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The influences of the antibacterial magainin 2 and PGLa from the African clawed frog (Xenopus laevis) and
the hemolytic bee venom melittin on Escherichia coli as the target cell were studied by atomic force microscopy
(AFM). Nanometer-scale images of the effects of the peptides on this gram-negative bacterium’s cell envelope
were obtained in situ without the use of fixing agents. These high-resolution AFM images of the surviving and
intact target cells before and after peptide treatment showed distinct changes in cell envelope morphology as
a consequence of peptide action. Although all three peptides are lytic to E. coli, it is clear from this AFM study
that each peptide causes distinct morphological changes in the outer membrane and in some cases the inner
membrane, probably as a consequence of different mechanisms of action.

Bacterial resistance to conventional antibiotics has become a
major problem worldwide, and certain strains of bacteria are
already resistant to all available drugs (3, 29). The develop-
ment of a new family of antibiotics is therefore an important
research topic. Antimicrobial peptides are considered good
candidates for the next group of antibiotics because their pro-
posed mode of action is different from those of conventional
antibiotics (12, 25). To advance antimicrobial peptides to the
status of a new group of antibiotics, it is important to under-
stand the mechanisms of action of these agents and the reason
for their selectivity against microbes. In this study we com-
pared the actions of three different peptides, namely, melittin,
the toxic and hemolytic 26-residue peptide from the European
honeybee Apis mellifera (6, 11), and two antibacterial peptides
from the African clawed frog Xenopus laevis, an amide ana-
logue of the 23-residue magainin 2 (32, 33) and the 21-residue
PGLa (28), on the membrane of Escherichia coli. All three
peptides are cationic �-helical antimicrobial peptides with
markedly different sequential distributions of polar and non-
polar amino acids. However, all three peptides are amphi-
pathic and highly membranolytic, with PGLa and magainin 2
having a better selectivity, via electrostatic discrimination, to-
ward prokaryotic cells (13, 22) than the hemolytic melittin
(which is a nonselective lytic peptide).

Model membrane studies have provided a good understand-
ing of antimicrobial peptides and their mechanisms of action.
Different models for the interaction of a peptide with the
bacterial membrane have been proposed: the barrel stave
model (2), the toroidal pore or wormhole model (5, 31), the
carpet model (23), and the peptide aggregate model (19, 30).
Most antimicrobial peptides are thought to follow the toroidal
pore model and/or carpet model and not the barrel stave

model, in which the peptides in the pore need to span the
membrane without deformation of the lipid bilayer. Peptides
that form toroidal pores remain associated with the phospho-
lipid head groups and insert perpendicularly to the membrane
plane by causing the lipid bilayer to fold back on itself. It has
been proposed that both melittin (31) and magainin (16, 20)
form this type of lytic pore. A second proposal for the mech-
anism of action of magainin has been the carpet model (23),
where peptides cover the membrane like a carpet and remain
in a parallel or a surface state. With this model the destruction
of the bilayer occurs by the formation of toroidal pores, mi-
celles, and vesicles. At this stage no clear mode of action has
been proposed for PGLa, but it is possible that it also follows
the toroidal pore model. The aggregate model proposes that
micelle-like aggregates of peptides form in the membrane.
This disrupts the membrane’s permeability and may eventually
lead to cell lysis (19, 30). All of these models have been pro-
posed from model membrane studies, which are limited by the
absence of many of the biological features found in natural
membranes, which, in turn, may influence the interaction with
antimicrobial peptides.

In this study, atomic force microscopy (AFM) was used for
the analysis of the membranolytic effects in the mechanisms of
action of the three antimicrobial peptides by using E. coli cells
as the live bacterial target. The main advantage of AFM is the
possibility of visualization of live cells in situ, which makes it a
powerful and very useful technique for the study of the mech-
anisms of action of antimicrobial peptides on bacterial target
cells. Only a few AFM studies have been done on the effect of
membrane-active compounds on bacteria, but none of these
have addressed the effects of antimicrobial peptides on bacte-
rial surfaces. Braga and Ricci (4) studied the surface alter-
ations of E. coli induced by different concentrations of the
beta-lactam antibiotic cefodizime by AFM. They found differ-
ent forms of cell damage, ranging from the formation of holes
in the outer membrane to complete lysis of the bacterium. The
effect of rare earth metals, such as La3�, on E. coli was ob-
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served by Liu et al. (15). They also observed substantial surface
alterations caused by the replacement of Ca2� with La3�,
which led to damage of the cell’s outer membrane. Sharma et
al. (26) reported on the alterations (a considerable increase in
surface corrugation [roughness] and cell lysis) of the cell mor-
phology of E. coli after treatment with RISUG (reversible
inhibition of sperm under guidance), a polymeric drug with
antimicrobial properties. This paper presents the first report
on visualization of the influence of antimicrobial peptides on a
bacterium by AFM.

MATERIALS AND METHODS

Preparation of peptides. The peptides PGLa and magainin 2 amide (Mag 2a)
were synthesized by using the 9-fluorenylmethoxy carbonyl-based solid-phase
peptide synthesis methodology (BioSyn). The peptides were purified to �95%
purity by using semipreparative reverse-phase (C18) high-performance liquid
chromatography. Melittin was purchased from Sigma-Aldrich (Steinheim, Ger-
many). All peptides were analyzed for purity and chemical integrity by electro-
spray mass spectrometry. The results of electrospray mass spectrometry for
melittin showed a high purity and a lack of protein substances, i.e., phospho-
lipases. The peptides were freeze-dried in 50% acetonitrile to ensure sterility. All
glassware used in this study was washed thoroughly and pyrolyzed for 1 h at
550°C in order to ensure that they were sterile and detergent-free.

Preparation of bacterial cells. A culture of E. coli HB101 was grown overnight
at 37°C in nutrient-rich medium, Bacto tryptone soy broth, to late mid-log phase
(0.85 � 0.1 optical density units at 620 nm). The cells in 1.0 ml culture were
isolated by centrifugation (1 min in a Pico-Fuge) and washed twice with 1 volume
of sterile analytical-grade water. Afterwards, the cells were gently resuspended in
water. A small volume of peptide was added to the cells to yield a 25% � 5%
(low peptide concentration) or a 70% � 10% (high peptide concentration)
decrease in the original optical density. The high concentration was thus in effect
above the concentration that would cause 50% lysis (50% lethal concentration
[LC50]) of the target cell and the low concentration was less than the LC50. The
control samples were not treated with peptide.

For AFM analysis the samples were applied on a freshly cleaved mica surface
and allowed to dry for about 5 min before imaging. To determine the effect of the
peptide on the cell membrane and to ensure that the imaged damage was really
due to the peptide, an average of five individual bacterial cells was imaged for
every peptide concentration. Analysis was also done with duplicate cultures for
each peptide.

The peptide-treated samples were imaged within 30 min after addition of the
peptide. In order to locate the bacteria on the substrate, a built-in microscope
with a �300 magnification was used. The images were obtained in air and in
tapping mode by using a multimode AFM from Veeco with a scanner with a
maximum scan range of 10 by 10 �m. All images were obtained with a scan speed
of 0.7 Hz and a resolution of 512 by 512 pixels. A silicon noncontact low-
resonance-frequency cantilever from Nanosensors with a resonance frequency of
about 160 kHz and a spring constant of about 50 N/m was used. Every scan
resulted in a topography image and a phase image, which were acquired simul-
taneously. Height and size information were acquired with the imaging software
from Veeco. The average surface roughness (Ra) was calculated as the arithmetic
average of the absolute values of the surface height deviations measured from
the plane: Ra � 1/n �i � 1

n PZiP, where n is the number of measurements
(numbered from i � 1 to i � n) and Z is the height measurement. The height
scale is given for each topology image; and the height is depicted as shades of
gray, with white being nearest the tip and black being the farthest away in the
topology image. An elasticity (or rigidity) scale is given for each phase image; and
elasticity is depicted as shades of gray, with white being the most elastic and black
being the most rigid.

RESULTS

Images of untreated E. coli HB101 cells revealed a relatively
smooth surface with no ruptures or large pores. The average
surface corrugation (roughness) of an untreated E. coli cell was
determined to be 2.41 � 1.37 nm. We determined the average
length of an untreated E. coli cell to be 3.73 � 0.75 mm and the
average width to be 1.18 � 0.29 mm, which is somewhat longer

than but in accordance with the dimensions of E. coli cell size
cited in the literature (10). Figure 1A and B shows the topog-
raphy image and phase image, respectively, of a typical un-
treated E. coli cell. Figure 1C is a magnification of the surface,
and it can be seen that the surface membrane is structured to
a certain degree but that it shows no grooves or indentations.

AFM images were acquired at concentrations greater than
and less than the LC50 for each peptide on E. coli HB101. Only
relatively intact cells were imaged, and the images therefore
represent only cells with minimal lytic damage at a particular
peptide concentration. Because drying is part of the cell prep-
aration procedure, there is a local change in peptide concen-
tration, and this increase in peptide concentration may in effect

FIG. 1. (A) Topography images and (B) phase images of an un-
treated E. coli cell; (C) magnification of the surface. The color z scale
ranges from 0 to 1 �m in panel A and from 0 to 90° in panel B.
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cause the damage to an unaffected cell or increase the damage
to an already affected cell. We, however, did find that the
concentration correlated well with cellular damage. In general,
the roughness of the outer membrane increased with the in-
crease in peptide concentration, with melittin having the most
pronounced effect on the surface roughness. However, the
most significant differences in cell morphology changes were
dependent on the particular peptide and not so much on the
peptide concentration. Representative images of cells and the
damage to them by the respective peptides are discussed here-
after in detail.

Melittin at a concentration less than its LC50 induced struc-
tural changes in the bacterial cell wall. This resulted in the
formation of grooves and pore-like lesions as well as the col-
lapse of the cell structure at the apical ends. Figure 2A and B
shows the topography and phase images of an E. coli cell
treated with melittin at a concentration less than its LC50. Both
apical ends are collapsed and flattened, with the one end being
more elastic or consisting of softer structures (see the encircled
white area in Fig. 2B). Apart from the lesions, a large amount
of released vesicles or peptide aggregates (which may include
lipopolysaccharide [LPS] and membrane-associated com-
pounds) with a diameter of 49.2 � 10.9 nm are clearly visible
around the cell in the phase image (Fig. 2B). Figure 2C is a
magnification of a part of the cell surface. It shows pore-like
lesions (65.7 � 7.9 nm) and grooves (dark areas) on the sur-
face. The surface corrugation was increased to 3.7 � 1.43 nm
(a �150% increase). As expected, a concentration of melittin
greater than the LC50 leads to even greater cell damage of the
E. coli cell, as is evident in the topography and phase images in
Fig. 3A and B. In addition to a collapse of the apical ends, the
outer membrane showed severe damage with large lesions of
87.5 � 12.9 nm in diameter (Fig. 3C is a magnification of the
cell surface). In both the topology and the phase images (Fig.
3A and B, respectively), the leakage of a substantial amount of
fluid during the drying process is indicated by the “ring”
around the cell. The “ring” phenomena around the cells were
observed for a number of peptide-damaged cells. AFM images
of droplets containing biological salts and small compounds
show similar ring shapes after drying. Furthermore, the phase-
contrast image of the visualized cell revealed possible blebbing
at one of the apical ends (encircled in Fig. 3B). We found
similar protrusions for E. coli cells treated with melittin in an
earlier AFM study with a lower-resolution AFM instrument.
The surface corrugation also increased to 7.72 � 5.1 nm (a
�300% increase), indicating a pronounced cell surface pertur-
bation.

The effect of magainin 2a on E. coli was found to be quite
different from that of melittin, although the concentration of
compound that caused 50% inhibition of growth was virtually
the same for these two peptides for E. coli by a microdilution
assay (8). Figure 4A and B shows the topography and phase
image, respectively, of a magainin 2a-treated E. coli cell. At the
low concentrations, Mag 2a induced “surface-bound vesicula-
tion” of the LPS-rich outer membrane with a “protovesicle”
diameter of 51.5 � 7.8 nm (see Fig. 4C for a magnification of
the surface). Some lesions the size of protovesicles (49.2 � 5.5
nm) can also be seen in the encircled areas of Fig. 4C. Electron
microscopy studies by Matsuzaki et al. (18) showed similar
results of vesicle formation by magainin 2. The phase image

shows softer structures at one of the apical ends of the visual-
ized cell (encircled white area in Fig. 4B). The surface corru-
gation increased by more than 370% to 9.1 � 5.37 nm, which
is comparable to that caused by melittin.

At a concentration greater than the LC50, Mag 2a caused
almost complete destruction of the bacterial cell. Figure 5A
and B shows the topography and phase image, respectively, of
Mag 2a-treated E. coli cells. Vesiculation, as well as deep
lesions, can be observed, and the apical ends and the septal
region of the cell are collapsed. It is also clearly visible in the

FIG. 2. (A) Topography image and (B) phase image of an E. coli
cell treated with melittin at a concentration less than the LC50;
(C) magnification of the surface. The z scale ranges from 0 to 1.2 �m
in panel A and from 0 to 50° in panel B. See the text for an explanation
of the encircled area.
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phase image (Fig. 5B) that the inner membrane structures and
remaining cellular contents have pulled away from the outer
surface on the one side of the visualized cell. The outer surface
here most probably consists mostly of the rigid peptidoglycan
layer (Fig. 5C; see explanation below). Furthermore, both col-
lapsed (flat circles) and intact vesicles with an average diame-
ter of 50.4 � 9.5 nm (excluding the larger vesicles and struc-
tures) can be seen in the phase image (Fig. 5B). The rod-like
structures attached to the E. coli cell may possibly be magainin
2a filaments, as magainin 2 has been shown to spontaneously
self-assemble into filaments in an ionic environment (27). Fig-
ure 5C is a magnification of the cell surface and shows deep
lesions in the form of grooves and fewer vesicles than the
number attained with the low Mag 2a concentration. The mag-
nification of the surface indicates outer membrane thinning

and the possible exposure of parts of the more rigid pepti-
doglycan layer, as indicated in Fig. 5D (encircled area). The
surface corrugation increased by more than 280% to 6.95 �
4.86 nm but decreased from that measured after the use of the
lower Mag 2a concentration.

PGLa was found to be more active in terms of growth inhi-
bition than Mag 2a, but it caused less visual damage to the E.
coli cells that we examined (17.3 � 1.04 mM of Mag 2a and 5.5
� 1.0 mM of PGLa were needed to cause 50% growth inhibi-
tion, as measured by the Du Toit and Rautenbach assay [8]).
The morphological change to the outer cell membrane of E.
coli induced by low concentrations of PGLa can be described
as intermediate between the changes induced by melittin and
Mag 2a. Figure 6A and B shows the topography and phase
images of two PGLa-treated E. coli cells, respectively. PGLa

FIG. 3. (A) Topography image and (B) phase image of an E. coli cell treated with melittin at a concentration greater than the LC50;
(C) magnification of the surface. The z scale ranges from 0 to 0.8 �m in panel A and from 0 to 30° in panel B. See the text for an explanation of
the encircled area.

FIG. 4. (A) Topography image and (B) phase image of an E. coli cell treated with Mag 2a at a concentration less than the LC50; (C) magni-
fication of the surface. The z scale ranges from 0 to 0.8 �m in A and from 0 to 90° in panel B. See the text for an explanation of the encircled areas.
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caused striations with an almost vesicle-like appearance, as
well as some larger cell lesions with a size of 113.8 � 37 nm
(Fig. 6C) that may have been the cause of damage of areas in
the cell capsule and the apical ends (Fig. 6A and B). The slight
collapse (damage) of the apical ends and the center of the cell
and the lesions across the entire surface become visible, espe-
cially in the phase image. The surface corrugation was only
slightly increased by �110% to 2.83 � 1.03 nm.

Figure 7A and B shows the topography and phase images of
an E. coli cell treated with PGLa at a concentration greater
than the LC50. At this higher PGLa concentration, the stria-
tions were more pronounced, although the cellular outer struc-
ture remained intact (Fig. 7A). The striations are dispersed
between long and narrow lesions and grooves (Fig. 7C). The
“ring” around the images in Fig. 7A and B indicates that
cytosolic fluids leaked from the cell during the drying process
(see the explanation above for Fig. 3A and B). The phase
image shows the pronounced collapse of some of the inner
structures of the cell (similar to that caused by Mag 2a), in
particular, in the center of the cell. Softer structures at the
apical ends are indicated by the white parts in the phase image
(Fig. 7B). The surface roughness increased only by about 140%
to 3.46 � 0.7 nm. It seems as if the higher concentration of

PGLa causes grooves and outer membrane-associated pro-
tovesicles with a diameter of 32.7 � 5.5 nm. This is more like
the vesicle-like structures caused by Mag 2a rather than the
large lesions caused by melittin.

DISCUSSION

As with other microscopy techniques, we could visualize only
those cells that remained relatively intact after the initial pep-
tide action. Many of these cells may well be the most resistant
cells in our cell cultures, specifically, in samples with a high
peptide concentration, in which intact cells were a rare occur-
rence. However, some sensitive cells may have remained intact
at the low peptide concentrations used and were possibly vi-
sualized. Also, due to concentration of the peptide during the
drying step before visualization, many, if not most, of the
surviving cells were ultimately damaged. This AFM study re-
vealed intricate details of the membranolytic effects of three
antimicrobial peptides on the cell envelope and, in particular,
the LPS-rich outer membrane of these E. coli cells.

All the peptides caused an increase in surface roughness and
lesions in the bacterial cell wall as a result of peptide treat-
ment, with Mag 2a and melittin causing greater increases than

FIG. 5. (A) Topography image and (B) phase image of an E. coli cell treated with Mag 2a at a concentration greater than the LC50;
(C) magnification of the surface; (D) phase image of the magnified surface. The z scale ranges from 0 to 0.8 �m in panel A and from 0 to 80° in
panel B. See the text for an explanation of the encircled area.
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PGLa. The increase in surface roughness may have been
caused by peptide incorporation into the LPS-containing outer
membrane (7, 17), causing a “crumpling” effect due to an
increase in surface area. The lesions may have been caused by
either peptide aggregates (19, 30), the release of LPS-contain-
ing vesicles (17), or even autolytic reactions (1, 9).. It has been
shown by Matsuzaki et al. (17) that an analogue of magainin 2
preferentially interacted with LPS-containing vesicles rather
than phosphatidylcholine-containing vesicles. Our AFM re-
sults clearly show that the LPS-rich outer membrane of the

gram-negative bacterium E. coli is an important target for
antimicrobial peptides. Our results therefore also support the
finding of Ding et al. (7) that magainin has a transmembrane
penetrating ability in LPS bilayers. The damage to the outer
membrane may in turn improve the uptake of peptide to the

FIG. 6. (A) Topography image and (B) phase image of two E. coli
cells treated with PGLa at a concentration less than the LC50; (C) mag-
nification of the surface. The z scale ranges from 0 to 0.8 �m in panel
A and from 0 to 70° in panel B.

FIG. 7. (A) Topography image and (B) phase image of an E. coli
cell treated with PGLa at a concentration greater than the LC50;
(C) magnification of the surface. The z scale ranges from 0 to 0.8 �m
in panel A and from 0 to 120° in panel B. See text for explanation on
encircled areas.
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highly sensitive inner membrane (self-promoted uptake).
Damage to the inner membrane will lead to leakage of the
cytosol and eventual lysis and cell death.

Many of our phase-contrast images showed softer and more
elastic structures at one or both of the apical ends (see the
encircled white areas in Fig. 2B, 3B, 4B, and 7B). This indicates
either a protrusion of the softer, more elastic inner membrane
through lesions in the more rigid peptidoglycan layer or an
accumulation of aggregates and/or vesicles at the apical end
(Fig. 2B). All three peptides tended to induce the most damage
at the apical ends of the cells. This result corresponds well with
the results from an experiment with a cardiolipin-specific flu-
orescent dye where domains of cardiolipin (a negative phos-
pholipid) were located, apart from at the septal regions, at the
apical ends of the E. coli inner membrane (21). The three
peptides evaluated in our study are highly cationic and have a
higher affinity for negative phospholipids than for neutral
phospholipids (13, 22). Therefore, it is possible that a higher
concentration of peptide will be trapped at the apical ends.
The damage at the apical ends is probably the consequence of
inner membrane damage rather than outer membrane dam-
age.

Apart from the similarities discussed above, the overall ef-
fects of the three peptides on the cell envelope and the cell
were observed to be different in some aspects. Melittin caused
large lesions in the cell envelope and also pronounced leakage
of cytosolic fluid, which indicates damage to the inner mem-
brane. If the lesions and released vesicles (or membrane com-
ponent-peptide aggregates) are an indication of melittin’s
mechanism of action on the outer membrane, these results
suggest that melittin utilized a carpet (23) or micelle-aggregate
(19, 30) mechanism (both of which are detergent-like) on the
negative LPS-containing outer membrane. Ladokhin and
White (14) as well as Papo and Shai (24) suggested that melit-
tin permeabilized anionic lipid vesicles in a “detergent-like”
fashion. However, it is not clear which part of the damaged
cell, the inner membrane or the outer membrane, plays the
most important role in the eventual lytic action of melittin.

It was clearly demonstrated by our AFM results that Mag 2a
causes pronounced vesiculation of the outer membrane. In
particular, the almost 100% decrease in surface roughness
from the low to high Mag 2a concentrations and the exposure
of rigid areas in the cell wall (Fig. 5) indicated that some
components were released from the cell envelope, possibly by
vesiculation. This strongly indicates carpeting of the outer
LPS-containing membrane (and vesicle release), as suggested
by Oren and Shai (23) from their studies with model mem-
branes.

The mechanism of action of PGLa is still unclear, but it does
correlate somewhat with that of magainin in the way in which
it promotes the formation of small outer membrane pro-
tovesicles. However, although PGLa also caused a positive
increase in the curvature of the outer membrane (pro-
tovesicles), the higher PGLa concentrations did not cause a
massive release of vesicles like that seen with magainin 2a. The
fact that the cell surface roughness increase was much less with
PGLa than with the other two peptides may point to limited
carpeting and surface expansion but a sufficient interaction
with the outer membrane so that small lesions are formed.
These lesions could be the gateway to the self-promoted up-

take of the highly active PGLa to the more sensitive inner
membrane.

Conclusion. This is the first visual demonstration of the
actual effect of antimicrobial peptides on living bacterial cells.
In summary, the results from this AFM study proved that it is
possible to distinguish between the types of damage to the
outer membrane of gram-negative bacterial cells caused by
different peptides.
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