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ABSTRACT  

Osmotic pressure () induces membrane tension in cells and lipid vesicles, which may affect the activity 

of antimicrobial peptides (AMPs) by an unknown mechanism. We recently quantitated the membrane tension 

of giant unilamellar vesicles (GUVs) due to  under physiological conditions. Here, we applied this method to 

examine the effect of  on the interaction of the AMP magainin 2 (Mag) with single GUVs. Under low  values, 

Mag induced the formation of nanometer-scale pores, through which water-soluble fluorescent probe AF488 

permeates across the membrane. The rate constant for Mag-induced pore formation (kp) increased with 

increasing . It has been proposed that the membrane tension in the GUV inner leaflet (in) caused by Mag 

binding to the outer leaflet plays a vital role in Mag-induced pore formation. During the interactions between 

Mag and GUVs under , the in increases due to , thereby increasing kp. The relationship between the kp and 

the total in due to  and Mag agreed with that without . In contrast, Mag induced rupture of a subset of GUVs 

under higher . Using fluorescence microscopy with a high-speed camera, the GUV rupture process was 

revealed. First, a small micrometer-scale pore was observed in individual GUVs. Then, the pore radius increased 

within ~100 ms without changing the GUV diameter and concomitantly the thickness of the membrane at the 

pore rim increased, and finally the GUV transformed into a membrane aggregate. Based on these results, we 

discussed the effect of  on Mag-induced damage of GUV membranes. 
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1. Introduction 

When osmotic pressure () is applied to cells and lipid vesicles, tension is produced in plasma membranes 

and lipid bilayers. This membrane tension affects the physiological function of membrane proteins and the 

physical properties of these membranes (1-3). The effects of  on physical properties of lipid bilayers have 

been investigated using a suspension of large unilamellar vesicles (LUVs). The leakage of small water-soluble 

probes from the LUVs under  has been estimated to elucidate the -induced pore formation in the LUV 

membranes (4,5). The -induced volume change of LUVs and changes in other physical properties have been 

examined using the LUV suspension method (many references cited in Ref. 6). Osmotic pressure affects not 

only the function of membrane proteins such as mechanosensitive ion channels but also that of lytic peptides 

(e.g., venom peptide such as mastoparan and melittin). These peptides can induce leakage of internal contents 

from eukaryotic cells. It was reported that osmotic pressure affects the interaction of lytic peptides with LUVs 

(7). However, it is difficult to obtain details about the elementary processes and mechanisms using the LUV 

suspension method. There are many LUV shapes in a suspension of LUVs, including nonspherical vesicles that 

change their shape upon the application of osmotic pressure (8,9). Thus, to investigate the effect of membrane 

tension due to osmotic pressure, it is necessary to select spherical LUVs. However, it is difficult to separate 

spherical LUVs from an ensemble of LUV shapes. In contrast, we are capable of observing the size and shape 

of giant unilamellar vesicles (GUVs) in a buffer using optical microscopy (10,11), and selecting only spherical 

GUVs for analysis of interactions with peptides and proteins. It has been demonstrated recently that the data 

using the GUVs provide more valuable information on -induced pore formation and leakage of internal 

contents (6,12,13).  

Antimicrobial peptides (AMPs) have an activity to suppress the proliferation of and kill bacterial cells. 

Most AMPs attack the plasma membrane of bacterial cells and induce leakage of the internal contents, which is 

considered the main mechanism of their antimicrobial activities (14-16). The leakage of fluorescent probes from 

LUVs has been investigated using LUV suspensions to monitor AMP-induced damage to lipid bilayers (17-21). 

Generally, vesicle leakage occurs due to various mechanisms including pore formation, membrane fusion, 
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solubilization of membranes, and vesicle rupture (22). However, observation of interactions with individual 

LUVs is not possible; thus, it is very difficult to identify the underlying leakage mechanism. In contrast, 

observation of interactions between AMPs and individual GUVs permits identification of internal content 

leakage, structural changes, and physical properties, which provides direct information regarding the leakage 

mechanism (23). Statistical analysis of changes of the physical quantities of the examined single GUVs will 

enable acquisition of detailed information on elementary leakage processes such as the rate constant for pore 

formation, the rate constant for leakage, and the membrane permeability coefficient (23). Using a single GUV 

method, we can categorize the cause of substance-induced leakage as toroidal pore (e.g., magainin 2 (Mag)), 

channel-like pore (e.g., lysenin), vesicle rupture (or burst) (e.g., epigallocatechin gallate), or local rupture (e.g., 

lactoferricin B).  

Using single GUVs, we examined the effect of membrane tension on the interaction of AMP Mag with 

lipid bilayers by applying membrane tension to single GUVs due to the pressure difference between the inside 

and the outside of a micropipette (i.e., the micropipette aspiration method) (24). During the interaction of Mag 

with a single GUV with membrane tension, the GUV is suddenly aspirated into the micropipette. It is interpreted 

that this aspiration of the GUV occurs because of GUV rupture triggered by Mag-induced pore formation in the 

GUV membrane. This is the same interpretation for the results of the tension-induced rupture of GUVs (25-28), 

where during the application of membrane tension to a GUV using the micropipette aspiration method we 

observe the sudden aspiration of the GUV into the micropipette. This result is interpreted as follows: first 

membrane tension induces a nanometer-scale pore in the GUV membrane, then membrane tension enlarges the 

radius of pore, resulting in rupture of GUV, and finally the GUV is rapidly aspirated into the micropipette due 

to the pressure difference between the inside and the outside of a micropipette (25-28). Statistical analysis of a 

large population of Mag-induced rupture of GUVs under membrane tension provides the rate constant for GUV 

rupture, which is almost the same as that for pore formation, because the GUVs are aspirated into the 

micropipette immediately after pore formation (24). The rate constant for GUV rupture increases with 

increasing membrane tension, indicating that the rate constant for Mag-induced pore formation increases with 
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increasing membrane tension. However, this method does not permit the direct observation of Mag-induced 

pore formation in the membrane owing to the rapid aspiration of the GUV into the micropipette, and we cannot 

obtain details on pore evolution because the GUV is aspirated immediately after pore formation.  

In this study, to overcome this drawback of the micropipette aspiration method to apply membrane tension 

to GUVs, we used the osmotic pressure method to apply membrane tension to GUVs for the study of the effect 

of membrane tension on AMP-induced pore formation. So far, there has been no methods to estimate 

experimentally the membrane tension of the GUVs under . Recently we have developed a new experimental 

method to estimate accurately the membrane tension in spherical GUVs, and succeeded in measuring the values 

of membrane tension in GUVs under  in water (6) and in a buffer containing 150 mM NaCl (which is similar 

to the physiological condition of human body) (12), which agree with their theoretical values. Later, other 

researchers also obtained the similar values of membrane tension of GUVs under  using a different method 

(29). We can reasonably expect that the AMP-induced pore formation in the GUV membrane and the following 

evolution of the pore is observed using the osmotic pressure method. This is supported by the fact that large 

osmotic pressure itself does not induce rupture of GUVs but forms a transient pore with a life time of less than 

100 ms (6). This fact is reasonably explained as follows: immediately after -induced pore formation the 

membrane tension greatly decreases because of rapid leakage of the internal solution from the GUV lumen to 

its outside due to the positive pressure in the GUV lumen according to Laplace’s law, and thus, the pore closes 

rapidly owing to the large line tension of the pore, which is well supported by the theories (30,31). Moreover, 

in this study, we applied only small membrane tension to GUVs using  which does not induce pore formation 

nor rupture of GUVs. Under this condition, we examined the effect of membrane tension due to  on the 

interaction of Mag with single GUVs, focusing on Mag-induced pore formation. Various membrane tensions 

due to  can be applied to GUVs using a method reported previously (12). To monitor the leakage of fluorescent 

probes from single GUVs, we used a low concentration (6 M) of the water-soluble fluorescent probe Alexa 

Fluor 488 hydrazide (AF488), because it does not induce significant osmotic pressure. Under low  values, we 

found that Mag induces AF488 leakage from GUVs without significantly changing the radius of the GUVs. 
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This result indicates that Mag induces formation of nanometer-scale pores that cannot be detected using optical 

microscopy (i.e., the diameter of the pore is less than 0.5 m), which is the same phenomenon observed in the 

absence of  (23). The rate constant for Mag-induced pore formation increased with increasing . In contrast, 

under higher , Mag induced rupture of GUVs to be converted to membrane aggregates in some GUVs. To 

elucidate the processes underlying the GUV rupture, we observed Mag-induced shape changes in GUVs using 

fluorescence microscopy with a high time resolution (with fluorescent probe-labeled lipids). Based on these 

data, we discuss the effect of  on the interaction of Mag with single GUVs.  

 

2. MATERIALS AND METHODS 

2.1. Chemicals 

Dioleoylphosphatidylcholine (DOPC), dioleoylphosphatidylglycerol (DOPG), and 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazole-4-yl) (18:1 NBD-PE; hereafter abbreviated 

NBD-PE) were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). AF488 was purchased from 

Invitrogen (Carlsbad, CA, USA). Bovine serum albumin (BSA) was purchased from FUJIFILM Wako Pure 

Chemical Co. (Osaka, Japan). Mag was synthesized by the FastMoc method using an Initiator+ Alstra (Biotage, 

Uppsala, Sweden) (32), and purification of Mag was performed using reverse phase HPLC and verified using 

mass spectroscopy.  

2.2. Preparation and purification of GUVs 

GUVs composed of DOPG/DOPC (4/6; molar ratio) (hereafter abbreviated DOPG/DOPC (4/6)-GUVs) 

containing the water-soluble fluorescent probe AF488 were prepared using the natural swelling method (12,33). 

We used GUVs containing AF488 in their lumen to evaluate Mag-induced leakage, and the experiment 

evaluating Mag-induced shape changes used GUVs composed of DOPG/DOPC/NBD-PE (39/60/1) (hereafter 

abbreviated DOPG/DOPC/NBD-PE-GUVs) not containing AF488. First, 200 L of a 1.0 mM mixture of DOPG 

and DOPC (DOPG/DOPC = 4/6) or a mixture of DOPG, DOPC, and NBD-PE (DOPG/DOPC/NBD-PE = 

39/60/1) in chloroform in a glass vial were dried under a gentle stream of nitrogen gas and subsequently in a 
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vacuum desiccator for more than 12 h. Next, 20 L Milli-Q was placed on the dry film in the glass vial and the 

mixture was incubated at 4547 C for 7 min (pre-hydration). The pre-hydrated film was then incubated with 

1.0 mL buffer A (10 mM PIPES, pH 7.0, 150 mM NaCl and 1 mM EGTA) containing 6.0 M AF488 (for 

leakage experiments only) and 100 mM sucrose for 2 h at 37 C, which produces a GUV suspension. The GUV 

lumen’s osmolarity (Cin
0) was 388 mOsm/L. After centrifugation (14000 g  20 min at 20 C) of the GUV 

suspension, the GUVs in the resultant supernatant were purified by the membrane filtering method to remove 

smaller GUVs, LUVs, free AF488, and sucrose (33). Briefly, after the filtration of the GUV suspension through 

a Nuclepore polycarbonate membrane (10 m pore size; Whatman, GE Healthcare, Ltd., Buckinghamshire, 

UK) in buffer A containing 93 mM glucose (388 mOsm/L) at a flow rate of 1 mL/min for 1 h, the unfiltered 

GUV suspension was collected as a purified GUV suspension. The osmolarity of the buffer using the filtration 

is the same as that of the GUV lumen.    

2.3. Application of osmotic pressure to GUVs 

To apply an osmotic pressure to GUVs and estimate its induced membrane tension, we used the same 

methods described previously (6,12). When GUVs with lumenal osmolarity of Cin
0 (mOsm/L) are transferred 

into a hypotonic solution with an osmolarity of Cout (mOsm/L), the osmotic pressure  applied to the GUVs is 

equal to RTC0, where C0 = Cin
0
  Cout, R is the gas constant and T is the absolute temperature. Here, mOsm/L 

is the same as mM (mmol/L) or mol/m3 (6). Under this condition, the radius of the GUV (its initial radius of r0) 

increases by req at equilibrium, and consequently a membrane tension at the swelling equilibrium (osm) is 

produced in the GUV membrane. Based on the theory developed in our previous report (12), we can obtain the 

following equations for GUVs in a buffer containing a physiological ion concentration. 

𝜎୭ୱ୫ ൌ
ଶ௄bil௱஼బ

ଷ஼out
                                (1) 

                     ௱௥eq
௥బ

ൌ
௱஼బ

ଷ஼out
                                   (2) 

where Kbil is the elastic modulus of a lipid bilayer. For the DOPG/DOPC (4/6)-GUVs in buffer A containing 

~100 mM glucose, the experimental values of osm, and req/ r0 agree with the theoretical values obtained by 

Eqs. 1 and 2 (12). 
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2.4. Magainin 2-induced leakage of AF488 from single GUVs under osmotic pressure 

The method described in section 2.3 was used to apply osmotic pressure. Briefly, a suspension of GUVs 

containing 6.0 M AF488, purified according to section 2.2, was transferred into buffer A with a lower 

osmolarity compared with the GUV lumen (12) in a microchamber pre-coated with BSA (22). The single GUV 

method was used for the experiments evaluating interactions between Mag and single DOPG/DOPC (4/6)-

GUVs (22,23). The interaction of Mag with single GUVs containing 6.0 M AF488 was induced by the 

continuous addition of a Mag solution to the vicinity of a GUV by a micropipette (20-m-diameter) whose tip 

was placed at a distance of 70 m from the target GUV using a positive pressure of 30 Pa. Under this condition, 

the Mag concentration near the GUV was 78% of the Mag concentration in the micropipette (24). During 

interactions at 25  1 C, which was controlled by a thermo-controlled stage system, the shape and AF488 

fluorescence intensity of the GUV were monitored using an inverted fluorescent phase-contrast microscope (IX-

73, Olympus, Tokyo, Japan) with a digital CMOS camera (ORCA-Flash 4.0 V3, Hamamatsu Photonics K.K., 

Hamamatsu, Japan). To prevent AF488 photobleaching, two neutral density (ND) filters (a ND6 filter and a 

ND25 filter) were used to control the intensity of the incident light. The exposure time was 1.0 s. The intensity 

of AF488 fluorescence of the GUV lumen was analyzed using HCImage software (Hamamatsu Photonics K.K.). 

The detailed experimental procedure of the single GUV method was reported previously (22,24).  

2.5. Magainin 2-induced shape changes in single GUVs under osmotic pressure 

   The method described in section 2.3 was used to apply osmotic pressure. DOPG/DOPC/NBD-PE-GUVs 

were prepared according to section 2.2. The method of investigating interactions between Mag and single GUVs 

was described in section 2.4. The NBD-PE fluorescence images and phase-contrast images of GUV shapes were 

monitored at 25  1 C using an inverted fluorescent phase-contrast microscope (IX-73) with an ORCA-Flash 

4.0 V3 camera with an exposure time of 10 ms, and subsequently analyzed using HCImage software. To prevent 

photobleaching of NBD-PE, a neutral density (ND) 25 filter was used to control the intensity of the incident 

light.  

2.6. Measurement of magainin 2-induced changes in GUV membrane area under osmotic pressure  
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 Mag-induced changes in GUV area in the presence of osmotic pressure were measured using the 

micropipette method (24,34). A suspension of GUVs purified according to section 2.2 was transferred into 

buffer A with a lower osmolarity relative to the GUV lumen (12) in a microchamber pre-coated with BSA. The 

GUVs were observed at 25  1 C using an inverted differential interference contrast (DIC) microscope (IX-71, 

Olympus) with a CMOS camera (JCS-HR5UL, Olympus). We applied a slight aspiration pressure to individual 

GUVs in the solution using a micropipette α (10-m-diameter) to hold the GUV at the micropipette’s tip (which 

induces a membrane tension in the GUV of 0.5 mN/m) (24). The micropipette was coated with BSA and filled 

with buffer A of the same osmolarity as the buffer in the microchamber containing the GUVs. After the GUV 

was maintained under this condition for 2 min to eliminate the hidden-excess area of the GUV such as long, 

narrow tubes (references cited in Ref. 6), we applied a positive pressure of 30 Pa to another micropipette β (20-

m-diameter) whose tip was located ~40 m from the GUV to continuously add a Mag solution from 

micropipette β to the vicinity of the GUV. The Mag solution had the same osmolarity as the buffer in the 

microchamber. The pressure in the micropipette was precisely controlled using a differential pressure transducer 

(22,24). This condition resulted in the Mag concentration near the GUV being 58% of the Mag concentration 

in micropipette β (24). 

  The changes in Mag-induced GUV membrane area is calculated as follows. Before exposure to Mag, the 

area of a GUV membrane is S0. During the interaction with Mag, the area of the GUV (S) increases with time 

and reaches an equilibrium value (Seq). The GUV area change, S (= S  S0), can be expressed by the fractional 

area change (), which is equal to S/S0. If we assume the volume of the GUV changes during the interaction, 

then  can be obtained as follows (35):   

                     𝛿 ൌ
∆௅ௗ౦ା஽౬మି஽౬బ

మ

஽౬బ
మ                              (3) 

where L is the change in projection length of the GUV inside the micropipette after interaction with Mag, DV 

and DV0 are the diameter of the spherical region of the GUV outside micropipette α after and before interaction 

with Mag, respectively, and dp is the inner diameter of micropipette α.  

3. RESULTS AND DISCUSSIONS 
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3.1. Magainin 2-induced pore formation in single GUVs in the presence of osmotic pressure 

   To elucidate the effects of  on Mag-induced pore formation, the interaction of Mag with single 

DOPG/DOPC (4/6)-GUVs containing 6.0 M AF488 in buffer A in the presence of  was investigated using 

the single GUV method (22,23). It is well known that large constant tension induces pore formation in GUVs 

(27,28). For DOPG/DOPC (4/6)-GUVs in buffer A (containing 150 mM NaCl) used in this report, no pore 

formation occurs at a tension of 3.0 mN/m or less (27). Hence, here we used relatively low osmotic pressures 

that induce membrane tensions of < 3.0 mN/m. 

Initial experiments examined the interaction of 20 M Mag with single GUVs (Cin
0 = 388 mOsm/L) in 

buffer A containing 88.0 mM glucose (Cout = 383 mOsm/L). An osmotic pressure (C0 = 5 mOsm/L) was then 

applied to the GUV, whose membrane tension was estimated to be 1.2 mN/m using Eq. 1. The parameters (Cin
0, 

Cout, and C0) are defined in section 2.3. Figure 1A shows a representative result. Before the interaction, a GUV 

image obtained using phase-contrast microscopy exhibited high contrast (Fig. 1A (1)), due to the difference in 

refractive index between the GUV lumen and its exterior, which is attributed to the differences in sucrose and 

glucose concentrations. An image of the same GUV obtained using fluorescence microscopy (Fig. 1A (2)) 

shows a high intensity of AF488 fluorescence in the GUV lumen at time t = 0. During the interaction between 

Mag and the GUV, the intensity of AF488 fluorescence in the GUV lumen (I) did not change for the first 192 

s, and then decreased gradually to become almost zero at 284 s (Fig. 1A (2)). After the fluorescence intensity 

reached zero, a phase-contrast image of the same GUV (Fig.1A (3)) showed that the GUV shape and size did 

not change, while the phase contrast greatly decreased. As discussed previously (28,29), the decrease in I was 

due to membrane permeation of AF488 from the GUV lumen to its exterior through Mag-induced nanometer-

scale pores in the GUV membrane and the decrease in phase contrast indicates the membrane permeation of 

sucrose from the GUV lumen through the same Mag-induced pores. Figure 1B shows a time course of changes 

in the normalized AF488 fluorescence intensity in the GUV lumen at time t, I(t)/I(0) (i.e., the ratio of the I at 

interaction time t to the initial I at t = 0). Thus, the advent of decreases in I corresponds to the onset of membrane 

permeation of AF488, i.e., pore formation. When we performed the same experiments using 12 single GUVs 
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(the number of examined GUVs, n, was 12), we observed that the membrane permeation of AF488 from 

individual GUVs began at different times, indicating that pores were formed stochastically. As demonstrated 

previously (22,24), the rate constant for pore formation at its initial stage can be estimated by an analysis of the 

time course of the fraction of intact GUVs with no leakage of AF488 among all examined GUVs, Pintact(t). 

Theoretically, this phenomenon can be regarded as a two-state transition from the intact state to the initial pore 

state. Thus, Pintact can be expressed by a single exponential function as follows (22,24), 

                   𝑃intactሺ𝑡ሻ ൌ exp൛െ𝑘୮ሺ𝑡 െ 𝑡eqሻሽ                                  (4) 

where kp is the rate constant for the two-state transition, or the rate constant for Mag-induced nanometer-scale 

pore formation at its initial stage, and teq is a fitting parameter. The Pintact of GUVs under this condition (20 M 

Mag and C0 = 5 mOsm/L) was well fitted by Eq. 4 (Fig. 1C), providing a kp value of 5.9  10−3 s−1. The value 

of kp for this condition was (8 ± 2)  10−3 s−1 (the number of independent experiments, N, was 3). We performed 

the same experiment (interaction of 20 M Mag with single GUVs) using GUVs under isotonic conditions (i.e., 

C0 = 0 mOsm/L), and found that kp was (4.5 ± 1.5)  10−3 s−1 (N = 3). Hence, the kp value increased with 

increasing C0, i.e., the osmotic pressure.  

  Next, we performed experiments examining the interaction of 20 M Mag with single GUVs (Cin
0 = 388 

mOsm/L) in buffer A containing 81.0 mM of glucose (Cout = 376 mOsm/L). Under this condition, an osmotic 

pressure (C0 =12 mOsm/L) applied to the GUVs induces membrane tension of 2.6 mN/m in the GUVs (12). 

We obtained three types of results, which we name leakage without rupture, complete GUV rupture, and 

transient rupture. Figure 2A shows a representative result of “leakage without rupture” due to the formation of 

nanometer-scale pore in the GUV membrane, which is analogous to the result shown in Fig. 1. Figure 2D 

indicates that the starting time of the decrease in I is 111 s, which corresponds to the onset of membrane 

permeation of AF488, i.e., the onset of nanometer-scale pore formation. Figure 2B shows a representative result 

of complete rupture of a GUV. Before Mag exposure, a phase contrast image of a GUV exhibited high contrast 

(Fig. 2B (1)), and the corresponding fluorescence image at t = 0 (Fig. 2B (2)) showed high AF488 fluorescence 

intensity. During the interaction between Mag and the GUV, the AF488 fluorescence intensity in the GUV 
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lumen (I) decreased rapidly from the initial intensity I (0) at 20 s and reached 10% of I (0) at 24 s (Fig. 2B (2), 

2E). After the intensity reached zero, we were unable to observe a phase-contrast image of the spherical GUV, 

rather, only a membrane aggregate was observed (Fig. 2B (3)). This result indicates that Mag induced complete 

rupture (or bursting) of the GUVs and consequently a rapid leakage of AF488 occurred, with the GUVs 

ultimately being reduced to membrane aggregates. This shape change, i.e., the complete rupture (or bursting) 

of GUVs, was observed in the interactions of single GUVs with the antimicrobial substance epigallocatechin 

gallate (36). Figure 2E shows a time course of change in I(t)/I(0). The onset time of the decrease in I corresponds 

to the onset of the rupture of the GUV. In a few GUVs (~10% of all examined GUVs), another shape change 

was observed; where after the rapid leakage of AF488, a smaller, spherical GUV was observed (Fig. 2C). We 

termed this GUV shape change “transient rupture” based on the results shown in Fig. 4E (see the details in the 

section 3.2), although the similar shape change induced by AMP lactoferricin B was previously termed “local 

rupture” because of the AMP-induced decrease in radius of spherical GUVs (37). When the same experiments 

were performed using 15 single GUVs, we observed leakage without rupture in 7 GUVs, complete rupture in 6 

GUVs, and transient rupture in 1 GUV. Figure 2F shows the time course of the fraction of intact GUVs with no 

AF488 leakage among all examined GUVs, Pintact(t). If we consider that the origin of complete rupture and 

transient rupture is Mag-induced nanometer-scale pore formation (see the details in the section 3.2 and the 

general discussion), we can regard both complete rupture and transient rupture as pore formation events. Thus, 

we can apply the theory of a two-state transition from the intact state to the initial pore state, which is expressed 

by Eq. 4. The Pintact of GUVs under this condition (20 M Mag and C0 = 12 mOsm/L) was well fitted by Eq. 

4 (Fig. 2F), providing a kp value of 1.7  10−2 s−1. The kp value for this condition was (1.3 ± 0.5)  10−2 s−1 (N = 

4). In Fig. 2F, we marked the data points corresponding to the leakage without rupture, complete rupture, and 

transient rupture using different colored symbols, which shows that there is no preferential distribution of any 

of the three observed effects along time. A similar result was observed in three additional repetitions of the same 

experiment. These results also support that the origin of complete rupture and transient rupture is Mag-induced 
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pore formation. Figure 3 shows the effect of  on the rate constant of Mag-induced pore formation (kp). It is 

clear that the kp increases with increasing .  

 

3.2. Process of the magainin 2-induced rupture of GUVs 

   To reveal the mechanism underlying Mag-induced GUV rupture, we attempted to observe the detailed 

processes of shape changes of the GUVs using NBD-PE fluorescence at a 10 ms time resolution. Since NBD-

PE is incorporated in the GUV membrane, we can monitor shape changes of the GUV membrane during rupture 

using fluorescence microscopy. Figure 4A shows a representative shape change of a GUV during its complete 

rupture induced by Mag (the conditions were 20 M Mag with a single GUV under an osmotic pressure due to 

C0 =12 mOsm/L, i.e., Cin
0 = 388 mOsm/L and Cout = 376 mOsm/L). At the beginning of the interaction, the 

GUV had a homogeneous fluorescence intensity in the membrane. At 20.020 s, a small spot of the GUV 

membrane, indicated by an arrow, exhibited decreased fluorescence intensity. The size of the spot of the 

membrane region with the absence of brightness increased with time and reached a maximum at 20.070 s (50 

ms after the initial observation). Brochard-Wyart and colleagues reported the growth and closure of a pore 

induced by photochemical reaction-driven tension in a GUV using a similar method (38,39). According to them, 

the spot of the membrane region with the absence of brightness corresponds to a micrometer-scale pore (which 

can be observed using optical microscopy) produced in the GUV membrane. Therefore, the result shown in Fig. 

4A indicates that Mag induced a micrometer-scale pore at 20.020 s and its size increased over time to 20.070 s 

(Fig. 4C), where the arc length of the spot of the membrane region with the absence of brightness is used as the 

pore size. After 20.070 s, the arc length increased and the fluorescent microscopic image ultimately showed that 

the GUV became a membrane aggregate (21.610 s of Fig. 4A (2)) and the corresponding phase contrast image 

shows an image of the aggregated membrane (Fig. 4A (3)). Before pore formation, the fluorescence intensity 

of NBD-PE was homogeneous throughout the GUV membrane. In contrast, after pore formation (notably after 

20.040 s) the edge of the membrane contacting the pore exhibited a higher fluorescence intensity that increased 

with time. This result suggests that at the edge of the pore, the membrane folds together and becomes thicker. 
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Figure 4B shows another example of shape change during Mag-induced complete GUV rupture under the same 

conditions. At 17.250 s, the left rim of the GUV started to become irregular, and this rim irregularity increased 

with time. This indicates that micrometer-scale pore formation occurred at the back of the GUVs, thereby 

making it difficult to directly visualize the pore. After 17.290 s, the edge of the membrane contacting the pore 

exhibited an increased fluorescence intensity, which concomitantly increased with decreasing area of the GUV. 

The process of complete rupture of GUVs induced by Mag is similar to that induced by the epigallocatechin 

gallate (36).  

In contrast, Fig. 4D shows that the phase contrast of a GUV under the same conditions (20 M Mag and 

C0 = 12 mOsm/L) greatly decreased after 91 s interaction of Mag with the GUV without appearance of any 

micrometer-scale pores in the membrane and rupture of GUV. This membrane permeation of sucrose from the 

GUV lumen indicates that Mag induced pore formation in the GUV membrane, because such rapid membrane 

permeation does not occur without pore formation, and thus, this interaction belongs to the mode of “leakage 

without rupture” shown in Fig. 2A. Therefore, this result indicates that in the mode of “leakage without rupture” 

the pores are much too small to be observed and likely correspond to a nanometer-scale pore (Fig. 4D).  

We also investigated the shape changes of the GUVs to reveal the mechanism underlying Mag-induced 

transient rupture of GUVs. Figure 4E shows a representative shape change during the Mag-induced transient 

rupture of the GUV under the same conditions (20 M Mag and C0 =12 mOsm/L). At the beginning of the 

interaction, the GUV had a homogeneous fluorescence intensity in the membrane. At 58.450 s, a small spot of 

the GUV membrane (pointed by an arrow) exhibited a lower fluorescence intensity, and then the size of the spot 

of the membrane region with the absence of brightness, i.e., a micrometer-scale pore size, increased with time 

to reach a maximum, and then decreased with time until the micrometer-scale pore closed. Figure 4F (○) shows 

that the pore size (determined by the arc length of the spot of the membrane region with the absence of 

brightness) reached a maximum at 58.560 s (after 110 ms from the initial observation). The estimation of the 

pore size during its decrease from the maximum by the arc length is difficult because the shape of GUV in Fig. 

4E is distorted from the spherical shape, and thus instead of the arc length we used the radius of the pore 
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determined by the half of the distance between both ends of the spot of the membrane region with the absence 

of brightness in the GUV membrane (36). Figure 4F (■) shows that the radius of the pore reached a maximum 

at 58.560 s, then decreased with time, and finally the micrometer-scale pore disappeared at 59.000 s. After that, 

the closed GUV appeared but its diameter decreased by 10 percent. This result indicates that Mag induces a 

micrometer-scale pore at 58.450 s and its radius increases with time by 58.560 s, and then it decreases with time 

until it closes completely (Fig. 4F). As shown in Fig. 4E, after formation of a micrometer-scale pore, the edge 

of the membrane contacting the pore did not exhibit a higher fluorescence intensity, which is different from the 

case of the complete rupture (Fig. 4A and 4B). 

These results clearly indicate that in the Mag-induced complete rupture and transient rupture of GUVs, at 

the initial stage formation of a pore occurs in the GUV membrane and its radius is expanded, and finally the 

GUVs are converted into the aggregation of the membranes and a GUV with a smaller diameter, respectively. 

Thus, these results indicate that the complete rupture and transient rupture of GUVs are originated from pore 

formation in the GUV membrane.  

 

3.3. Effect of osmotic pressure on magainin 2-induced area changes in GUVs  

    It is reported that the binding of Mag to a GUV increases its area (24). Here we examined the effect of  

on Mag-induced GUV area changes using the micropipette method. The method of applying  to the GUVs is 

the same as that used in the section 3.1. First, we adopted the experimental conditions (of peptide concentration 

and osmotic pressure) that do not induce pore formation in most GUVs, because the pore formation induces 

rapid aspiration of the GUV into the micropipette and as a result we cannot measure the GUV area change. 

Thus, the interaction of 5.8 M Mag with single GUVs in the presence of osmotic pressure due to C0 =12 

mOsm/L was investigated. After starting interaction of Mag with a single GUV fixed at the tip of a micropipette 

in the presence of , the projection length of the GUV inside the micropipette increased (Fig. 5A). More 

quantitatively, the fractional area change of the GUV (δ) increased with time to reach a constant value within 

~60 s (Fig. 5B), which can be considered an equilibrium value of δ (δeq). The time course of change in δ is 
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almost the same as that of the GUVs in the absence of  (24). Previously, the binding of Mag to the outer leaflet 

of single GUVs under the same conditions was also investigated using fluorescence probe-labeled Mag (24): 

the binding occurs rapidly to reach its equilibrium in less than 50 s and the time course of the increase in Mag 

concentration in the GUV membrane is almost the same as the time course of change in δ. Therefore, the value 

of δeq is due to the equilibrium binding of Mag to the outer leaflet of the GUVs. Figure 5C shows the equilibrium 

value of the Mag-induced fractional area change of the GUVs (δeq) in the presence of various osmotic pressures. 

Under isotonic conditions (C0 = 0 mOsm/L), the mean value and standard error of δeq was 0.031  0.001 (n = 

42 in N = 3). Increased  resulted in decreased δeq values: 0.027  0.001 (n = 20 in N = 2) at C0 = 5 mOsm/L 

and 0.020  0.001 (n = 36 in N = 3) at C0 = 12 mOsm/L. 

   Next, we investigated the interaction of 20 M Mag with single GUVs in the presence of . Under isotonic 

conditions (C0 = 0 mOsm/L), δeq was 0.041  0.001 (n = 18 in N = 2). However, in the presence of C0 =5 

mOsm/L, most GUVs were aspirated into the micropipette due to pore formation in the GUV membrane before 

reaching an equilibrium value of δ, and thus, the value of δeq could not be obtained.  

   The effect of  on Mag-induced area changes can be explained as follows. It is thought that Mag inserts 

deeply in the membrane interface as an α-helix (parallel with the membrane surface (40,41)) due to high 

membrane interfacial hydrophobicity (32,42). Since the α-helix can be considered a rigid cylinder, insertion of 

the α-helix deeply in the membrane interface results in the production of a steric repulsive force between the α-

helix and lipid molecules (mainly their head groups). This interaction induces conformational changes of lipids, 

which increases the cross-sectional area of lipids under the peptide, thereby inducing an increase in the area of 

the outer leaflet (43). In GUVs under , stretching of the outer leaflet occurs before the interaction with Mag, 

and thus when Mag binds to the stretched outer leaflet, it is reasonably expected that the fractional area increases 

are smaller following Mag binding.  

 

4. General Discussion 
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  In this report, we succeeded in observing Mag-induced pore formation and its evolution in single GUVs 

under . Under low  values, Mag induces membrane permeation of the water-soluble fluorescent probe AF488 

from the GUVs without their rupture, indicating that Mag causes the formation of nanometer-scale pores 

through which AF488 permeates across the membrane but cannot be observed using optical microscopy. In 

contrast, under higher , in some GUVs Mag causes the formation of nanometer-scale pores, which is analogous 

to the result obtained under low  values, but in other GUVs Mag induces complete rupture and transient 

rupture of GUVs, which are originated from the Mag-induced pore formation. It is noted that in all cases the 

values of  were too small to induce pore formation in the GUV membrane, and thus, the  is used to induce 

small membrane tension. The rate constant of Mag-induced pore formation (kp) increased with increasing 

osmotic pressure. As described in the Introduction, when we examined the effect of membrane tension on Mag-

induced pore formation using the micropipette aspiration method, we observed the Mag-induced aspiration of 

GUVs into the micropipette and could not observe pore formation directly (24). In this report, using , we 

succeeded in observing Mag-induced pore formation under a membrane tension directly for the first time and 

revealed that the rate constant of Mag-induced pore formation increases with increasing membrane tension.   

Recently, we proposed that during the interaction between Mag and GUVs, Mag binds to the membrane 

interface of only the outer leaflet (i.e., the asymmetric binding of Mag), resulting in stretching of the inner leaflet 

of the GUVs and the membrane tension in the inner leaflet (in), which play a vital role in Mag-induced pore 

formation (24,44). In our previous report (24), we demonstrated using the micropipette aspiration method that 

Mag binds to only the outer leaflet in the presence of membrane tension of 3.0 mN/m, which is larger than the 

-induced membrane tension used in this report, based on the result that the fluorescence intensity of a GUV 

membrane due to fluorescent probe-labeled Mag does not exhibit a two-step increase. This conclusion is 

supported by the result of another AMP (e.g., PGLa) which binds to the lipid bilayer symmetrically (i.e., both 

the outer leaflet and the inner leaflet) that the fluorescence intensity of a GUV membrane due to fluorescent 

probe-labeled PGLa exhibits a two-step increase before pore formation under similar experimental conditions 

(but under the membrane tension of 0.5 mN/m) (45). These results indicate that in the presence of membrane 
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tension due to  Mag binds to the membrane interface of only the outer leaflet. On the other hand, the binding 

of Mag to the outer leaflet may affect the lipid packing of the outer leaflet (43,46), which may also play a role 

in Mag-induced pore formation. According to the theory of asymmetric peptide binding at the membrane 

interface of the outer leaflet (43), the inner leaflet is stretched while the pure lipid region of the outer leaflet is 

compressed, indicating that the packing of lipids increases in the outer leaflet (43). The binding of peptides to 

the membrane interface may induce local deformation of lipid regions near the bound peptides (46). In this 

report, we found that stretching of the bilayer due to osmotic pressure increases the rate constant of Mag-induced 

pore formation. The presence of  increases the stretching of both monolayers, which further stretches the inner 

leaflet while decreasing the compression of the pure lipid region as well as local deformation of the lipid region 

near the bound peptides in the outer leaflet. Therefore, this finding supports the proposed mechanism of Mag-

induced pore formation (24,44). 

Here, we quantitatively analyzed the effect of  on Mag-induced pore formation based on our model (24,44). 

Under this condition, two kinds of membrane tension are induced in the inner leaflet of a GUV. One is the 

tension due to  (in ()) and the other is the tension due to the binding of Mag in the outer leaflet (in (Mag)). 

If we assume the additivity of the two tensions, the total tension in the inner leaflet (in (total)) equals the sum 

of in () and in (Mag) (i.e., in (total) = in () + in (Mag)) (Fig. 6A). Previously we examined the effect of  

 on the constant tension-induced rupture of GUVs (6,12). We demonstrated that membrane tension in the lipid 

bilayer due to  (bil ()) and that generated due to the aspiration of the GUV by a micropipette (i.e., an external 

force) (bil (ex)) contribute the total tension in the lipid bilayer equivalently and the additivity of two kinds of 

tension holds (i.e.,  bil (total) =  bil () + bil (ex)). Based on this result, we can reasonably infer that for the 

interaction of Mag with a GUV under  the additivity of the two tensions, in () and in (Mag), holds in the 

inner leaflet, and hence, in (total) = in () + in (Mag). First, we estimate the in () values numerically. We 

can use the reported values for the membrane tension in a lipid bilayer induced by osmotic pressure (bil ()): 

1.2 mN/m for C0 = 5 mOsm/L and 2.6 mN/m for C0 = 12 mOsm/L (12). Since the membrane tension in the 

inner leaflet due to osmotic pressure (in ()) can be estimated as 50% of bil (): we estimated in () as 0.6 
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mN/m for C0 = 5 mOsm/L and 1.3 mN/m for C0 = 12 mOsm/L. Next, we estimate the in (Mag) values 

numerically. The in
 (Mag) can be estimated by (Kbil/2) δeq because Mag is located only in the outer leaflet 

before pore formation (24), where Kbil is the elastic modulus of DOPG/DOPC (4/6) bilayer (Kbil = 141 mN/m 

under the same conditions used in this report (24)). As the results in Fig. 5 indicates, the osmotic pressure 

decreases the Mag-induced fractional area change of the GUV membrane at the binding equilibrium, δeq. Under 

an osmotic pressure due to C0 = 5 mOsm/L and 12 mOsm/L, the δeq due to the interaction with 5.8 M Mag 

decreases by 13% and 35% of δeq in the absence of , respectively (i.e., δeq (C0)/δeq (0) = 0.87 and 0.65 for 

C0 = 5 mOsm/L and 12 mOsm/L, respectively, where δeq (C0) and δeq (0) are the equilibrium values of the 

fractional GUV area change in the presence and absence of , respectively) (Table 1A). In this report we 

determined that δeq = 0.041 for 20 M Mag-induced area changes in GUVs under isotonic conditions. If we 

assume the effect of  on δeq for the interaction of 20 M Mag is the same as that for 5.8 M Mag, we can 

estimate the δeq values of GUVs in the interaction of 20 M Mag under  using the same values of δeq (C0)/δeq 

(0) described above: δeq = 0.036 and 0.027 for C0 = 5 mOsm/L and 12 mOsm/L, respectively (Table 1B). 

Based on these values, we estimated the in (Mag) values in the interaction of 20 M Mag: 2.5 mN/m and 1.9 

mN/m for C0 = 5 mOsm/L and 12 mOsm/L, respectively. Therefore, in (total) = in () + in (Mag) = 0.6 + 

2.5 = 3.1 mN/m for C0 = 5 mOsm/L. This tension can induce a rate constant for pore formation of 1.1  10−2 

s−1 (24), which is similar to the experimental value. Similarly, we obtained in (total) for C0 = 12 mOsm/L: 1.3 

+ 1.9 = 3.2 mN/m (Table 1B). The relationship between in (total) and kp is plotted in Fig. 6B, showing that the 

kp increases with an increase in in (total). We compared this relationship with that of Mag in the absence of  

(24). The two datasets are almost superimposed, indicating that the value of in (total) determines the rate 

constant of pore formation. Therefore, this result supports the above theory on the effect of  on Mag-induced 

pore formation.  

   Based on our calculations, we can predict the rate constant for Mag-induced pore formation in single 

GUVs in the presence of . For the interaction of 5.8 M Mag with single GUVs under an osmotic pressure 

due to C0 = 12 mOsm/L, δeq was 0.020, and thus, in (Mag) = (Kbil/2) δeq = 1.4 mN/m. Therefore, in (total) = 
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1.3 + 1.4 = 2.7 mN/m (Table 1A). To measure the rate constant (kp) for Mag-induced pore formation, in (total) 

should be greater than or equal to 2.9 mN/m (corresponding to 20 M Mag and higher). This is the reason why 

we did not observe significant pore formation when we use this low Mag concentration. This prediction agrees 

with the experimental result. 

As described in the introduction, it is considered that the tension-induced pore formation is the origin of 

the rupture of GUV, and thus here we can regard the constant tension-induced rupture of GUVs as the constant-

tension-induced pore formation. Here, it is worth comparing the effects of  on constant tension-induced pore 

formation and that on Mag-induced pore formation. In both cases,  is used to induce small membrane tension 

in the lipid bilayer. When we apply a constant tension to a GUV under  using the micropipette aspiration (6), 

bil (total) can be expressed by the sum of bil () and bil (ex), as described above. We obtained the 

experimental result that the rate constant of constant tension-induced rupture of GUV, i.e., the rate constant of 

pore formation in the GUV membrane, increases with bil (total) (6). We can explain this fact by the standard 

theory of tension-induced pore formation (27,28,47-49). In the lipid bilayers at the liquid-crystalline phase, the 

fluctuation of lipid molecules is large due to thermal force, and thus, the lipid density at local regions is also 

fluctuated. A nanometer-size region with a lower lipid density is called a prepore. The formation of a prepore 

elevates the free energy of the membrane because it has a rim with an excess free energy per length, i.e., the 

line tension Γ, and thus the prepore closes rapidly. There are several models of prepores (47-53). Here we adopt 

a hydrophilic prepore whose wall is composed of hydrophilic segments of lipids of the curved monolayer. The 

free energy of a prepore with radius r in a stretched lipid bilayer, U (r), can be described when the electrostatic 

interaction due to the surface charges of the lipid membrane is taken into account (28,54): 

                  𝑈ሺ𝑟ሻ ൌ 2𝜋𝑟Γ െ 𝜋ሺ𝜎 ൅ 𝐵ሻ𝑟ଶ ൅ 𝑈଴                              (5) 

where  denotes the total membrane tension in the lipid bilayer of the GUV, B is a parameter representing the 

electrostatic interaction, and U0 is a term that does not depend on . The maximum of U(r), Ua, is the energy 

barrier of pore formation or the activation energy of the pore formation: 

                 𝑈௔ ൌ 𝑈଴ ൅ 𝜋𝛤ଶ/ሺ𝜎 ൅ 𝐵ሻ.                                    (6) 
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Thermal force induces the fluctuation of the prepore radius, and if the radius reaches a critical value, rc, at which 

U(rc) = Ua, pore formation occurs. Thus, the rate constant of pore formation increases with an increase in total 

tension because Ua decreases with the total tension. With an increase in , bil () increases, and thus, the total 

membrane tension increases. Therefore, this theory explains reasonably the effect of  on the rate constant of 

constant tension-induced rupture of GUVs. On the other hand, in the interaction of Mag with a GUV under , 

the binding of Mag in the outer leaflet induces the stretching of the inner leaflet, producing in (Mag) in the 

inner leaflet, and thus, in (total) can be expressed by the sum of in () and in (Mag) (i.e., in (total) = in () 

+ in (Mag)) (Fig. 6A). Here, we define that  is positive when a lipid leaflet is stretched. in (Mag) > 0 and in 

() > 0, and thus, in the presence of , in (total) increases by in (). In the outer leaflet of the GUV composed 

of the peptide-lipid complex and the pure lipid region, based on the theory of the asymmetric distribution of 

peptides (43), the pure lipid region of the outer leaflet is compressed and the membrane tension in the outer 

leaflet (out (Mag)) has the same magnitude as in (Mag) with an opposite direction (i.e., out (Mag) = in 

(Mag)). This is supported by the experimental result that no flip-flop of lipids occurs in the interaction of Mag 

with single GUVs before pore formation (in this case the flip-flop of lipids occurs after pore formation) (44). It 

is reported that the rate constant of flip-flop of lipids increases in a stretched membrane because the rate of 

prepore formation increases with membrane tension (12). In the interaction of Mag with single GUVs, the rate 

of prepore formation increases in the stretched inner leaflet of the GUV, but in the outer leaflet, the membrane 

is compressed and thus the prepore formation is suppressed, and as a result, the flip-flop of lipids across the 

lipid bilayer does not occur significantly. The total tension in the outer leaflet (out (total)) equals to (out (Mag) 

+ out ()) and its direction is opposite to in (total) (i.e., the compression in the outer leaflet) if out (Mag) > 

out () because out (Mag) < 0. This condition is satisfied in all experiments (Table 1), and thus, we can 

reasonably infer that the outer leaflets of all GUVs used in this report are compressed. In the stretched inner 

leaflet, the in (total) elevates the rate constant of pore formation. The free energy of a prepore with radius r in 

a stretched lipid monolayer can be described by an equation similar to Eq. 5 although the prepore exists only in 

the inner leaflet and has a little different structure from the prepore in the lipid bilayer (44). Thus, the rate 
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constant of pore formation in the inner leaflet increases with an increase in in (total) because Ua decreases with 

in (total). Immediately after pore formation occurs in the inner leaflet, pore formation occurs in the lipid bilayer, 

and thus, the rate constant of pore formation in the GUV membrane equals to that in the inner leaflet (24). In 

conclusion, one of the main differences between the effects of  on constant tension-induced rupture of GUVs 

and that on Mag-induced pore formation is the region of stretching of the membrane, i.e., the lipid bilayer for 

the constant tension-induced rupture of GUVs and the inner monolayer for Mag-induced pore formation. 

    In our previous report, we demonstrated that Mag-induced leakage of internal contents has two stages; 

initially, rapid leakage occurs, and then, the rate of leakage decreases with time to reach a steady value (55). 

During the initial stage, large fluorescent probes such as Texas-red dextran 40K (Stokes-Einstein radius, rSE: 

5.0 nm) and FITC-BSA (rSE = 3.6 nm) can permeate the Mag-induced pores. However, we cannot directly 

observe the initial pore using optical microscopy, indicating that the pore is not sufficiently large for observation 

using optical microscopy, i.e., the nanometer-scale pore. It is considered that the Mag-induced pore is a toroidal 

pore in the initial state and in the steady state (18,44,56), and thus, if the GUV membrane is stretched due to  

when Mag induces pore formation, the size of the initial pore may become larger than that in the absence of , 

because the size of toroidal pore can change (55). This prediction is supported by the results in this report that 

in the presence of higher , a small micrometer-scale pore that can be observed using fluorescence microscopy 

(i.e., the diameter of the pore is larger than 0.5 m) is formed in a GUV membrane, the pore size then increases 

with time in some GUVs. These GUVs are ultimately converted to a small aggregate of lipid membranes and 

Mag (i.e., the complete rupture of GUV). At present, we do not have a definitive mechanism for the complete 

rupture of GUVs. Generally, under , immediately after formation of a pore in the membrane, a rapid flow of 

solution from the GUV lumen to its exterior (i.e., efflux) occurs due to the positive pressure in the GUV lumen 

according to Laplace’s law (57), which decreases membrane tension, and as a result, the pore rapidly closes due 

to a large line tension of the pore rim so that a micrometer-scale pore is not observable (6). In this study, we 

found that in most completely ruptured and transiently ruptured GUVs, initial pore formation occurs at the 

backside of the GUV near the BSA-coated glass surface. In this case, the resistance to the efflux is enhanced 
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due to the presence of the obstacle of the flow (i.e., the glass surface), thereby maintaining membrane tension 

for a period of time. Moreover, after pore formation, Mag in the outer leaflet diffuses along the membrane 

interface to the wall of the (toroidal) pore and thus Mag locates at the wall of a pore (55), which decreases the 

line tension of the pore rim (Fig. 7B). Therefore, the remaining membrane tension and the small line tension of 

the pore rim would increase the pore radius to produce a micrometer-scale pore (Fig. 7C), which agrees with 

the experimental results. We can estimate the maximum radius of the pore under this condition as follows. 

Under , the GUV membrane is stretched and at equilibrium the fractional area change of the GUV membrane 

reaches eq (). When a pore is formed in a stretched membrane, the radius of the pore increases as the area of 

the GUV membrane decreases, i.e., its stretching decreases. If we do not consider the closure of the pore due to 

the line tension of the rim of the pore, the maximum radius of the pore is reached when the GUV area decreases 

to its initial value at the tension-free state (i.e., the state prior to the application of ). When the area of the pore 

equals the increment in GUV area due to osmotic pressure (A = 4r0
2eq (), where r0 is the initial radius of 

the GUV), the stretching of the GUV membrane becomes 0. Thus, this pore corresponds to the largest pore 

when we only consider the theory of membrane elasticity. Here we show an example of the estimation of their 

numerical values based on the experimental results. In the case of C0 = 12 mOsm/L, eq () = 0.022 (12). If r0 

is 15 m, the increase in GUV area due to , A, is 4r0
2  0.022, which becomes the area of the largest pore 

(Rpore
2, where Rpore is the maximum radius of the pore) and hence, Rpore = 0.30r0 = 4.5 m. This indicates that 

the maximum radius of the pore (Rpore) is approximately 30% of the initial radius of the GUV (r0). If the pore 

radius increases above its maximum, the GUV membrane is laterally compressed and an opposing tension to 

decrease the pore radius is produced, and thus, the pore radius cannot exceed the maximal value. This prediction 

does not agree with the experimental results on the complete rupture of GUVs. The fluorescence microscopy 

images of complete rupture of GUVs (e.g., Figs. 4A and 4B) indicate that the edge of the membrane contacting 

the pore exhibits a higher NBD-PE fluorescence intensity, which increases with time. This result suggests that 

folding of membranes occurs at the pore edge (Fig. 7D), which may inhibit the closure of micrometer-scale 

pores. We infer that the main factors for membrane folding are the low bending modulus of lipid bilayers in the 
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liquid-crystalline phase (i.e., membranes can bend easily) and the strong electrostatic attraction between 

positively charged Mag bound to the GUV membrane with the neighboring negatively charged lipid bilayers. 

The flow of the solution from the GUV lumen under the resistance may help the folding of the membrane at the 

pore edge. Finally, the diameter of the pore increases further with time to form a small aggregate of lipid 

membranes (Fig. 7E). A similar folding of membrane occurs in antimicrobial substance, epigallocatechin gallate 

(EGCg)-induced complete rupture of electrically neutral PC-GUVs (36); a micrometer-scale pore is initially 

formed in GUVs and the phase contrast of the edge of the pore increases with time. This indicates the folding 

of the membrane at the edge of the pore. Then, the diameter of the GUV decreases with time to form a compact, 

small aggregate of lipid membranes and the catechin (36). In this case, the strong attractive force between EGCg 

bound with a GUV membrane and a region of the neighboring GUV membrane is thought to cause folding of 

the lipid bilayers at the pore edge. In contrast, in the transient rupture of GUVs, the edge of the membrane 

contacting the micrometer-scale pore did not exhibit a higher fluorescence intensity (Fig. 4E), indicating that 

the folding of membrane does not occur at the pore edge (Fig. 7D). Under this situation, the line tension of the 

micrometer-scale pore is not small, and thus, the pore closes rapidly to form a spherical GUV (Fig. 7E).  

   It is reported that some AMPs and antimicrobial substances induce complete rupture of GUVs (36,58) and 

local rupture of GUVs (37,59). The antimicrobial substance, EGCg-induced rupture of PC-GUVs is described 

above. Some of the results of AMP-induced rupture and local rupture of GUVs were interpreted by the carpet 

model (60), where the AMPs interact with lipid bilayers as a kind of “detergent” molecule and solubilize the 

membrane, but the detailed mechanism is still unknown. The results in this report indicate that the AMPs which 

form toroidal pores in lipid bilayers (e.g., Mag) can induce rupture and local rupture of GUVs under a special 

condition (e.g., under osmotic pressure). 

   We can reasonably infer that the Mag-induced complete rupture of GUVs under a higher osmotic pressure 

(in this report) and the Mag-induced aspiration of GUVs held at the tip of micropipette (inducing a small tension 

to the GUV membrane) (24) occur by the same mechanism because membrane tension increases the size of 

Mag-induced pore in the GUV membrane and consequently induces the rupture of GUVs (in the latter case, 
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resulting in the aspiration of GUVs). This mechanism can be applicable only to the toroidal pore, but not to the 

channel-like pore (e.g., lysenin (23)) based on the following inference. The toroidal pore is composed of 

peptides and lipid monolayers, and the interaction between the peptides in the pore is small (18,44,56). Thus, it 

is easier to change the size of pore by membrane tension. In contrast, the channel-like pore is composed of 

oligomers of peptides/proteins with strong interaction between them, and thus, membrane tension cannot change 

the size of such pores.  

   There are various modes of interaction of AMPs with single GUVs. The type A AMPs induce membrane 

permeabilization in GUVs due to pore formation (e.g., Mag, transportan 10 (TP10) (23)) and local rupture (e.g., 

lactoferricin B (LfcinB) (37)). The type B AMPs enter the GUV lumen without membrane permeabilization 

(e.g., LfcinB (4-9)). Even in the type A, the relationship between the location of peptides and the pore formation 

depends on peptides and lipid compositions. Mag locates only in the outer leaflet before pore formation (i.e., 

asymmetric binding (43)) and after pore formation Mag translocates across the lipid bilayer by diffusing through 

the pore (24), whereas TP10 translocates across the lipid bilayer to reach the symmetric binding (i.e., same 

peptide concentration in both the outer and the inner leaflets) without membrane permeation of dyes, and then 

pore formation occurs. However, when TP10 interacts with GUVs containing high concentration of cholesterol, 

its behavior is completely the same as that of Mag (i.e., the asymmetric binding induces pore formation) (61). 

Some models have been proposed for the translocation of peptides across lipid bilayers without membrane 

permeation of dyes, and we also proposed a prepore model where peptides translocates across the lipid bilayer 

through a prepore (61). According to this model, the translocation of peptides across the lipid bilayer depends 

on the structure of peptides and also on the physical properties of lipid bilayers. Further studies are required to 

elucidate the mechanism of the translocation of peptides without pore formation.     

   It is valuable to compare the results of the effect of  on peptide-induced pore formation obtained using the 

single GUV method in this report with the results obtained using the LUV suspension method (7). Polozov et 

al. found that the rate of leakage of fluorescent probes induced by a lytic peptide belonging to class L 

amphipathic peptides (18L) increases with  (7). However, the LUV suspension method cannot yield data on 
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the elementary processes of leakage (22); thus, such experiments cannot determine the rate constant for pore 

formation and its dependence on . The results using the single GUV method reveal that at low  fluorescent 

probe leakage occurs through Mag-induced nanometer-scale pores and at higher  the leakage occurs not only 

by the nanometer-scale pores but also by Mag-induced complete rupture and transient rupture of GUVs; 

however, the LUV suspension method cannot provide such information because it is difficult to identify the 

cause of fluorescent probe leakage from the LUVs. Moreover, using the LUV suspension method it is not 

possible to experimentally determine membrane tension due to , as well as the details of constant tension-

induced pore formation in vesicles. In this report, we examined the effect of  on Mag-induced pore formation 

using the single GUV method in the context of detailed knowledge of membrane tension due to  (6,12) and 

the effect of constant tension on the GUVs (27,28). Therefore, we succeeded in obtaining direct information on 

the effect of  on peptide-induced leakage using the single GUV method.  

    Finally, we consider the physiological implications of the effects of membrane tension and  on the AMPs-

induced pore formation. Bacterial plasma membrane is prone to experience various membrane tensions. For 

example, Gram-negative bacterial cells exist in different stages in the cell cycle such as division and septation. 

We found that the rate of LfcinB-induced leakage of fluorescent probe from the cytoplasm of E. coli cells greatly 

depends on their stage in the cell cycle, and especially this rate from septating cells is much larger than that 

from nonseptating cells, indicating that the rate of LfcinB-induced pore formation or the damage in the plasma 

membrane of septating cells is larger than that of nonseptating cells (37). We have a hypothesis that in the 

septating cells, the Z-ring induces a large deformation of the plasma membrane, inducing a large membrane 

tension in it, which increases the rate of LfcinB-induced pore formation. Another example is that various values 

of  are applied to bacterial cells if the environment of the cells changes, which induces membrane tension in 

their plasma membrane. This may affect the susceptibility to the attack by AMPs. It is important to investigate 

the effect of membrane tension and  on the activity of AMPs against live bacterial cells near future.   

  

5. Conclusion 
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    In this report, we investigated the effect of  on the interaction of Mag with single GUVs, based on the 

quantitative estimation on -induced membrane tension in GUVs in a buffer containing 150 mM NaCl (which 

is similar to the physiological condition of human body) (12). We succeeded in observing Mag-induced pore 

formation and its evolution in single GUVs under . Under low  values, Mag induces the formation of 

nanometer-scale pores, through which AF488 permeates across the membrane but cannot be observed using 

optical microscopy. In contrast, under higher , in some GUVs Mag causes the formation of nanometer-scale 

pores, but in others Mag induces complete rupture and transient rupture of GUVs, which are originated from 

the Mag-induced nanometer-scale pore formation. At present, we have a hypothesis on the evolution of the 

Mag-induced nanometer-scale pore to the complete rupture and the transient rupture of a GUV and its 

mechanism as follows. In the Mag-induced pore, the line tension of the pore rim is small due to the presence of 

Mag at the pore rim, which stabilizes the toroidal pore, and if a large membrane tension due to  remains after 

pore formation, it increases the pore radius to produce a micrometer-scale pore which can be observable using 

optical microscopy. In the case of complete rupture, the folding of membranes occurs at the micrometer-scale 

pore rim (demonstrated by the experimental results), which may further enlarge the micrometer-scale pore to 

induce a small aggregate of lipid membranes. In the case of transient rupture, the folding of membrane does not 

occur at the pore rim, and thus, the pore closes due to the line tension of the pore rim. These results provide the 

first, direct evidence of AMP-induced pore formation, complete rupture, and transient rupture (or local rupture) 

of GUVs with membrane tension. It is reported that some AMPs and antimicrobial substances induce complete 

rupture and local rupture of GUVs. The results in this report clearly indicate that the AMP-induced complete 

rupture and transient rupture (or local rupture) of GUVs under a special condition can be originated from AMP-

induced pore formation. 

The rate constant for Mag-induced pore formation (kp) increases with increasing . This result can be 

explained by the increase in membrane tension in the inner leaflet of a GUV due to . The total tension of the 

inner leaflet, in (total), when GUVs under  interact with Mag, is the sum of in due to the binding of Mag (in 

(Mag)) and in due to  (in ()). By the numerical estimation of these values, we estimated the values of in 
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(total) and obtained the relationship between in (total) and kp, showing that the kp increases with an increase in 

in (total). This relationship is almost the same as that of Mag in the absence of . This result demonstrates that 

the above theory of the effect of  on Mag-induced pore formation is valid.  

These results clearly demonstrate that the single GUV method can directly reveal the effect of  on Mag-

induced pore formation in lipid bilayers. The experimental method developed in this report will be used to 

investigate the effect of  on other AMPs-induced pore formation in lipid bilayers and on the interaction of 

peptides/proteins and membrane active substances with lipid bilayers. It is reported that in bacterial cells 

membrane tension and  greatly affect the AMPs-induced pore formation in their plasma membrane and 

concomitant leakage of internal contents, which is the main cause of AMPs’ bactericidal activity. Therefore, it 

is important to investigate the effects of membrane tension and  on the AMP-induced pore formation in GUV 

membranes using the method developed in this report and also their effects on the action of AMPs against live 

bacterial cells.   
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Table 1 

 

C0 

(mOsm/L) 

in () 

(mN/m) 

δeq δeq (C0)/δeq (0) in (Mag)

(mN/m) 

in (total) 

(mN/m) 

0 0 0.031 1 2.2 2.2 

5 0.6 0.027 0.87 1.9 2.5 

12 1.3 0.020 0.65 1.4 2.7 

 

 

C0 

(mOsm/L) 

in () 

(mN/m) 

δeq in (Mag)

(mN/m) 

in (total)

(mN/m) 

0 0 0.041 2.9 2.9 

5 0.6 0.036  

(= 0.041  0.87)

2.5 3.1 

12 1.3 0.027  

(= 0.041  0.65)

1.9 3.2 

 

Table 1 Mag-induced fractional area change of the GUV membrane under osmotic pressure at the binding equilibrium, 

δeq, the tension in the inner leaflet due to  (in ()), the tension in the inner leaflet due to the binding of Mag in the 

outer leaflet (in (Mag)), and the total tension in the inner leaflet (in (total)). (A) Interaction of 5.8 M Mag. The 

values of δeq were obtained from Fig. 5C. (B) Interaction of 20 M Mag.  

 

 

 

 

 

 

 

 

(A) Interaction of 5.8 M Mag 

(B) Interaction of 20 M Mag.  
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Figure 1   

 

 

 

 

 

 

     

  

 

 

 

 

 

 

 

 

Figure 1: Mag-induced (nanometer-scale) pore formation in GUVs under an osmotic pressure due to C0 = 5 mOsm/L. 

(A) Interaction of 20 M Mag with a single DOPG/DOPC (4/6) -GUV containing AF488. (1) and (3) show the phase 

contrast images and (2) shows fluorescence images due to AF488 in the GUV lumen. The interaction time is denoted 

by the number below each image. Bar, 20 m. (B) Time course of change in the normalized intensity, I(t)/I(0), of 

AF488 fluorescence of the GUV lumen shown in the panel A. (C) Time course of change in the fraction of the intact 

GUV among all the examined GUVs (n = 12), Pintact, of single GUVs. The red line represents the best fit curve of Eq. 

4.  
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Figure 2  

 

 

 

 

 

 

 

Figure 2: Various types of Mag-induced leakage in GUVs under an osmotic pressure due to C0 = 12 mOsm/L. (A) 

Leakage without rupture (through nanometer-scale pores), (B) complete rupture, and (C) transient rupture. Interaction 

of 20 M Mag with a single DOPG/DOPC (4/6)-GUV containing AF488. (1) and (3) show the phase contrast images 

and (2) shows fluorescence images due to AF488 in the GUV lumen. The interaction time is denoted by the number 

below each image. Bar, 20 m. (D) and (E) are time courses of change in the normalized intensity, I(t)/I(0), of AF488 

fluorescence of the GUV lumen shown in the panel A and B, respectively. (F) Time course of change in the fraction 

of the intact GUV (Pintact) among all the examined GUVs (n = 15 including three types of results, i.e., leakage without 

rupture (○), complete rupture (grey ●), and transient rupture (cyan ●)). The red line represents the best fit curve of 

Eq. 4. 
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Figure 3 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Effect of osmotic pressure due to C0 on the rate constant of Mag-induced pore formation, kp. The points 

represent mean values and error bars correspond to  SD values (N = 34). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 5 10 15
0.001

0.01

 k
p 

(s
-1

)

C0 (mOsm/L) 



 

35 
 

Figure 4 

 

 

 

 

 

Figure 4: Shape change of GUVs during pore formation induced by Mag. (A) and (B) show two cases of growing 

micrometer-scale pores ending up with complete GUV rupture. (D) shows leakage through a nanopore (not visible) 

without vesicle rupture, and (E) shows a case with a visible but transient micrometer pore (i.e., transient rupture). 

Interaction of 20 M Mag with a single DOPG/DOPC/NBD-PE (39/60/1)-GUV in the presence of osmotic pressure 

due to C0 = 12 mOsm/L. (1) and (3) show the phase contrast images and (2) shows fluorescence images due to 

NBD-PE in the GUV membrane. The interaction time is denoted by the number below each image. Bar, 20 m. (C) 

Time course of change in arc length of the dark spot of the membrane (i.e., micrometer-scale pore) shown in panel 

A. (F) Time course of change in arc length of the dark spot of the membrane (○) and in pore radius (■) shown in the 

panel E.  
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Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Effect of osmotic pressure on the Mag-induced area change of GUVs. (A) Interaction of 5.8 M Mag with 

single DOPG/DOPC (4/6)-GUVs in (I) the absence of osmotic pressure (C0 = 0 mOsm/L) and (II) the presence of 

osmotic pressure due to C0 =12 mOsm/L. The images of the GUVs before the interaction (0 s) and after the 

interaction of Mag for 90 s are shown. The increment of the projection length after 90 s interaction in the absence of 

osmotic pressure (I) is larger than that in the presence of C0 = 12 mOsm/L (II). Bar, 20 m. (B) Time course of the 

fractional area change of the GUV (δ) during its interaction with 5.8 M Mag. (■) C0 = 0 mOsm/L (i.e., isotonic 

condition), (red ●) C0 = 5 mOsm/L, and (blue ▲) C0 = 12 mOsm/L. (C) Effect of osmotic pressure on the 

equilibrium value of the fractional area change of the GUV (δeq) induced by Mag. The error bars indicate the standard 

error of δeq. 
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Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: The role of the membrane tension in the inner leaflet of a GUV in the Mag-induced pore formation. (A) A 

scheme of the total membrane tension in the inner leaflet, in (total), induced by the osmotic pressure (in ()) and 

the binding of Mag to the outer leaflet (in (Mag)). (B) The relationship between the total membrane tension in the 

inner leaflet, in (total), and the rate constant of Mag-induced pore formation, kp. (□) Interaction of 20 M Mag with 

single GUVs under various osmotic pressures, (red ○) Interaction of various concentrations of Mag with single GUVs 

in the absence of osmotic pressure (24).   
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Figure 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: A hypothesis on the evolution of the Mag-induced nanometer-scale pore to the complete rupture and 

transient rupture of a GUV and its mechanism. (A) Mag binds to the membrane interface of the outer leaflet of a 

GUV. A Mag molecule is denoted by an orange rectangle. (B) Mag induces a nanometer-scale pore (i.e., nanopore) 

in the GUV membrane. In this pore, the line tension of the pore rim is small due to the presence of Mag at the pore 

rim, which stabilizes the toroidal pore. (C) A residual membrane tension due to , , increases the pore size to 

produce a micrometer-scale pore observable using optical microscopy. From this stage, there are two routes. One 

route is for the complete rupture ( D E). (D) The folding of membranes occurs at the rim of a micrometer-scale 

pore. (E) The pore size increases further with time to form a small aggregate of lipid membranes. The other route is 

for the transient rupture ( D E). (D) The folding of membranes does not occur at the rim of a micrometer-scale 

pore. (E) Due to the line tension the pore is closed, which produces the GUV with a smaller diameter. 
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