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Abstract
Membrane potential plays various key roles in live bacterial and eukaryotic cells. So far, the effects of membrane potential on
action of antimicrobial peptides (AMPs) and cell-penetrating peptides (CPPs) have been examined using cells and small lipid
vesicles. However, due to the technical drawbacks of these experiments, the effect of membrane potential on the actions of AMPs
and CPPs and the elementary processes of interactions of these peptides with cell membranes and vesicle membranes are not well
understood. In this short review, we summarize the results of the effect of membrane potential on the action of an AMP,
lactoferricin B (LfcinB), and a CPP, transportan 10 (TP10), in vesicle membranes revealed by the single giant unilamellar vesicle
(GUV) method. Parts of the actions and their elementary steps of AMPs and CPPs interacting vesicle membranes under
membrane potential are clearly revealed using the single GUV method. The experimental methods and their analysis described
here can be used to elucidate the effects of membrane potential on various activities of peptides such as AMPs, CPPs, and
proteins. Moreover, GUVs with membrane potential are more suitable as a model of cells or artificial cells, as well as GUVs
containing small vesicles.
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Introduction

The resting membrane potential (φm) of all eukaryotic and
bacterial cells has negative values ranging widely from − 20
to − 150 mV depending on cell type (Alberts et al. 2015;
Sperelakis 2012). For example, the φm of animal cells ranges
from − 20 to − 120 mV (Alberts et al. 2015). The φm of
Escherichia coli cells ranges from − 100 to − 150 mV at
pH 6.0~8.0, depending on pH (Felle et al. 1980). Membrane

potential plays a vital role in functions of membrane proteins
such as voltage-gated ionic channels and ATP synthase (Hille
1992; Sperelakis 2012). Several studies have revealed that the
φm also plays various key roles in plasma membranes. For
example, in eukaryotic cells, cell proliferation (Blackiston
et al. 2009; Sunderacruz et al. 2009), the location of lipids,
the binding of proteins (Zhou et al. 2015), and the internaliza-
tion of transporter from the cell membrane (Richardson et al.
2015) depend on φm greatly. In bacterial cells, the φm also
affects significantly localization of membrane proteins and
cell divisions (Strahl and Hamoen 2010; Kralj et al. 2011),
secretion of proteins (Daniels et al. 1981), and proliferation
(Stratford et al. 2019).

In this short review, we describe the effects of φm on the
action of antimicrobial peptides (AMPs) and cell-penetrating
peptides (CPPs). AMPs are natural peptides which kill bacte-
rial cells or inhibit their growth. Almost all organisms includ-
ing human release their specific AMPs as one of innate im-
mune systems (Zasloff 2002; Yeaman and Yount 2003;
Hancock and Hans-Georg 2006; Melo et al. 2009; Pasupleti
et al. 2012; Propheter et al. 2017). The primary cause of the
bactericidal activity of most AMPs is to increase plasma
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membrane permeability, which exposes the contents of their
cytoplasm (Zasloff 2002; Melo et al. 2009; Sochacki et al.
2011). AMPs comprising D-amino acids exhibit similar anti-
microbial activities (Bobone and Stella 2019), indicating that
AMPs target the lipid bilayer regions of bacterial cell mem-
branes. The action of AMPs involves selective binding and
damage to plasma membranes. The mechanism of binding is
well understood; AMPs are highly cationic peptides and bind
selectively to bacterial cells because their outer leaflet is more
negatively charged (Zasloff 2002). Table 1 shows the amino
acid sequence and structure in lipid bilayers of two typical
AMPs, lactoferricin B (LfcinB) and magainin 2. However,
the mechanisms of AMP-induced damage are not well-
known, although several models have been proposed
(Zasloff 2002; Melo et al. 2009). We consider that the φm

may play a key role in the AMP-caused damage of cell mem-
branes because all bacterial cells have large negative mem-
brane potentials.

On the other hand, CPPs are natural peptides and arti-
ficial peptides that enter the cytoplasm of eukaryotic cells
without decreasing their viability. This characteristic en-
ables CPPs to be used for delivery of drugs and oligonu-
cleotide into the cytosol of live cells (Zorko and Langel
2005; Madani et al. 2011; Bechara and Sagan 2013;
Stanzl et al. 2013). Table 1 shows the amino acid se-
quence and structure in lipid bilayers of two typical
CPPs, transportan 10 (TP10) and nona-arginine (R9)
(one of oligoarginine). CPPs enter the cytoplasm via sev-
eral routes, such as various endocytic pathways using ves-
icles originated from plasma membrane (e.g., endosomes)
and direct translocation across plasma membranes.
Irrespective of routes, it is essential for CPPs to translo-
cate across the membranes. These membranes have a
membrane potential φm, and thus, CPPs may use this for
their entry.

Previous studies on the effect of φm on AMPs
and CPPs

The effects of φm on action of AMPs and CPPs have been
examined using cells and small lipid vesicles. Interaction of
AMPs with different strains of bacteria with different mem-
brane potentials suggests that the AMP activity is greater for
larger negative membrane potential (Yeaman et al. 1998). The
effects of the increase in K+ concentration in aqueous solution
outside eukaryotic cells on the entry of CPPs into their cytosol
have been studied, and the results suggest that the efficiency
of entry of CPPs decreases with a decrease in negative mem-
brane potential (Rothbard et al. 2004, 2005; Henriques et al.
2005). An opposite result was also reported, namely, that entry
of a CPP, nona-arginine (R9) into cells, does not depend on
membrane potential (Wallbrecher et al. 2017). Similar exper-
iments have been performed for AMPs, and the results suggest
that activities of some AMPs decrease with a decrease in neg-
ative membrane potential (Wu et al. 1999). However, as de-
scribed above, the change in membrane potential alters greatly
the organization of membrane proteins and lipids in the plas-
ma membranes, and hence, many factors can be involved in
the causes for the change in activities of AMPs and CPPs.

On the other hand, the interactions of CPPs with lipid ves-
icles have been studied using suspensions of large unilamellar
vesicles (LUVs) (Terrone et al. 2003; Zhang et al. 2009). The
results suggest that the number of fluorescent dye-labeled
CPPs entered LUVs increases in the presence of φm.
However, we cannot observe each LUV interacting with
CPPs using the LUV suspensionmethod, which provides only
ensemble average of physical quantities (e.g., fluorescence
intensity) of all LUVs at different stages in the suspension.
These characteristics of the LUV suspension method conceal
the elementary steps of the entry of CPPs (Yamazaki 2008;
Islam et al. 2018). Moreover, there are some difficulties in

Table 1 Typical AMPs and CPPs (amino acid sequence, structure, and orientation in membrane interface)

Name Amino acid sequence Structure in membrane interface Orientation in the membrane
interface

AMP Lactoferricin B
(LfcinB)

FKCRRWQWRMKKLGAPSITCVRRAF
(25 aa) (Bellamy et al. 1992)

Distorted antiparallel β-sheet
with a disulfide bond
(Hwang et al. 1998)

Amphipathic 3D structure
(Hwang et al. 1998)

AMP Magainin 2 GIGKFLHSAKKFGKAFVGEIMNS
(23 aa) (Zasloff 1987)

α-helix (Gesell et al. 1997) Amphipathic α-helix parallel
to the membrane surface
(tilt angle** of helix is 90°)
(Bechniger et al. 1993)

CPP Transportan 10
(TP10)

AGYLLGKINLKALAALAKKIL
(21 aa) (Soomets et al. 2000)

α-Helix (C-terminal region)
and flexible structure
(N-terminal region). 56% α-helix
(Fanghänel et al. 2014)

Tilt angle** of amphipathicα-helix is
55° (Fanghänel et al. 2014)

CPP Nona-arginine
(R9)

RRRRRRRRR
(9 aa) (Futaki et al. 2001)

Random coil ND

** The tilt angle between the helix axis and the bilayer normal

Biophys Rev (2020) 12:339–348340



estimation of entrapment of fluorescent dye-labeled CPPs
using the LUV suspension method (Islam et al. 2018).
Planar lipid bilayers have been used for this purpose, which
provide information on AMPs which form ionic channels, but
not other types of AMPs (Christensen et al. 1988; Kagan et al.
1990;Wu et al. 1999; Hancock and Rozek 2002).Moreover, it
is difficult to elucidate the elementary steps of action of
AMPs.

The action of AMPs and CPPs using the single
GUV method

In the single giant unilamellar vesicle (GUV) method, we can
observe the interaction of substances such as peptides, pro-
teins, and physiologically active substances with a single
GUV under various optical microscopes. Thus, the single
GUV method enables to separate elementary steps in
peptide/protein-induced reaction in individual GUVs. From
the statistical analysis of changes in physical quantities of
single GUVs, we can determine the rate constant or a measure
of the rate of each elementary steps of the interactions
(Yamazaki 2008; Islam et al. 2014b). For example, in the
AMP-induced leakage of GUV contents, two important ele-
mentary steps, i.e., the AMP-caused damage in the membrane
such as pore formation and local rupture and the following
membrane permeation of internal contents through the dam-
age, can be separated, and their rate constants have been ob-
tained (Fig. 1a) (Tamba and Yamazaki 2005, 2009; Tamba
et al. 2010; Karal et al. 2015). These two steps are induced
by completely different physical factors; for example, the size
and the number of pores or local ruptures determine the rate of
the membrane permeation. On the other hand, the LUV sus-
pension method cannot separate the processes, and hence,
only the ensemble average of membrane permeation from
LUVs at different states is obtained. For the entry of CPPs
into GUV lumen, the binding of fluorescent dye-labeled
CPPs to the outer leaflet of the GUVmembrane from aqueous
solution, their translocation from the outer leaflet to the inner
one of the membrane, and the unbinding of CPPs from the
inner leaflet to the aqueous solution in the GUV lumen can be
separated and their rates are estimated (Fig. 1b) (Islam et al.
2014a, 2017; Sharmin et al. 2016; Moghal et al. 2018).
Simultaneous measurement of entry of CPPs into the GUV
lumen and the membrane permeation of internal contents
using confocal laser scanning microscopy (CLSM) can reveal
the relationship between the entry of CPPs and the CPP-
caused pore formation (Islam et al. 2014a, 2017; Moghal
et al. 2018). The time course of change in fluorescence inten-
sity (FI) of a GUV membrane (i.e., rim intensity) due to fluo-
rescent dye-labeled CPPs provides information on time course
change in peptide concentration in the GUV membrane,
which has revealed the time course of translocation of

peptides across lipid bilayer (Islam et al. 2014a, 2017; Karal
et al. 2015). On the other hand, themembrane tension in single
GUVs can be accurately controlled by the micropipette aspi-
ration method and the osmotic pressure, and thus, we can
elucidate the effect of membrane tension on the action of
AMPs and CPPs (Karal et al. 2015; Shibly et al. 2016; Islam
et al. 2017; Hasan et al. 2018, 2019). Other important charac-
teristics of the single GUV method have been discussed pre-
viously (Tamba et al. 2007; Islam et al. 2014b, 2018; Hasan
and Yamazaki 2019; Hasan et al. 2019).

For the single GUV method, GUVs are prepared by the
natural swelling method and then purified using the mem-
brane filtering method (Tamba et al. 2011). There are various
preparation methods of GUVs, but for studying the interac-
tions of peptides/proteins with GUVs, it is important to pre-
pare GUVs without oils, because residual oil in the GUVs
membrane prepared using oil affects physical properties of
the membranes (Walde et al. 2010). For example, in the
GUVs prepared by the water-in-oil emulsion transfer method
(Pautot et al. 2003), membrane permeability of calcein (a
water-soluble negatively charged fluorescent dye) is high
(Lin et al. 2018).

Application of φm to single GUVs

In the current method for application of φm to GUVs, the
membrane contains a low concentration of gramicidin A
(monovalent cation channel) (Finkelstein and Andersen
1981; Hille 1992), and K+ concentration difference is pro-
duced between the inside and the outside of the GUVs
(Fig. 1c) (Hossain et al. 2019; Moghal et al. 2020). To
adjust the osmotic pressure, we use tetraethylammonium
ion (TEA+) so that the sum of K+ and TEA+ concentra-
tions in aqueous solution outside the GUVs equals to K+

concentration in the GUV lumen, because it is known that
TEA+ cannot pass through the gramicidin A channel with-
out its blocking (Andersen 1983). The membrane poten-
tial in cells has been estimated by a φm-sensitive fluores-
cent dye, DiOC6(3) (Shapiro 1994; Ishihara and
Shimamoto 2006). Figure 1 d and e show that the rim
intensity, Irim, due to DiOC6(3) is raised with an increase
in negative membrane potential (or ∣φm∣), calculated by
the Nernst equation. This result can be explained by the
increase in DiOC6(3) concentration in the inner leaflet of
the GUV membrane due to φm. Quantitative analysis in-
dicates that the φm dependence of the Irim at and below −
28 mV agreed with the theory based on the Boltzmann
distribution of the dye between outer and inner leaflet
(Moghal et al. 2020). The Irim due to DiOC6(3) does not
change for at least 1 h, indicating that the φm in the GUV
is stable for a long time.
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Effect of φm on AMP-caused damage of GUV
membrane

Here we summarize the results of the effect of φm on the
action of an AMP, lactoferricin B (LfcinB), which is a hydro-
lyzed fragment of bovine lactoferrin by trypsin (Bellamy et al.
1992; Kuwata et al. 1998). Previous studies using the single
GUV method indicate that in the interaction of LfcinB with
single GUVs composed of a dioleoylphosphatidylglycerol
(DOPG) and dioleoylphosphatidylcholine (DOPC) mixture,
LfcinB induces local rupture in single GUVs stochastically,
resulting in rapid membrane permeation of calcein
(Moniruzzaman et al. 2015). This rapid membrane permeation
is different from the gradual membrane permeation of calcein
via magainin 2-caused pores in lipid bilayers (Tamba and
Yamazaki 2009). LfcinB also induces membrane permeation
of calcein from single E. coli cells stochastically, for example,

with 5-μM LfcinB, all examined single cells show membrane
permeation of calcein with various rates within 6 min
(Hossain et al. 2019). However, 5-μM LfcinB cannot induce
membrane permeation of fluorescent dye, Alexa Fluor 647
hydrazide (AF647), from most single GUVs comprising
E. coli polar lipid extract (E. coli-lipid: phosphatidylethanol-
amine (PE)/phosphatidyl glycerol (PG)/cardiolipin (CA) [67/
23/10 (wt% ratio)]). To elucidate this discrepancy, the effect of
φm on the interaction of LfcinB with single E. coli-lipid-
GUVs was studied using CLSM (Hossain et al. 2019).

Figure 2a shows the interaction of 5-μM LfcinB with a
single E. coli-lipid-GUV containing AF647 at φm =
−102 mV. The continuous addition of LfcinB solution to the
neighborhood of the GUVusing a micropipette is started from
t = 0. Initially, the FI of the GUV lumen (i.e., lumen intensity),
Ilumen, due to AF647, does not change, and from 50 s the Ilumen

rapidly decreases to zero (Fig. 2a). After that, the structure of
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Fig. 1 Elementary processes of action of AMPs and CPPs and
application of membrane potentials to GUVs. a A diagram of
elementary steps of action of AMPs. b A diagram of entry of CPPs into
single GUV lumen. c A diagram of the method of application of
membrane potentials. d The φm dependence of Irim due to DiOC6(3) in
PG/PC (2/8)-GUVs. CLSM images of the GUVs interacting with 2 nM

DiOC6(3) under various values of φm, which is denoted by the number
above each image. The bar denotes 20 μm. e The φm dependence of Irim
due to DiOC6(3). (red circle) 1-nM and (blue triangle) 2-nM DiOC6(3).
The error bars denote SE values of Irim. d and e are reprinted fromMoghal
et al. (2020) with permission from American Biophysical Society
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GUV changes (its size decreases and the rim of the GUV
becomes inhomogeneous), indicating that LfcinB induces lo-
cal rupture of the GUVmembrane, through which rapid mem-
brane permeation of AF647 occurs. Figure 2b shows the time
course change in Ilumen of several “single GUVs,” indicating
that the starting time of rapid decrease in Ilumen, i.e., the time of
local rupture, is random, but the rate of decrease in Ilumen after
the local rupture (i.e., the rate of membrane permeation of
AF647) is almost the same in all examined GUVs. To analyze
the stochastic AMP-caused pore formation or local rupture in
lipid bilayer, we plot the time course of the fraction of intact
GUVs with no membrane permeation of fluorescent dye
among all examined GUVs, Pintact (t) (Tamba and Yamazaki
2005, 2009). Figure 2c shows that the Pintact of GUVs under
this condition decreases with time to zero, indicating that

within 8 min interaction local rupture occurs in all examined
GUVs. The time course of Pintact is well fit by a theoretical
equation (Pintact = exp {−kp (t - teq)}) for the two-state transi-
tion from the intact GUV to the locally ruptured GUV, where
kP is the rate constant of the LfcinB-caused local rupture and
teq is a fitting parameter. From this fitting, the value of kP is
determined. For the same concentration of LfcinB, the kP in-
creases with ∣φm∣ (Fig. 2d). If we use the fraction of leaked
GUVamong all examined GUVs at a specific interaction time,
Pleak (t) (= 1 − Pintact (t)), we can estimate the lower rate of
AMP-caused pore formation or local rupture even if the kP
value cannot be determined (Tamba and Yamazaki 2005,
2009). Figure 2e shows the LfcinB concentration dependence
of Pleak (10 min) of GUVs under φm = − 102 mV and 0 mV,
indicating clearly that lower concentrations of LfcinB induces
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Fig. 2 LfcinB-caused membrane permeation of fluorescent probes from
single E. coli-lipid-GUVs and single E. coli spheroplasts under φm. a
Membrane permeation of AF647 from single E. coli-lipid-GUVs with
φm = − 102 mV induced by 5-μM LfcinB at 25 °C. CLSM images due
to (2) AF647 and (1)(3) DIC. The interaction time of LfcinB with a GUV
is denoted by the numbers above each image. The bar denotes 20 μm. b
Time course change in Ilumen due to AF647 of several “single GUVs”
under the same conditions used in a. Each curve represents the time
course of each GUV. c Time course of Pintact of the experiments shown
in b. The solid line represents the best fit curve of the equation in the text.

d Theφm dependence of kP. The error bars denote SDs of kP. (red triangle)
5 μM and (black square) 20-μM LfcinB. e LfcinB concentration depen-
dence of Pleak (10 min) of GUVs under φm = − 102 mV (black circle) and
0 mV (red triangle). f Interactions of 2.0-μM LfcinB with single E. coli
spheroplasts containing calcein. CLSM images due to (2) calcein and (1)
(3) DIC. The interaction time of LfcinB with a spheroplast is denoted by
the numbers above each image. The bar denotes 5.0 μm. g Time course
change in Ilumen due to calcein of several spheroplasts during the interac-
tion of 2.0-μM LfcinB at 25 °C. a,b,c,d, e, f, and g are reprinted with
some modifications from Hossain et al. (2019)
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local rupture of GUVs at φm = − 102 mV. In contrast, the rate
of membrane permeation of AF647 after local rupture atφm =
− 102 mV is almost the same as that at 0 mV (Hossain et al.
2019). These results indicate that the φm increases the rate
constant of LfcinB-caused local rupture but does not change
the rate constant of membrane permeation of AF647.

Effect of φm on AMP-caused damage
of spheroplast membrane

We can investigate the interaction of peptides with single
spheroplasts of bacterial cells using the similar method of
the single GUV method (Hossain et al. 2019). Spheroplasts
are prepared from bacterial cells by removing their outer
membrane and peptidoglycan, and thus, spheroplasts have
only cell membrane and cytoplasm, which is useful for inves-
tigation of bacterial cell membranes (Ruthe and Adler 1985;
Martinac et al. 1987; Wei et al. 2016; Sun et al. 2016). Calcein
is loaded in spheroplast cytoplasm by interacting calcein
acetoxymethyl (calcein-AM)with spheroplasts using a similar
method applied for E. coli cells (Dubey and Ben-Yehuda
2011; Moniruzzaman et al. 2017). Figure 2f shows the inter-
action of 2-μM LfcinB with a single E. coli-spheroplast con-
taining calcein, indicating that a rapid membrane permeation
of calcein occurs at 66 s, but consequently the apparent struc-
ture of the spheroplast does not change (Hossain et al. 2019).
Figure 2g shows the time course change in Ilumen due to
calcein of several “single spheroplasts,” indicating that ran-
dom, rapid decrease in Ilumen occurs although a small gradual
decrease in Ilumen before rapid decrease occurs due to
photobleaching of calcein. These data indicate that LfcinB
induces a local rupture or large pore formation in the plasma
membranes, resulting in rapid membrane permeation of
calcein, which is similar to the phenomenon observed in
GUVs. It is well-known that a proton ionophore, carbonyl
cyanide m-chloro-phenylhydrazone (CCCP), decreases the
membrane potential of cells (Strahl and Hamoen 2010). The
presence of CCCP inhibits the LfcinB-caused membrane per-
meation of calcein from single E. coli-spheroplasts, indicating
that the φm plays a key role in LfcinB-caused damage of cell
membrane (Hossain et al. 2019).

Effect of φm on entry of CPPs into single GUV
lumen

Next, we summarize the results of the effect of φm on the
action of a CPP, transportan 10 (TP10) (Soomets et al. 2000;
EL-Andaloussi et al. 2005). Previous studies using the single
GUV method indicate that the interaction of higher concen-
trations of carboxyfluorescein (CF)-labeled TP10 (CF-TP10)
(≥ 0.6 μM) with single DOPG/DOPC-GUVs induces its entry

into their GUV lumen without or before pore formation (Islam
et al. 2014a; Moghal et al. 2018). To elucidate the effect of φm

on the entry of CF-TP10, the interaction of lower concentra-
tions of CF-TP10 with single DOPG/DOPC-GUVs was ex-
amined using CLSM (Moghal et al. 2020). Figure 3a shows
the interaction of 0.50-μM CF-TP10 with a single DOPG/
DOPC (2/8)-GUVs containing AF647 and 1.2-mM LUVs
(~ 100 nm diameter) in the GUV lumen at φm = − 59 mV.
After the interaction of CF-TP10 with the GUV starts, the
Ilumen due to AF647 does not change for 6 min (Figs. 3a (1)
and 3c), indicating that CF-TP10 does not cause pore forma-
tion in the GUV membrane. In contrast, the rim intensity, Irim,
due to CF-TP10, increases gradually to reach a steady value at
160 s, indicating that CF-TP10 concentration in the GUV
membrane is raised with time to its steady value (Fig. 3c).
On the other hand, the lumen intensity due to CF-TP10,
Ilumen, is zero at the beginning, but after 200 s, it gradually
grows with time to reach a significant value at 6 min (Fig. 3c).
The increase in Ilumen due to CF-TP10 is caused by the binding
of CF-TP10 to LUV membranes in the GUV lumen. These
data indicate that first the binding of CF-TP10 to the GUV
membranes increases its concentration in the membrane to
reach a steady value, and then CF-TP10 enters the GUV lu-
men without pore formation. In contrast, Ilumen does not in-
crease in the GUVs at 0 mV significantly, indicating no entry
of CF-TP10 (Fig. 3b).

In this method, the entry of CPPs into GUV lumen at a
specific time, t, is judged if Ilumen (t) is larger than the thresh-
old intensity of Ilumen (Moghal et al. 2018). Based on this
criterion, we can calculate the fraction of GUVs, Pentry (t),
which CPPs enter before time t among all examined GUVs
(hereafter, fraction of entry) (Islam et al. 2014a; Moghal et al.
2018). Pentry (t) is a measure of the rate of entry of CPPs into
the GUV lumen, Ventry. Figure 3d shows that Pentry (6 min)
increases as ∣φm∣ increases. Another measure of Ventry, Ilumen

(6 min), also increases with increasing ∣φm∣(Fig. 3e). These
results indicate that the Ventry of CF-TP10 without pore forma-
tion increases as ∣φm∣ increases.

Accurate analysis of the Irim due to CF-TP10, which is
proportional to the CF-TP10 concentration in the GUV mem-
brane, using GUVs not containing vesicles, provides informa-
tion on the entry of CF-TP10 into vesicle lumen (Islam et al.
2014a). After the interaction of CF-TP10 with a single GUVat
− 59 mV starts, the Irim grows gradually with time to attain a
steady value, which is greater than that at 0 mV (Fig. 3f).
Based on the analysis of our previous reports (Islam et al.
2014a, 2017; Moghal et al. 2018), the results of Fig. 3 c and
f can be interpreted as follows; CF-TP10 binds to the outer
leaflet of the GUVmembrane from aqueous solution and then
translocates from the outer leaflet to the inner leaflet (Fig. 1b).
For 0.30–0.50-μMCF-TP10, the steady value of rim intensity
increases with ∣φm∣ (Fig. 3g). Figure 3h shows the φm de-
pendence of the normalized Irim (the ratio of Irim atφm to Irim at
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0 mV) is greater for higher CF-TP10 concentration. These
results indicate that the CF-TP10 concentration in the GUV
membrane increases with ∣φm∣, mainly due to the growth of
CF-TP10 concentration in the inner leaflet of the membrane
(Moghal et al. 2020). We reasonably infer that the increase in
CF-TP10 concentration in the inner leaflet with φm is one of
the primary causes of the φm-induced increase in Ventry.

Conclusions and perspectives

This short review indicates that the effects of membrane po-
tential on actions of LfcinB and CF-TP10 and the parts of their
elementary processes are clearly revealed using the single
GUV method. These studies have been just started. If we

use the advantage of the single GUV method (Islam et al.
2014b, 2018; Hasan and Yamazaki 2019; Hasan et al. 2019),
we will get more information on the elementary processes of
actions of AMPs and CPPs on membrane potential and their
mechanisms in the near future. It is also necessary to investi-
gate physical properties of GUVs under membrane potential
using various methods and to use other methods of application
of membrane potential to single GUVs.

We have a hypothesis that the structures of AMPs and
natural CPPs have been improved by adapting to target cells
to increase their activity during their long molecular evolution
time, which is similar to the molecular evolution observed in
viral membrane proteins (Pelkmans and Helenius 2003). If
this hypothesis is true, there is a great possibility that these
peptides utilize the membrane potential in cells to increase the
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Fig. 3 Entry of CF-TP10 into single PG/PC (2/8)-GUVs under φm. a, b
CLSM images due to (1) AF647 and (2) CF-TP10 of a GUV (containing
LUVs in the GUV lumen) interacting with 0.50-μM CF-TP10 under
φm = − 59 mV (a) and 0 mV (b). The interaction time of CF-TP10 with
a GUV is denoted by the numbers above each image. The bar denotes
20 μm. c Time course of the FI of the GUV shown in (a). Ilumen due to
AF647 (red square), Irim due to CF-TP10 (blue triangle), and the Ilumen

due to CF-TP10 (black square). d The φm dependence of Pentry (6 min).
(red square) 0.50 μM, (blue triangle) 0.40 μM, (black circle) 0.30 μM

CF-TP10 (same symbols are used in e, g, and h). e Theφm dependence of
Ilumen (6 min) without pore formation. f Time course change in Irim of PG/
PC (2/8)-GUV (not containing vesicles) interacting with 0.50 μM CF-
TP10 under φm = − 59 mV (red circle) and 0 mV (blue circle). g The φm

dependence of Irim due to CF-TP10. h The φm dependence of normalized
Irim due to CF-TP10. a, b, c, d, e, f, g, and h are reprinted with some
modifications from Moghal et al. (2020) with permission from American
Biophysical Society.
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efficiency of their activities. As described in the Introduction,
all live cells have membrane potential, whereas dead cells lose
it. Thus, GUVs with membrane potential are more suitable as
a model of cells or artificial cells, as well as GUVs containing
small vesicles in the GUV lumen (Islam et al. 2014a; Moghal
et al. 2018).
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