkov A V

1997 Biomed. Eng. 31 140
[41] Foley S, Miller E, Braziel S and Lee S 2020 Biochim. Biophys. Acta

Biomembr. 1862 183365
[42] Portet T and Dimova R 2010 Biophys. J. 99 3264
[43] Su W C, Gettel D L, Chabanon M, Rangamani P and Parikh A N 2018

J. Am. Oil Chem. Soc. 140 691

098701-8

http://dx.doi.org/10.1126/science.175.4023.720
http://dx.doi.org/10.1103/PhysRevE.80.011910
http://dx.doi.org/10.1182/blood.V90.4.1684
http://dx.doi.org/10.1039/D1RA05138E
http://dx.doi.org/10.1088/1674-1056/24/11/113601
http://dx.doi.org/10.1016/S0006-3495(94)80996-8
http://dx.doi.org/10.1021/jacs.5b11918
http://dx.doi.org/10.1088/1674-1056/22/2/028701
http://dx.doi.org/10.1039/C5RA09683A
http://dx.doi.org/10.1021/la401054g
http://dx.doi.org/10.1021/la401054g
http://dx.doi.org/10.1016/0375-9601(75)90402-8
http://dx.doi.org/10.1152/advan.00083.2016
http://dx.doi.org/10.1080/09205063.2012.690282
http://dx.doi.org/10.1080/09205063.2012.690282
http://dx.doi.org/10.1002/cbic.201000010
http://dx.doi.org/10.1016/j.bbamcr.2012.11.006
http://dx.doi.org/10.1016/j.bbamcr.2012.11.006
http://dx.doi.org/10.1155/2017/1542156
http://dx.doi.org/10.1103/PhysRevLett.106.168101
http://dx.doi.org/10.1016/S0006-3495(03)74981-9
http://dx.doi.org/10.7554/eLife.03695
http://dx.doi.org/10.7554/eLife.03695
http://dx.doi.org/10.1021/acs.langmuir.9b03923
http://dx.doi.org/10.1021/la0263920
http://dx.doi.org/10.1124/jpet.102.043406
http://dx.doi.org/10.1039/C7SM01421J
http://dx.doi.org/10.1039/c3ta10323d
http://dx.doi.org/10.1039/c3ta10323d
http://dx.doi.org/10.1039/C6SM00052E
http://dx.doi.org/10.1039/C6SM00052E
http://dx.doi.org/10.1016/j.cis.2014.01.008
http://dx.doi.org/10.1002/(ISSN)1097-0126
http://dx.doi.org/10.1021/la304662p
http://dx.doi.org/10.1021/la304662p
http://dx.doi.org/10.1073/pnas.1705179114
http://dx.doi.org/10.1073/pnas.1705179114
http://dx.doi.org/10.1002/advs.v8.11
http://dx.doi.org/10.1002/advs.v8.11
https://japsonline.com/admin/php/uploads/414_pdf.pdf
https://japsonline.com/admin/php/uploads/414_pdf.pdf
http://dx.doi.org/10.1016/S0022-5193(84)80108-3
http://dx.doi.org/10.1016/j.bpj.2017.03.001
http://dx.doi.org/10.1016/j.bpj.2016.09.043
http://dx.doi.org/10.1016/j.biosystems.2019.03.001
http://dx.doi.org/10.1021/acs.langmuir.9b03893
http://dx.doi.org/10.1016/j.jtbi.2008.07.009
http://dx.doi.org/10.1039/D1RA05478C
http://dx.doi.org/10.1152/physrev.1980.60.2.510
http://dx.doi.org/10.1007/BF02369060
http://dx.doi.org/10.1016/j.bbamem.2020.183365
http://dx.doi.org/10.1016/j.bbamem.2020.183365
http://dx.doi.org/10.1016/j.bpj.2010.09.032
http://dx.doi.org/10.1021/jacs.7b10192
http://dx.doi.org/10.1021/jacs.7b10192

	1. Introduction
	2. Experimental details
	2.1. Materials
	2.2. Electroformation of GUV preparation
	2.3. Fluorescence microscopic characterization of GUVs

	3. Results and discussion
	4. Conclusion
	References

