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ABSTRACT: Among gene delivery systems, peptide-based gene carriers
have received significant attention because of their selectivity, biocompat-
ibility, and biodegradability. Since cellular membranes function as a barrier
toward exogenous molecules, cell-penetrating peptides (CPPs), which are
usually cationic and/or amphiphilic, can serve as efficient carriers to deliver
cargo into the cytosol. Here, we examined the interactions of carrier
peptides and their DNA complexes with lipid membranes using a quartz
crystal microbalance (QCM) and high-speed atomic force microscopy
(HS-AFM). The carrier peptides are a 12-residue partial presequence of
yeast cytochrome c oxidase subunit IV (Cytcox) and BP100, which are a
mitochondria-targeting signal peptide and a CPP, respectively. QCM data
showed that BP100 has a higher binding affinity than Cytcox to both
plasma membrane- and mitochondrial membrane-mimicking lipid bilayers.
The DNA complexes with either Cytcox or BP100 exhibited the same
tendency. Furthermore, HS-AFM data demonstrated that the DNA complexes of either peptide can disrupt the lipid membranes,
forming larger pores in the case of Cytcox. Our results suggest that the binding affinity of the peptide/DNA complex to the plasma
membrane is more critical than its membrane disruption ability in enhancing the cellular uptake of DNA.

■ INTRODUCTION
Gene delivery systems, which are important for gene therapy,
gene modification, and gene editing, face numerous barriers in
both extracellular and intracellular environments. Among
nonviral gene delivery systems, there is growing interest in
peptide-based carriers because of their effectiveness in
compacting genetic material, biocompatibility, and biodegrad-
ability.1−3 For successful gene delivery from the extracellular
environment to the intracellular target, the carrier peptides
should be able to penetrate the cell membrane, escape from the
endosome, and transport the genetic material to the correct
organelle. Cell-penetrating peptides (CPPs), which are usually
short cationic and/or amphiphilic peptides, have been widely
explored as carrier peptides to transport cargo into the
intracellular environment.4−8 The internalization of CPPs and
their cargo-carrying complexes into the cell takes place via direct
membrane penetration or endocytic pathways.4,9 Delivery into
subcellular compartments such as nuclei and mitochondria can
be achieved by modification of CPPs with organelle-targeting
sequences.10

In the efficient translocation of the carrier peptide and its
DNA-carrying complex into the cell and organelle interior,
membrane−peptide and membrane−complex interactions play
a vital role.11,12 Studies on peptide and peptide/DNA complex
translocation are mostly performed using confocal fluorescence
microscopy to assess their uptake and investigate their
distribution inside living cells. Although this technique is

indispensable, because of its limited resolution, the initial stages
of translocation through the cell and organelle membranes
remain unresolved. To understand how the peptide and the
peptide/DNA complex interact with these membranes and
penetrate them, higher-resolution techniques that can be applied
in aqueous media are necessary. Atomic force microscopy
(AFM), which is a powerful tool for the characterization of
biological surfaces and structures at nanometer to subnanometer
resolution under physiological conditions,13 may shed light on
the initial stages of the translocation process. This technique has
been widely used for examining the action of antimicrobial
peptides on model lipid membranes.14 Several AFM studies
involve CPPs as well;15−18 however, there are no studies
showing the dynamic behaviors of the peptide/DNA complex
on lipid membranes.
Here, we aim to understand how the peptide and the peptide/

DNA complex interact with and penetrate the cell membrane
and the mitochondrial outer membrane. Among the targeted
organelles for gene therapy, mitochondria have received
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considerable attention because of the various diseases
originating from mitochondrial dysfunction.19 For peptide-
based mitochondria-targeted delivery, mitochondria-targeting
peptides (MTPs) originating from endogenous proteins that
bind to the mitochondrial membrane are advantageous due to
their biocompatibility.20 MTPs can be combined with CPPs to
overcome two major barriers, the cell membrane and the
mitochondrial membrane.10 In the present study, we used an
MTP consisting of the first 12 residues of the presequence of
yeast cytochrome c oxidase subunit IV (Cytcox). The complex-
ation of this peptide with plasmid DNA followed by its
modification with a copolymer of lysine and histidine (KH9),

21

which condenses the plasmid DNA and improves the trans-
fection efficiency, results in successful delivery of DNA into the
mitochondrial matrix.22 To understand how the cellular uptake
of an MTP/DNA complex is improved by CPPs, we compared
the Cytcox and Cytcox-KH9/DNA complexes with BP100 and
the BP100-KH9/DNA complex. BP100 is an antimicrobial
peptide exhibiting CPP properties as well.22−26 Its significant
role in the delivery of the Cytcox-KH9/DNA complex into the
intracellular environment was reported for plant cells.23

To analyze the dynamic behaviors of the peptides and the
peptide/DNA complexes mentioned above, we employed
DPPC/DOPC/Chol (1:1:1) and DOPC/DOPE/PI/DOPS
(5:3:1:1) lipidmembranes as mimetic models of themammalian
plasma membrane (denoted plasma-MM) and the mitochon-
drial outer membrane (denoted mito-MM), respectively. We
determined the lipid compositions of plasma-MM and mito-
MMbased on the reported lipid compositions and the suggested
models of the eukaryotic plasma membrane27−29 and the
mitochondrial outer membrane.30−32 We examined the
membrane binding affinity of the peptides and the peptide/
DNA complexes by the quartz crystal microbalance (QCM)
technique and the influence of the peptide conformation by
circular dichroism (CD) spectroscopy. We followed their action
on the membranes using high-speed atomic force microscopy
(HS-AFM),33 which can provide in situ images of dynamic
biological systems at a much higher time resolution than
conventional AFMs. Thus, the results presented herein help
identify both the characteristics of a peptide-based gene delivery
system and the initial stages of the translocation process. Based
on these results, the mechanism for the internalization of the
peptide/DNA complex, i.e., direct membrane penetration or
endocytic pathways, is also discussed.

■ MATERIALS AND METHODS
Materials. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)

(850355C), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
(850375C), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)
(850725C), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt)
(DOPS) (840035C), and L-α-phosphatidylinositol (sodium salt) (liver
PI) (840042C) were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). Cholesterol (Chol) (C 8667) was supplied from
Sigma-Aldrich, Inc. (St. Louis, MO). Multilamellar vesicles (MLVs) of
DPPC/DOPC/Chol (1:1:1) and DOPC/DOPE/PI/DOPS (5:3:1:1),
mimicking the phase-separated plasma-MM and the mito-MM, were
prepared at a total lipid concentration of 1 mM in solutions of
phosphate-buffered saline (D-PBS; pH = 7.4) and 10 mMHEPES with
150 mM NaCl (pH = 7.4), respectively. D-PBS (045-29795), HEPES
(340-01371), and NaCl (195-15975) were supplied by FUJIFILM
Wako Pure Chemical Corp. (Osaka, Japan). MLVs were extruded
through a polycarbonate membrane with a 100 nm pore size
(NanoSizer MINI, T & T Scientific Corp.; Knoxville, TN). The
specifications for the peptides and the plasmid DNA used in this study
are provided by Chuah et al.22,23 in detail. The peptide sequences were

MLSLRQSIRFFK for Cytcox and KKLFKKILKYL for BP100. They
were synthesized by the Research Resources Center of RIKEN (Wako,
Japan). The plasmid DNA was phMGFP plasmid from Promega
(Madison, WI). The Cytcox-KH9/DNA and BP100-KH9/DNA
complexes were prepared at an N/P ratio of 0.5, where N is the
number of amine groups in the peptide and P is the number of
phosphate groups in the DNA.

Quartz Crystal Microbalance (QCM) Measurements. QCM
measurements were performed at 24 °C with AFFINIX Q4 (Initium
Inc., Tokyo, Japan). Twenty-seven MHz gold-coated quartz crystal
sensor cells were used after cleaning with 1% (w/v) sodium dodecyl
sulfate solution and piranha solution (3:1 mixture of sulfuric acid with
30% hydrogen peroxide). Supported lipid bilayers (SLBs) were
prepared by the incubation of 10 μL of the lipid vesicles on the gold-
coated sensors, followed by rinsing with the same buffer solution used
for the preparation of lipid vesicles and Milli-Q water to remove the
unfused vesicles. The sensor cells were filled with 450 μL of buffer
solution. Ten microliters of peptide solution was injected into the
sensor cells at certain time intervals. Binding of peptide to the SLBs
caused a decrease in the frequency of the oscillating crystal. According
to the Sauerbrey equation, the shift in the frequency is linearly
proportional to the adsorbed mass. The shift in the frequency was
plotted as a function of peptide concentration to determine the binding
or association constant (Ka) on the basis of the Langmuir isotherm.34 At
least three repeats were used for determining each Ka value. The
experimental data were fit to the Langmuir isotherm equation using
Igor Pro from Wavemetrics, Inc. (Lake Oswego, OR).

Circular Dichroism (CD) Spectroscopy. CD spectra were
measured at 24 °C with a Jasco J-820 CD spectropolarimeter (Jasco
Inc., Tokyo, Japan). A 0.1 cm path length quartz cuvette was used after
cleaning with piranha solution (3:1 mixture of sulfuric acid with 30%
hydrogen peroxide). Unilamellar lipid vesicles were prepared inMilli-Q
water at a total lipid concentration of 1 mM. The suspensions of
unilamellar lipid vesicles with a size of approximately 100 nm were
mixed with peptides at a peptide:lipid molar ratio of 1:50 or 1:40. The
resultant peptide concentration was 20 or 25 μM. Background scans
were obtained for 1 mM lipid vesicles. The background spectra were
subtracted from the spectra collected in the presence of peptides. Each
spectrum was the average of five scans. The spectra were collected from
190 to 240 nm at a rate of 100 nm/min and a resolution of 1 nm.

Size and ζ-Potential Measurements. Size and ζ-potential
measurements for the peptide/DNA complexes were performed
using a Zetasizer Nano-ZS (Malvern Instruments, Ltd.; Worcestershire,
U.K.) as described in previous studies.25,35

High-Speed Atomic Force Microscopy (HS-AFM) Imaging.
HS-AFM imaging was performed at room temperature by a
Nanoexplorer (RIBM, Tsukuba, Japan). SLBs were prepared by the
incubation of 1.5 μL of unilamellar lipid vesicles on a 1.5 mm diameter
mica disk, followed by extensive rinsing as described above for the
QCM measurements. The SLB-deposited mica surface was imaged in
70−80 μL of buffer solution with cantilevers containing silicon nitride
(BL-AC10DS-A2) or carbon nanofiber (BL-AC10FS-A2) probes
(Olympus Co.; Tokyo, Japan). Both cantilevers had a spring constant
of 0.1 N/m and a resonance frequency between 450 and 500 kHz in
aqueous media. The scan direction for image acquisition was from left
to right, and the scan rate was 0.5 or 0.1 frame/s. After observation of
the planar lipid bilayer, peptide or peptide/DNA complexes were
introduced into the imagingmedium. Plane leveling and line correction,
when necessary, were applied to the HS-AFM images using
Gwyddion.36

■ RESULTS AND DISCUSSION
Peptide and Complex Binding to the Plasma-MM and

Mito-MM. First, we measured the time-dependent change in
the response of the lipid membrane-modified QCM sensors in
the presence of peptides to compare the peptide−membrane
binding affinities. The time-course plots showed a discrete shift
in the sensor frequency after the addition of peptides, indicating
their binding to the membrane (Figures S1, S2). The binding or
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association constants (Ka) were calculated for each peptide on
the basis of the Langmuir isotherm and are listed in Table 1. For

both the plasma-MM and mito-MM, the Ka values of BP100
were higher than those of Cytcox, indicating the stronger
interaction of BP100 with the membranes. The Ka value of
BP100 was almost fourfold that of Cytcox on plasma-MM,
whereas it was less than twofold the Cytcox value for mito-MM.
Both peptides exhibited higher binding affinity to mito-MM
than to plasma-MM.
To assess the possible origin of the variation in the membrane

binding affinities of Cytcox and BP100, we measured their CD
spectra in the absence and presence of the liposomes. Cytcox
and BP100 were unstructured in both the absence and presence
of the liposomes of the plasma-MM (Figure 1a). This result
implies that the higher binding affinity of BP100 than that of
Cytcox was not caused by differences in their secondary
structure in the plasma-MM. However, we cannot rule out the
possibility of an undetectably low degree of structure in the
plasma-MM and contributions of the unbound peptides to the
profile of the CD spectra. In the presence of liposomes of the
mito-MM, the CD spectra for Cytcox and BP100 showed
minima at approximately 207 and 222 nm (Figure 1b) due to the
α-helical structure attained by these peptides in the mito-MM.
Indeed, the subunit IV precursors of yeast cytochrome c
oxidase37−39 and BP10040,41 were reported to form considerable
amounts of α-helix in only the presence of negatively charged
lipids.
We also compared the membrane binding affinities of Cytcox-

KH9 and BP100-KH9, which were used to form peptide/DNA
complexes in this study. The KH9 domain improved the

peptide−membrane interaction, especially for the plasma-MM.
The Ka values of Cytcox-KH9 and BP100-KH9 were calculated
to be six- to sevenfold higher on the plasma-MM and two- to
threefold higher on the mito-MM than those for Cytcox and
BP100. Interestingly, the Ka values of Cytcox-KH9 and BP100-
KH9 were similar on the mito-MMdue to a threefold decrease in
the Ka value of BP100-KH9 on the mito-MM relative to the
plasma-MM. A comparison between the complexes of these
peptides with plasmid DNA revealed that the amounts of the
BP100-KH9/DNA complex bound to both the plasma-MM and
mito-MM were higher than those of the Cytcox-KH9/DNA
complex (Figure 2). The difference between the membrane-

bound amounts of these complexes was larger for the plasma-
MM (Figure 2a) than for the mito-MM (Figure 2b). This is in
agreement with the differences in the Ka values of Cytcox and
BP100 shown in Table 1, where the variation for the plasma-
MM is larger than that for the mito-MM.

Peptide-Induced Morphological Changes in the
Plasma-MM. We visualized the changes in the morphology of
the plasma-MM in the presence of peptides using HS-AFM.
Figures 3−5 show that the plasma-MM consists of the DPPC-
rich taller phase and the DOPC-rich shorter phase. The DPPC-
rich phase is liquid ordered (Lo) because of the presence of Chol,
and the DOPC-rich phase is liquid disordered (Ld).

42,43 After
the addition of Cytcox into the imaging medium, the shorter
domains appeared in the Lo phase (indicated by arrows in Figure
3a). We attributed the appearance of these domains to
membrane thinning.16,44−47 These domains were approximately

Table 1. Association Constants (Ka) of the Peptides for the
Lipid Membranes

lipid membrane peptide Ka × 10−6 (M−1) average ± s.d.

plasma-MM Cytcox 0.63 ± 0.10
BP100 1.97 ± 0.36
Cytcox-KH9 3.97 ± 0.71
BP100-KH9 14.65 ± 3.35

mito-MM Cytcox 1.84 ± 0.49
BP100 3.13 ± 0.90
Cytcox-KH9 5.21 ± 1.17
BP100-KH9 5.49 ± 0.25

Figure 1.CD spectra of Cytcox and BP100 in the presence of the lipid vesicles of plasma-MM (a) andmito-MM (b). The total lipid concentration was
1mM. The peptide:lipid molar ratios in (a) and (b) were 1:50 and 1:40, respectively. The CD spectra of Cytcox and BP100measured in the absence of
lipid vesicles are shown as dotted lines in (a) (red-dotted, Cytcox; blue-dotted, BP100).

Figure 2. Time-course plots showing the binding of the Cytcox-KH9/
DNA and BP100-KH9/DNA complexes to the plasma-MM (a) and
mito-MM (b). The volumes of solutions with the complexes added to
the QCM sensor cells in (a) and (b) were 10 and 20 μL, respectively.
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1.5 nm thinner than the Ld domains. We also observed the
formation of long narrow defects in these short domains and the
Ld domains (Figure 3b). These defects were almost 1 nm shorter
than the surrounding phase (Figure 3c) and extended
continuously (Figure 3d). The HS-AFM images in Figure 3d
were obtained in the same experimental set as those presented in
Figure S3a. Figure S3a and Movie 1 show that the Ld phase
enlarged with the formation of long narrow defects. In addition,
porelike defects were visualized in some of the images (indicated
by arrows in Figure S3b). The formation of porelike defects
likely denotes lipid removal from the membrane.
In the presence of BP100, the Ld phase gradually spread to the

membrane defects (Figure 4a), which were the lipid-free mica
surface as proven both by the height profile and the phase image
(Figure S4). The height of the lipid membrane from the mica
surface was around 5 nm (Figures S4a, c), corresponding to the
height of a single lipid bilayer, and the contrast in the phase
image confirms that the underlying layer was the mica surface
(Figure S4b), exhibiting different properties than the mem-
brane. The gradual enlargement of the Ld phase caused the
disappearance of these defects. The coverage of the exposed
mica by the lipid membrane in the presence of BP100 is shown
at a smaller scan area in Figure S3c and Movie 2. The

enlargement of the Ld phase toward the Lo phase or the
shrinkage of the Lo phase was not clearly observed in the
presence of BP100, in contrast to the behavior of Cytcox. The
height profiles along the dashed lines in Figure 4a show that the
Ld phase was lowered by 0.5 nm during its expansion between 0
and 160 s (Figure 4b). The observed membrane thinning might
have resulted from the parallel alignment of BP100 at the
membrane interface and a subsequent reduction in the lipid acyl
chain order, which would lead to an increase in the occupied
lipid area and hence the sealing of the membrane defects.
Indeed, BP100 aligns parallel to the membrane interface by
localizing between the lipid acyl chains and the headgroups as an
α-helix;40,48 however, we did not detect a helical structure by CD
measurement (Figure 1a). We assume that it has a similar
alignment even when unstructured or with a low degree of
helicity. In short, both Cytcox and BP100 induced membrane
thinning while being unstructured in the plasma-MM. However,
the changes induced by Cytcox in the plasma-MM were more
complex than those induced by BP100.
The alterations induced in the plasma-MM by Cytcox-KH9

and BP100-KH9 were strikingly different from those observed in
the presence of Cytcox and BP100. In contrast to Cytcox and
BP100, both Cytcox-KH9 and BP100-KH9 disrupted the

Figure 3.Cytcox-induced membrane thinning in the plasma-MM. (a) HS-AFM height images showing the changes in the plasma-MM in the presence
of 25 μMCytcox. The term “0 min” corresponds to the time just after the addition of Cytcox. The asterisk at 0 min denotes the Ld phase. The arrows
indicate the short domains that formed during incubation with Cytcox. (b) Higher-resolution image of the region within the dashed line box in (a). (c)
Height profile along the dashed line in (b).Δh represents the height difference between the black circles, which correspond to the white circles on the
dashed line in (b). The red and blue zones denote the Lo and Ld phases, respectively. (d) HS-AFMheight images showing the formation of long narrow
defects in the Ld phase. The extending defects are indicated by the arrows. The color bar indicates the range of Z from 0 (darkest) to Zmax (brightest);
Zmax = (a) 6, (b) 7, and (d) 4 nm.
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membrane via the formation of pores (Figure 5, Movies 3−5),
which usually exhibited branching due to diffusion-limited
disruption.49 Since disruption at this level was not observed in
the presence of Cytcox or BP100, pore formation must have
been induced by the insertion of the polycationic KH9 domains
into the membrane. KH9 might have created toroidal pores by
causing the lipid headgroups to bend inward as suggested for

highly cationic arginine-rich peptides.50,51 In the presence of
Cytcox-KH9, as visualized in Movie 3, some of the pores did not
enlarge (e.g., pores marked with asterisks in Figure 5a) or only
grew slightly (e.g., pores within the white, yellow, and blue
circles in Figure 5a). In contrast, the pore in the red circle, which
appeared at the Lo/Ld phase boundary, rapidly grew, indicating
that the phase boundary, where the hydrophobic mismatch

Figure 4. BP100-induced membrane thinning in the plasma-MM. (a) HS-AFM height images showing the changes in the plasma-MM in the presence
of 9 μMBP100. The term “0 s” corresponds to 1.5 min after the addition of BP100. The asterisk at 0 s denotes the Ld phase. The color bar indicates the
range ofZ from 0 (darkest) toZmax (brightest);Zmax = 11 nm (0 s), 9 nm (120 s), and 6 nm (160 s). (b)Height profiles along the dashed lines in (a).Δh
represents the height difference between the black circles, which corresponds to the white circles on the dashed lines in (a). The red, blue, and gray
zones denote the Lo and Ld phases and the membrane defect, respectively.

Figure 5. Cytcox-KH9- and BP100-KH9-induced membrane disruption in the plasma-MM. (a) HS-AFM height images showing the changes in the
plasma-MM in the presence of 3 μM Cytcox-KH9. The term “0 s” corresponds to 18 min after the addition of Cytcox-KH9. The asterisks mark the
stable pores. The white, yellow, and blue circles indicate the pores that enlarged slowly. The red circle indicates a pore that formed and enlarged very
fast. (b) HS-AFM height images showing the changes in the plasma-MM in the presence of 0.5 μM BP100-KH9. The term 0 s corresponds to 2 min
after the addition of BP100-KH9. The arrows point to the growing pores. The color bar indicates the range of Z from 0 (darkest) to Zmax (brightest);
Zmax (a, b) = 5 nm.

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c03320
Langmuir 2021, 37, 1882−1893

1886

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c03320/suppl_file/la0c03320_si_004.mov
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03320?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03320?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03320?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03320?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03320?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03320?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03320?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03320?fig=fig5&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c03320?ref=pdf


between the lipid acyl chains in the Lo and Ld phases exists,
facilitates the crowding of these peptides and their pore
formation. A close view of the pore formation at the phase
boundary is shown in Figure S5a. Pore formation occurred at a
much lower concentration for BP100-KH9 than Cytcox-KH9,
and all of the pores seemed to grow continuously or trigger
further disruption (Figure 5b, Figure S5b, andMovies 2, 3). This
is highly likely due to the higher binding affinity of BP100-KH9
than Cytcox-KH9, allowing the recruitment of a higher number
of BP100-KH9 molecules to the membrane. As the pores grew,
the Ld domains in which no visible pores were detected shrank,
and simultaneously, the area of the Lo phase increased. The
coalescence of the Lo domains and the shrinkage of the pore-free
Ld phase imply tighter packing of lipids in the pore-free regions.
Before the appearance of pores, the Ld phase slightly enlarged
instead of shrank, possibly because of the parallel alignment of
the peptide to the membrane interface at low surface
concentrations. In addition, pores were surrounded by domains
shorter than the Lo phase, and these domains enlarged with the
growing pores. This might imply that the peptide molecules
aligned parallel to the membrane interface around the pores
trigger disruption via pore formation above a threshold
concentration. At the later stages of disruption, considerable
amounts of aggregates accumulated around the pores, indicating
the ejection of lipids from the membrane.
Peptide-Induced Morphological Changes in the Mito-

MM. There were no significant changes in the morphology of
the mito-MM at low peptide concentrations. In the presence of
Cytcox and BP100, it was especially difficult to distinguish the
peptide-induced changes in the membrane (Figures S6a, S7a).
Neither pore formation nor sealing of the membrane defects was
observed. The patchy structure formed by BP100 on the mito-
MM might have resulted from the formation of a thin layer on
the membrane or local thinning in the membrane (Figure S7a).
In the presence of Cytcox-KH9 and BP100-KH9, changes in the
mito-MM cells were clearer. At elevated peptide concentrations,
we observed the formation of a thin amorphous layer on the
membrane (Figures S6b and S7b, c), suggesting the surface
adsorption of the peptides. The existence of the thin layer in the
form of domains (Figure S7c) may indicate the clustering of
anionic lipids from zwitterionic lipids.47,52 The surface
adsorption of the peptides on the anionic membrane was
possibly facilitated via electrostatic interactions, especially in the
presence of the highly cationic Cytcox-KH9 and BP100-KH9.
Therefore, these peptides might be locked on the membrane
surface53 or partly penetrate into the membrane.54 They did not
rupture the mito-MMby forming visible pores, in contrast to the
zwitterionic plasma-MM. The membrane edges were the only
regions that underwent some changes during incubation with
the peptides, and membrane disruption took place by the
formation of lipid/peptide aggregates (Movies 6 and 7). The
existence of the thin layer on themembrane and the formation of
the lipid/peptide aggregates suggest the disruption of the
membrane via the carpet mechanism and detergent-like action
of the peptides.55 Nevertheless, we should not rule out the
possibility of the translocation of these peptides across the
membrane by the formation of undetectably small transient
pores.53,54

Complex-Induced Morphological Changes in the
Plasma-MM and Mito-MM. After we examined the peptide-
induced morphological changes in the lipid membranes using
HS-AFM, we studied themorphology and dynamics of the DNA
complexes. When fused with the KH9 domain, Cytcox and

BP100 can form compact and efficient complexes with plasmid
DNA.22,23 As characterized by the DLS measurement, the
Cytcox-KH9/DNA and BP100-KH9/DNA complexes prepared
in this work had a size of around 162 and 137 nm, respectively
(Figure S8a). The size of the BP100-KH9/DNA complex was
slightly smaller than the that of Cytcox-KH9/DNA complex,
indicating the formation of a more compact complex by BP100.
These complexes exhibited negative zeta potential due to the
excess amount of plasmid DNA in the complex prepared at N/P
0.5 (Figure S8b). The HS-AFM images showed that the Cytcox-
KH9/DNA and BP100-KH9/DNA complexes usually appeared
as intact particles on the plasma-MM; i.e., peptide and plasmid
DNA remained associated with the membrane. We did not
observe the plasmid DNA alone on the membrane surface,
whichmight indicate the efficient complexation of plasmid DNA
with the peptides despite the excess amount of plasmid DNA.
Some of the complex particles showed a clear morphology with a
dense, coiled structure when imaged at a high force, indicating
the condensation of plasmid DNA by the peptides (Figures 6a−
c). These complexes also seemed to have inserted into the
membrane (Figures 6a−c, Figure S9). Under mildly acidic
conditions, as visualized for the Cytcox-KH9/DNA complex
(Figure S10), the complex exhibited a slightly unfolded coil
(Figure S10a) or exposed its DNA-rich region (Figure S10b).
Both Cytcox-KH9/DNA and BP100-KH9/DNA complexes

were localized on the DPPC-rich Lo domains of the plasma-MM
(Figures 6d, g, Figures S11a, b). Their binding to the Lo domains
caused membrane thinning and/or disruption. Because of
membrane thinning or fluidization, the complex was localized at
the Lo/Ld phase boundary or in the Ld phase, as shown in Figure
6 and Figure S11. In the presence of the Cytcox-KH9/DNA
complex, either fluidization or disruption was observed (Figures
6d, e). The Cytcox-KH9/DNA complex disrupted the Lo
domains of the membrane by creating pores that were round
with uniform depth (Figure 6e, Figure S12). The pores formed
in the vicinity of the complex and enlarged during observation.
The pore depth indicated the formation of a nearly lipid-free
defect in the membrane (Figure 6f) or the complete removal of
the lipids in both the outer and inner leaflets of the membrane.
The latter was more evident in the case of large pores (Figure
S12b), during whose formation the complex started to
dissociate. Around the BP100-KH9/DNA complex, both
fluidization and disruption occurred (Figure 6g). Figure 6h
clearly shows the coexistence of the fluidized region, which was
initially the Lo phase (Figure 6g), with the shorter disrupted
regions. The height profile along the dashed line indicates that
these shorter regions consisted of a complete pore and regions
thinner than the surrounding fluidized membrane (Figure 6i).
The height difference between the fluidized and thinner regions
was 3 nm. This difference is slightly larger than the thickness of
one lipid leaflet and therefore denotes the removal of only the
outer leaflet of the membrane. These results, showing the
coexistence of regions of different heights, suggest that the
increased disorder in the membrane was followed by the
subsequent removal of the outer- and inner-leaflet lipids and
hence the gradual disruption of the membrane by the BP100-
KH9/DNA complex. The changes in the plasma-MM induced
by both complexes are illustrated in Figure 7, where membrane
fluidization and disruption are assumed to have been caused by
the released peptide. I, II, and III indicate the membrane
fluidization, disruption, and coexistence of both fluidized and
disrupted regions, respectively.
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The Cytcox-KH9/DNA and BP100-KH9/DNA complexes
also induced pore formation in the mito-MM (Figure 8a, c),

although no pores were visualized in the mito-MM in the
presence of Cytcox-KH9 or BP100-KH9. The pore depth was
similar to the membrane thickness (Figure 8b, d), implying the
removal of both outer and inner leaflets of the membrane. After
prolonged incubation, the Cytcox-KH9/DNA complex dis-
rupted most of the membrane, and some of the complexes
seemed to have dissociated, yielding DNA-like structures in the
disrupted regions (Figure S13a). In contrast, we did not detect
DNA-like features in the disrupted regions of the membrane in
the presence of the BP100-KH9/DNA complex. It either
dissociated into small globular particles (Figure S13b) or stayed
intact with the condensed DNA (Figure S13c).

Peptide−Membrane and Complex−Membrane Inter-
actions. The QCM results showed that BP100, which is a CPP,
has a higher membrane binding affinity than the mitochondria-
targeting peptide Cytcox (Table 1). One reason for its higher
binding affinity may be having more cationic residues than
Cytcox. Similarly, the greater binding affinity of these cationic
peptides for the negatively charged mito-MM than for the
zwitterionic plasma-MM can also be attributed to the stronger
peptide−membrane electrostatic attraction. For the mito-MM,
we need to consider the effect of the peptide secondary structure
as well, as Cytcox and BP100 were shown to attain an α-helical
structure in the mito-MM (Figure 1b). However, the small
difference between the Ka values of Cytcox and BP100 and the
decrease in the Ka value of BP100-KH9, which is the most
cationic peptide studied herein, for the mito-MM relative to the
plasma-MM indicate the contribution of another factor.
Although electrostatic interactions are required for the initial
binding of peptides to the membrane surface, their intensifica-
tion may counteract hydrophobic interactions, which are

Figure 6. Peptide/DNA complexes localized on the plasma-MM and
their membrane-disrupting activity. HS-AFM height images showing
the Cytcox-KH9/DNA complex (a) and the BP100-KH9/DNA
complex (b, c) on the plasma-MM. The image in (c) was captured at
a higher imaging force. (d) HS-AFM height images showing the
Cytcox-KH9/DNA complex localized on the Lo domain of the plasma-
MM during membrane fluidization. The dashed line box contains the
region where fluidization was observed. Inset is an enlarged image of the
complex indicated by the arrow within the dashed line box. (e) HS-
AFM height images showing pore formation by the Cytcox-KH9/DNA
complex. The term “0 min” corresponds to 2.5 h in (d) and 1.5 h in (e)
after the addition of 20 μL of complex into the imaging medium. The
images in (d) and (e) were obtained in different experimental sets. (f)
Height profiles along the dashed lines in (e). (g) HS-AFM height
images showing the BP100-KH9/DNA complex localized on the Lo
domain of the plasma-MM after 4 h of incubation. (h) Higher-
resolution image of the region within the dashed line box in (g). The
time difference between the images in (g) and (h), which were recorded
1.5 h after the addition of the complex, was approximately 1 min. (i)
Height profile along the dashed line in (h). The Δh in (f) and (i)
represents the height difference between the black circles, which
correspond to the white circles on the dashed lines in (e) and (h). The
color bar indicates the range of Z from 0 (darkest) to Zmax (brightest):
Zmax = (a) 22 nm, (b) 12 nm, (c) 18 nm, (d) 7 nm, (e) 7 nm (0min), 11
nm (7, 10 min), and (g, h) 15 nm.

Figure 7. Illustration of membrane fluidization and disruption induced
by Cytcox-KH9 and BP100-KH9 released from Cytcox-KH9/DNA and
BP100-KH9/DNA complexes bound to the Lo domains of the plasma-
MM. Plausible mechanism for the complex-induced changes in the
membrane: fluidization or thinning due to the localization of the
peptide within the polar/apolar interface of the membrane (I), toroidal
pore formation due to the membrane deformation induced by the KH9
domains, and gradual disruption in the membrane by a mixed effect of
fluidization and removal of membrane leaflets (III).
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necessary for tighter binding of peptides to the membrane.56

Therefore, reduced hydrophobic interactions might be the
reason, especially for BP100-KH9 binding the mito-MM more
weakly than the plasma-MM.
A comparison of the membrane binding affinities of the

peptides and the peptide/DNA complexes showed that the
difference in the binding affinities of the Cytcox-KH9/DNA and
BP100-KH9/DNA complexes followed a tendency similar to
that of Cytcox and BP100 rather than that of Cytcox-KH9 and
BP100-KH9 (Table 1, Figure 2). This is evident from more of
the BP100-KH9/DNA complex than the Cytcox-KH9/DNA
complex binding to the mito-MM despite the similar Ka values
obtained for Cytcox-KH9 and BP100-KH9 for the mito-MM.
This suggests that the KH9 domain did not take part in the
membrane binding of the complex and confirms that the KH9
domains were condensed in the complex interior, while Cytcox
and BP100 were located in the periphery of the complex, facing
the membrane surface. This result agrees well with a previous
report on the DNA complex structures of Cytcox-KH9.

22

Effect of Membrane Fluidity and Surface Charge.
While Cytcox and BP100 induced changes mostly in the DOPC-
rich Ld phase of the plasma-MM (Figures 3 and 4), the Cytcox-
KH9/DNA and BP100-KH9/DNA complexes localized on the
DPPC-rich Lo domains of the membrane (Figure 6). The reason

for the higher affinities of Cytcox and BP100 for the DOPC-rich
phase of the membrane is likely the higher accessibility of the
peptides to the phosphate groups and the acyl chains in the Ld
phase. In the DPPC-rich phase, the accessible area was reduced
by the high tilt angle of the phosphatidylcholine headgroups
with respect to the membrane surface,57,58 which results from
the dense packing of lipids and a stable hydration layer on the
DPPC-rich domains.59 In addition, there are significant
differences in the electrical potential of the two phases.60−62

The DOPC membrane behaves like a negatively charged
membrane because of an external field originating from the
internal membrane dipole potential.62 Since the membrane
dipole potential significantly influences the peptide−membrane
interaction,63 we speculate that the higher membrane dipole
potential of the DOPC-rich phase could be another factor
facilitating the binding of these cationic peptides to this phase. In
contrast to the cationic nature of the peptides used herein, their
DNA complexes exhibit slightly negative zeta potentials. This
may explain the localization of the Cytcox-KH9/DNA and
BP100-KH9/DNA complexes on the Lo domains, where the
positively charged choline groups of DPPC are oriented toward
the solution and likely attract the complex.57,58 The negative zeta
potential of the complex is also possibly the reason for the lower
amount of complex bound to the mito-MM than to the plasma-

Figure 8.HS-AFM height images showing pore formation in the mito-MM caused by the Cytcox-KH9/DNA complex (a) and the BP100-KH9/DNA
complex (c), with the height profiles along the dashed lines in (a), (b) and in (c), (d). The term “0 min” corresponds to 2.5 h in (a) and 2 h in (c) after
the addition of 40 μL of complex into the imaging medium. Δh in (b) and (d) represents the height difference between the black circles, which
correspond to the white circles on the dashed lines in (a) and (c). The color bar indicates the range of Z from 0 (darkest) to Zmax (brightest): Zmax = (a)
18 and (c) 20 nm.
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MM (Figure 2) despite the higher Ka values of both Cytcox and
BP100 for the mito-MM than for the plasma-MM. The
electrostatic repulsion between the anionic membrane and the
complex might hamper the binding of the complex to the mito-
MM.
Mechanism of Complex-Induced Membrane Disrup-

tion. Membrane fluidization and disruption caused by the
Cytcox-KH9/DNA and BP100-KH9/DNA complexes (Figure
6)may indicate the release of Cytcox-KH9 and BP100-KH9 from
the complexes upon membrane binding (Figure 7). On the basis
of the HS-AFM images obtained for Cytcox-KH9 and BP100-
KH9 (Figure 5), fluidization might have been caused by the
parallel alignment of peptide molecules at the membrane
interface below a critical surface concentration, and pore
formation might have resulted from the increase in the local
surface concentration of the released peptide. The question is
whether peptide release is absolutely necessary for pore
formation because the formation of membrane defects was
also observed in the presence of amine-terminated silica
nanoparticles,64 which do not contain a flexible organic surface,
and amphiphilic Janus nanoparticles65 that were hydrophobic
on one hemisphere and positively charged on the other by amine
groups. This suggests that pore formation can be induced solely
by deformation of the membrane and its subsequent rupture,
resulting in lipid removal from the membrane. Based on this
information, we may assume that the same mechanism takes
place for the Cytcox-KH9/DNA and BP100-KH9/DNA
complexes as well. However, because of the large size of the
pores and the fluidization over a large area, the possibility of pore
formation via membrane dissolution by the peptide released
from the complex seems higher than the possibility of pore
formation by membrane deformation.
In addition to the underlying mechanism for the complex-

induced membrane disruption, we also need to pay attention to
the differences in the pattern of disruption caused by the Cytcox-
KH9/DNA and BP100-KH9/DNA complexes. The formation of
expanding pores caused by the Cytcox-KH9/DNA complex in
the Lo domains (Figure S12) may indicate the release of a
significant amount of peptide from the complex, leading to an
abrupt increase in the membrane-bound peptide concentration
in the vicinity of the complex. In contrast, the gradual disruption
observed in the presence of the BP100-KH9/DNA complex
(Figure 6g−i) likely resulted from the slow release of the peptide
and hence the higher stability of the BP100-KH9/DNA complex
than the Cytcox-KH9/DNA complex on the plasma-MM. These
differences can be attributed to Cytcox having a more disruptive
nature than BP100 (Figures 3 and 4). Cytcox might be able to
cause lipid removal in addition to membrane thinning, whereas
BP100 caused onlymembrane thinning. TheCytcox-KH9/DNA
and BP100-KH9/DNA complexes induced pore formation in
the mito-MM as well (Figure 8), although the mito-MMwas not
ruptured by the peptides (Figures S6, S7). In this case,
membrane deformation should be considered a possible
mechanism of pore formation in the mito-MM by the complex.
However, it is also possible that the complex, with a slightly
negative zeta potential, induced the segregation of the anionic
lipid-poor regions and the subsequent formation of pores in
these regions by the released peptide, as was the case for the
plasma-MM.
Comparison of the Complexes in Cellular and

Mitochondrial Uptake. When the pore size and growth are
considered, cellular uptake via direct membrane translocation is
likely to be enhanced in the presence of the Cytcox-KH9/DNA

complex due to the formation of expanding pores by this
complex. However, pore formation does not correlate with the
gene delivery efficiency; instead, it may elevate cytotoxicity.66,67

In the determination of the efficiency of the carrier peptide in
gene delivery, its membrane binding affinity might be more
critical than its disruption ability. Thus, the higher binding
affinity for BP100 than for Cytcox is possibly one of the reasons
for the increased gene delivery efficiency in plant cells in the
presence of BP100 andmight be able to improve gene delivery in
mammalian cells as well. Because of the localization of the
Cytcox-KH9/DNA and BP100-KH9/DNA complexes on the Lo

domains, resembling the raftlike domains in the plasma
membrane, we suggest that raft-mediated endocytosis68,69 can
be an uptake pathway for complexes smaller than lipid rafts. In
the case of the mito-MM, we observed DNA-like features in the
disrupted regions of the membrane after prolonged incubation
(Figure S13a), suggesting that Cytcox-KH9 might transport and
release plasmid DNA into the mitochondrial matrix. Although
BP100-KH9 was not as efficient as Cytcox-KH9 in releasing the
plasmid DNA (Figures S13b, c), the higher amount of
membrane-bound BP100-KH9/DNA complex than Cytcox-
KH9/DNA complex (Figure 2b) implies that the inclusion of
BP100 in the Cytcox-KH9/DNA complex may increase the
complex abundance on the mitochondrial membrane, similar to
the plasma membrane. Nonetheless, the action of the Cytcox-
KH9/DNA complex would be more critical in the cytosol than
the action of the complex with BP100 because of the crucial role
of Cytcox in targeting the mitochondria.

■ CONCLUSIONS

In summary, we compared the membrane activities of two
carrier peptides (Cytcox and BP100) and their DNA complexes
on model lipid membranes mimicking the mammalian plasma
membrane or the mitochondrial outer membrane using two
surface characterization techniques, QCM and HS-AFM. We
have revealed that Cytcox, which is a mitochondria-targeting
peptide, exhibits a lower membrane binding affinity than BP100,
which is a CPP. Interestingly, the DNA-carrying complex of
Cytcox seemed to be more membrane disruptive than that of
BP100. The former’s high membrane-disrupting activity can be
advantageous for the rapid cellular uptake of the complex via
direct translocation across the plasma membrane and for the
release of plasmid DNA into the mitochondria. However, the
higher binding affinity of BP100 increases the probability of
internalizing a higher number of complexes into the cell via
endocytosis and/or direct translocation. Our results together
with the findings in a previous study23 that reported an
improvement in the gene transfection efficiency of the Cytcox-
KH9/DNA complex whenmodified with BP100 suggest that the
binding affinity of the peptide/DNA complex for the plasma
membrane is likely more critical in enhancing the gene
transfection efficiency than the membrane-disrupting activity
of the complex. The latter might actually elevate cytotoxicity if
the membrane cannot reseal after complex entry into the cell. All
these findings revealing the differences in the membrane
activities of the carrier peptides and their DNA complexes
confirm the important role of CPPs in gene delivery and may
help to improve the design of an efficient peptide-based
organelle-specific gene delivery system.
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