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Membranolytic Effects of KT2 on Gram-Negative Escherichia coli 
Evaluated by Atomic Force Microscopy
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Abstract—KT2 is a cationic antimicrobial peptide belonging to Crocodylus siamensis leucrocin I analogs. The
mode of action of this compound taken at lethal concentration includes translocation into bacterial cells
where binding to DNA is presumed to occur. However, the effects of KT2 on bacterial membrane have not
been completely elucidated to date. In this study, a LIVE/DEAD staining technique was used to estimate the
appropriate time of peptide-bacteria interaction. The results indicated more than 90% of Escherichia coli
population was killed at density of ∼5 × 108 CFU/mL within 30 min after treatment with KT2 at MIC and
10 × MIC. The effects of KT2 on bacterial cells were investigated by the atomic force microscopy (AFM). At
near MICs, the peptide induced heavy indentation of the bacterial surface as well as cellular collapse. Con-
versely, at concentrations of several times the MIC the potential to kill bacteria was greatly increased as judged
by the induction of multiple membrane buds on the cell surface. Therefore, the collected results indicate that
KT2 can cause different effects on bacterial surface which are positively correlated in magnitude and severity
with peptide concentration via membranolytic effects.
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Increasing bacterial resistance to multiple antibiot-
ics represents a global problem of significant impact
on hospital health care. Reduced effectiveness of con-
ventional drugs in patients who are infected by some
antibiotic resistant bacteria often leads to failure of
therapy with potentially lethal consequences [1].
Thus, the discovery and development of novel classes
of antibiotic agents constitutes an important requisite
to tackle this urgent public problem. Recently, antimi-
crobial peptides (AMPs) have been proposed as a
novel alternative to traditional antibiotics as these pep-
tides reveal a great potential to kill a broad spectrum of
pathogenic bacteria both at low concentration within
a few minutes and with less toxicity to human cells
than established antibiotic agents [2].

In nature, a variety of AMPs have been found to
occur in diverse natural sources, including plant and
animal species [3], while some have also been
designed and chemically synthesized in order to
improve their potency, specificity and activity [4, 5].
With respect to the antimicrobial mechanisms of
AMPs, the bacterial membrane and numerous intra-
cellular components have been identified as the two
most important targets. In the first case, membrane
targeting of peptides involves interaction with the bac-
terial cell surface, insertion into the cell membrane,
and disruption of the membrane via a number of spe-
cific pathways. They have been categorized into the
barrel stave model (e.g. alamethicin) [6, 7], torroidal
pore model (e.g. LL-37, protegrin-1, and magainin-2)
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[8–10], and different carpet models (e.g. dermaseptin
S, cecropin P1 and caerin 1.1) [11–13]. On the other
hand, many AMPs, for example buforin II, indolici-
din, and PR-39, have the potential to translocate
across the cell membrane into the cytoplasm, which
contains several types of intracellular molecules with
specific biological function, such as nucleic acids
(DNA/RNA) and proteins/enzymes [14–16]. Fur-
thermore, some AMPs were shown to employ a dual
mode of action on bacterial cells, combining mem-
brane targeting and interaction with intracellular com-
ponents to varying extent. For example, Bac7(1-35)
and P-Der are cationic AMPs, which correspond to
the N-terminus of Bac7 and a C-terminally amidated
hybrid of f lounder pleurocidin and frog dermaseptin,
respectively. At their lowest inhibitory concentrations,
Bac7(1-35) and P-Der are less capable of damaging
bacterial membranes but possess the ability to translo-
cate across the cell membrane and possibly inhibit
molecular (nucleic acids and/or proteins) synthesis,
while rapidly killing bacteria by damaging the cell
membrane at multiples of the minimal inhibitory con-
centration (MIC) [17, 18]. Regarding this evidence, it
should always be considered that some cationic AMPs
may provide activity against bacterial cells either by a
membranolytic or non-membranolytic mechanisms
depending on their concentration or the peptide-to-
lipid ratio.

KT2 and RT2 are cationic AMPs derived from
Crocodylus siamensis leucrocin I, designed specifically
based on the amphipathic properties derived from a
helical wheel projection [19]. The peptides are compa-
rably Trp-rich and consist of 17 amino acid residues.
Cationic KT2 and RT2 were shown to display a strong
potential to kill both prokaryotic bacteria and eukary-
otic cancer cells, but proved remarkably non-toxic to
eukaryotic Vero cells, macrophage RAW 264.7 and
human red blood cells [19–21]. In addition, at con-
centrations below the respective MICs, both peptides
inhibited the initiation of biofilm formation of E. coli
O157:H7 and were found capable of killing the bacte-
ria after biofilm progression. The use of confocal
microscopy could provide clear evidence that translo-
cation of the peptides into bacterial cells occurs at 2 ×
MICs. Moreover, in vitro experiments demonstrated
the DNA binding ability of KT2 and RT2, for which
the strongest activities were observed at a 1 : 1 and 1 : 2
DNA : peptide weight ratio, respectively. Regarding
these results, the antibacterial mechanism of both
peptides was assumed to originate from their consider-
able membrane permeation and DNA binding ability.
Furthermore, at supra-MICs (10 × MIC) KT2 and
RT2 could affect Gram-negative E. coli ATCC 25922
and Gram-positive Staphylococcus epidermidis ATCC
12228 bacteria, as demonstrated by scanning electron
microscopy (SEM) [19]. However, although SEM can
provide valuable insight on the effects of the peptides
on bacteria, the cells must be fixed with low concen-
trations of glutaraldehyde and dehydrated using a con-
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centration gradient of ethanol, which may result in the
formation unexpected artifacts on the bacterial sur-
face. Therefore, the effects induced by KT2 and RT2
on bacteria have been further evaluated using comple-
mentary microscopic techniques.

Among the variety of available microscopic tech-
niques, atomic force microscopy (AFM) provides high
performance and extremely high resolution of images,
facilitating the acquisition of topographic magnifica-
tion in three dimensions. This technique has been
applied in the measurement of surface properties of
diverse samples and serves nowadays as a powerful
tool to study the surface features of inorganic and bio-
logical materials [22]. Especially with respect to the
observation of bacterial cells, AFM has an enormous
potential to visualize living material since the tech-
nique does not require any organic fixing or dehydra-
tion during bacterial cell preparation. Consequently,
many previous studies utilized AFM for the investiga-
tion of membranolytic effects in the elucidation of
bacterial killing mechanisms of antimicrobial sub-
stances, such as chitosans [23, 24], nitric oxide [25],
silver ions [26], and antimicrobial peptides [27–30].
Therefore, this study aimed to determine the effects of
antimicrobial peptides KT2 and RT2 at different con-
centrations in terms of morphological and surface
changes on E. coli using the AFM method.

MATERIALS AND METHODS
Peptides. KT2 (NH2-NGVQPKYKWWKW-

WKKWW-NH2) and RT2 (NH2-NGVQPKYRW-
WRWWRRWW-NH2) were chemically synthesized
and purified to >95% by Eurofins Genomics K.K.
(Tokyo, Japan).

Bacteria. Two types of bacteria were used in this
study, E. coli BL21 and S. epidermidis NBRC 12993.
Bacteria were cultured using nutrient broth (HiMedia
Laboratories, India) and grown at 37°C with shaking
at 180 rpm.

Determination of antimicrobial activity. Minimum
inhibitory concentrations (MICs) were determined by
a liquid culture-based growth inhibition assay [31].
The MIC was defined as the lowest peptide concentra-
tion that completely inhibited bacterial growth. Pep-
tide solutions were prepared in a serial 2-fold dilution
[19]. Then, 10 μL of each peptide sample was mixed
thoroughly with 100 μL of bacterial suspension (∼1 ×
106 CFU/mL) in culture medium and incubated at
37°C for 16–20 h. Bacterial growth was measured at
OD600 using a microliter plate reader. Ampicillin
(1 mg/mL) and 20 mM Tris-HCl buffer (pH 7.4) were
used as positive and negative controls, respectively.

Moreover, peptide samples at a concentration of
10 × MICs were prepared. Next, 10 μL of each sample was
transferred into a sterile micro-centrifuge tube containing
100 μL of bacterial suspension (∼1 × 106 CFU/mL) and
incubated at room temperature for 5 min. Antimicro-
STRY AND MICROBIOLOGY  Vol. 55  No. 5  2019



MEMBRANOLYTIC EFFECTS OF KT2 497

Table 1. Overview of the structural and physical properties of synthetic peptides KT2 and RT2

Peptide Sequence Mass, Da Positive 
charges Hydrophobicity, %

MICs, μM

E. coli 
BL21

S. epidermidis 
NBRC 12993

KT2 NGVQPKYKWWKWWKKWW-NH2 2433.92 +7 53 9.45 18.90
RT2 NGVQPKYRWWRWWRRWW-NH2 2545.97 +7 53 4.32 0.20
bial effects of peptides on bacteria were observed by a
bright-field microscope (100 × magnification), com-
pared with the control (untreated) cells.

Live/dead staining. The viability of immobilized
E. coli BL21 on poly-L-lysine coated glass slides
(Sigma-Aldrich, USA) was assessed by the BacLight
LIVE/DEAD staining system according to the manu-
facturer’s protocol (Molecular Probes, USA). KT2
solutions were prepared at a concentration equal to the
MIC and 10 × MIC towards E. coli BL21. Then, 10 μL
of peptide samples was mixed separately to 100 μL of
bacterial suspension (∼5 × 108 CFU/mL) and incu-
bated for 60 min at room temperature. During the
course of the incubation, 7 μL of each mixture was
taken at 5, 10, 15, 30, and 60 min, and compared with
an untreated cell solution at equal incubation times.
Aliquots were applied individually on glass slides and
co-incubated for 10 min with BacLight LIVE/DEAD
staining solution. Live cells that are bound to SYTOX-9
showed green f luorescence, whereas dead cells in
which nucleic acids were able to interact with propid-
ium iodide f luoresced in red. Microscopic images
were acquired using an Eclipse E600 microscope
(Nikon, Japan) equipped with a DS-Qi1Mc mono-
chrome quantitative digital camera (Nikon, Japan)
and processed with NIS-elements software (Nikon,
Japan) and/or Adobe Photoshop CS6 (Adobe, USA).

Preparation of the AFM samples. E. coli BL21 cells
were cultured in nutrient broth at 37°C into the log
phase. Cells were harvested by centrifugation at 9500 g
for 3 min, washed with 0.89% NaCl and then diluted
to ∼5 × 108 CFU/mL as an initial population, while
varying concentrations of KT2, specifically 4.73 μM
(0.5 × MIC), 9.45 μM (MIC), and 94.50 μM (10 ×
MIC), were used in the reaction tests. Briefly, 10 μL of
peptide at each concentration was mixed together with
100 μL of the initial bacterial population and incu-
bated for 5 or 60 min at room temperature. After incu-
bation, 10 μL of the peptide-treated bacterial suspen-
sions was applied onto glass slides coated with 4% 3-
aminopropyl triethoxysilane (Sigma-Aldrich, USA)
and allowed to dry for 5 min before imaging.

AFM imaging. Imaging was performed in air with a
NX10 AFM (Park System, Korea) using a scanner
with 7 nm silicon noncontact cantilever with a reso-
nance frequency of approximately 330 Hz and a force
constant of approximately 42 N/m. Initially, the area
of the bacterial cells was located using a scan speed of
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
0.5 Hz and a resolution of 128 × 128 pixels in 50 × 50 μm.
Single cells were selected randomly and imaged with a
scan speed of 0.3 Hz and a resolution of 512 × 512 pix-
els in 5 × 5 μm. Then, the surface of each single cell
was closely observed with the same speed and resolu-
tion in 1 × 1 μm. All topographic images were obtained
simultaneously in every single scan. Cell height, size,
and membrane roughness were quantified by the XEI
program software (Park System, Korea).

RESULTS
Determination of antimicrobial activity of KT2 and

RT2 using AMP. KT2 and RT2 were chemically syn-
thesized and their efficacy evaluated against E. coli
and S. epidermidis. Table 1 shows the characteristics of
the synthetic peptides and the determined MICs
against both bacterial species. As seen from the table,
the MICs of KT2 and RT2 were 9.45 and 4.32 μM
against E. coli and 18.90 and 0.20 μM against S. epi-
dermidis, respectively. Based on these results, RT2
exhibited the higher antibacterial activity than KT2,
especially against S. epidermidis. Moreover, to exam-
ine potential effects of the peptides at high concentra-
tions on cell morphology, E. coli and S. epidermidis
were incubated with KT2 and RT2 at 10 × MICs for
5 min and then examined by light microscopy (Fig. 1).
The cell shape of E. coli was found to be drastically
altered by both KT2 and RT2 peptide treatment
(Figs. 1b, 1c). The cell suspension contained irregu-
larly rod-shaped cells and tiny dot-like structures that
probably correspond to cellular debris, while in the
case of S. epidermidis no visual effects (Figs. 1e, 1f) in
comparison with untreated cells could be observed
(Figs. 1a, 1d). In addition, aggregation of RT2 on the
E. coli strain was found after the test, as indicated by
arrows (Fig. 1c). Due to being the only combination
to display well-resolved visual evidence, only KT2
and E. coli were selected for subsequent investigation
using AFM.

Determination of bacterial viability after treatment
with of KT2 and RT2 using AMP. E. coli cells were
incubated with KT2 at the MIC and 10 × MIC, and
the cell viability was analyzed by BacLight
LIVE/DEAD staining. As shown in images (a–o) of
Fig. 2, green spots designate live E. coli cells, while yel-
low or red spots originate from dead E. coli cells in
which the cell membranes were damaged by KT2.
Subsequently, to determine the appropriate incuba-
l. 55  No. 5  2019



498 THEANSUNGNOEN et al.

Fig. 1. Light microscopic imaging (×40) of E. coli (a–c) and S. epidermidis (d–f) in aqueous environment without treatment with
peptides (a, d) and after treatment with KT2 (b, e) and RT2 (c, f) at 10 × MICs for 5 min.
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tion time for AFM observation, the total counts of
dead and live cells was determined for each image to
calculate the percentages of both dead and live cells in
the same bar (Fig. 2, bar graph). During 60 min incu-
bation, KT2 at the MIC killed E. coli in a time-depen-
dent manner. About 96% cells died within 30 min after
incubation at MIC, while no living cells could be
detected after 5 min incubation at 10 × MIC. Accord-
ingly, we concluded that 30 min incubation at the
MIC was sufficient for further AFM observation.

Determination of antimicrobial effects on bacterial
surface. To determine the effects of KT2 treatment on
the E. coli cell surface, AFM images of the bacteria
under various conditions were obtained. Untreated
E. coli cells dried in air were imaged and are presented
in Fig. 3. To quickly localize bacterial cells, the AFM
APPLIED BIOCHEMI
image was initially taken at low magnification in a
scanning area of 50 × 50 μm (Fig. 3a). The individual
cells were visualized by scanning at the same size
(Figs. 3b, 3c). The images of untreated E. coli cells
showed a sharp and discrete shape in conjunction with
slight roughness at the middle of the cell. The average
measured length, width, and height of the E. coli cells
were ∼3.9 μm, ∼1.1 μm, and ∼140 nm, respectively
(Fig. 3d). The nanostructure of the surface of E. coli
was imaged by scanning the cells at a size of 1000 ×
1000 nm (Fig. 3e). The cell surface appeared to be
slightly corrugated; however, no pores or ruptures
could be detected.

AFM images used for the assessment of dose-
dependent effects of KT2 treatment at sub-MIC on
the cellular surface structure of E. coli cells are com-
STRY AND MICROBIOLOGY  Vol. 55  No. 5  2019
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Fig. 2. Viability of E. coli cells after treatment with KT2 at the MIC and 10 × MIC observed by f luorescence microscopy. Bacteria
were tested using the live–dead fluorescent assay, in which living cells f luoresce in green while red fluorescence indicates dead
cells (a–o): without treatment with peptides (a–e) and after treatment with KT2 at the MIC (f–j) and 10 × MIC (k–o) for 5, 10,
15, 30, and 60 min, respectively. Bar graph indicates both % dead cells (black bars) and % live cells (gray bars), which correlates
to the number of dead and live cells in the f luorescence microscopic images. In bar graph: 1—control; 2—MIC and 3—10 × MIC.
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piled in Fig. 4. Although the overall cell shape was not

altered, the cell surface displayed heavy roughness

(Figs. 4a, 4b). The length, width, and height of KT2

treated cells were approximated to be ∼4.1 µm, ∼1.12 µm,

and ∼360 nm, respectively (Fig. 4c). Figure 4d shows

the cell surface morphology at a range of 1000 × 1000

nm, which indicates minor indentation on the E. coli
surface due to an increase of membrane permeability

as well as concomitant loss of cell integrity induced by

KT2 treatment. Figures 5a, 5b show the representative

AFM image of the KT2 treated E. coli cells at MIC.

Both images of the same cell indicate the collapse of
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
the central part of the cell, albeit no roughness was

found on the cell surface. The length, width, and height

of the cell were determined as ∼2.7 µm, ∼1.25 µm, and

∼200 nm, respectively (Fig. 5c). Upon cellular col-

lapse, the bacterial cell wall was focused and imaged in

high resolution (Fig. 5d). At the size around 1000 ×

1000 nm, the cell wall of the bacterium showed

unequivocal signs of collapse. In addition, treatment

of the E. coli cells with KT2 at a higher concentration

(10 × MIC) was investigated and the effects were again

visualized by AFM imaging. A topographic image of a

single cell was taken (Fig. 6a) and subsequently trans-
l. 55  No. 5  2019
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Fig. 3. Whole cell and cell surface determination of peptide-untreated E. coli (control) imaged by AFM. (a)—topographic image
of bacterial cells in a scale of 50 × 50 µm; (b)—topographic image of a single cell on a scale of 5 × 5 µm; (c)—3D reconstruction
of the single cell, based on height data, on a scale of 5 × 5 µm; (d)—section profiles corresponding to the length and the width of
the cell visible in the topographic image; (e)—cell surface of the single cell on a scale of 1000 × 1000 nm.
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formed into a 3D image depicted in Fig. 6b. As it seen
in both figures, the bacterial cell suffered substantial
damage from interaction with the peptide and many
small micelle-like membrane patches were found
distributed across the whole surface of the cell. Nota-
APPLIED BIOCHEMI
bly, in this case the measurement of cellular dimen-
sions could not be conducted with sufficient accu-
racy (Fig. 6c). Figure 6d shows the formation of sev-
eral blebs or buds on cell surface in nanoscale
resolution (1000 × 1000 nm).
STRY AND MICROBIOLOGY  Vol. 55  No. 5  2019
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Fig. 4. Whole cell and cell surface determination of E. coli treated with KT2 at 0.5 × MIC imaged by AFM. (a)—topographic
image of a single cell on a scale of 5 × 5 µm; (b)—3D reconstruction of the single cell, based on height data, on a scale of 5 × 5 µm;
(c)—cell surface of the single cell on a scale of 1000 × 1000 nm; (d)—section profiles corresponding to the length and the width
of the cell visible in the topographic image.
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Table 2. Measurements of the micelle-like membrane area
of E. coli BL21 after treatment with KT2 at 10 × MIC

Category Area size, nm2
Area, %

of frequency
Length, nm

Small <50 53.4 99–417

Middle 50–100 25.2 288–518

Large >100–300 21.4 429–760
In addition, the area of the micelle-like membrane
segments was also estimated by the XEI program soft-
ware. The determined sizes of the micelle-like mem-

brane areas were classified into small (<50 nm2), mid-

dle (50–100 nm2), and large (>100–300 nm2), as
shown in Table 2. Small-sized area content had a fre-
quency of 53.4% and was of 99–417 nm length. While
the middle-sized area of micelle-like membranes had
a frequency of 25.2% and 288–518 nm length, the
large-sized area displayed a frequency of 21.4% and
measured 429–760 nm in length.

DISCUSSION

Within the recent years, AMPs have gained consid-
erable attention as potential alternative agents against
drug-resistant bacteria. Such peptides have been
obtained from a variety of different sources (i.e. bacte-
ria, plants, and animals) and show several peculiar
physical and biological features [32]. Among these
unique features, the cationic charge of AMPs has been
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
speculated to be a major prerequisite for conferring
efficacy in killing bacteria [3]. In idealized models
explaining the killing mechanism of AMPs, most cat-
ionic peptides act on the bacterial cell surface as the
primary target, and their effects have been elucidated
using different microscopic techniques. In this study,
AFM was used for the investigation of antimicrobial
effects of KT2 and RT2 because it has the potential to
measure the physical changes to surface morphology
in live bacteria and allows visualization of high-resolu-
tion images [33–35].
l. 55  No. 5  2019
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Fig. 5. Whole cell and cell surface determination of E. coli treated with KT2 (MIC) imaged by AFM. (a)—topographic of a single
cell on a scale of 5 × 5 µm; (b)—3D reconstruction of the single cell, based on height data, on a scale of 5 × 5 µm; (c)—cell surface
of the single cell on a scale of 1000 × 1000 nm; (d)—section profiles corresponding to the length and the width of the cell visible
in the topographic image.
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To determine the antimicrobial efficacy of KT2

and RT2, Gram-negative E. coli BL21 and Gram-pos-

itive S. epidermidis NBRC 12993 were treated with

peptide solutions in different concentrations. Even at

low concentrations, KT2 and RT2 were capable of

completely killing both bacterial strains. In addition,

E. coli and S. epidermidis were incubated with KT2 and

RT2 at high concentrations (10 × MICs) for short

duration (5 min) in order to elucidate the effect of pep-

tide treatment by light microscopic observation. These

experiments provided evidence for substantial aggre-

gation of RT2, which interfered with the visualization

of the bacterial cells. Moreover, after treatment with

KT2, several black spots surrounding the E. coli cells

were found, which presumably correspond to micelle-

like membrane areas formed upon interaction of the

peptide with the bacterial cell membrane. However, a

previous study by [20] proposed that the antibacterial

mechanism of KT2 and RT2 treatment at low concen-

trations involves translocation of the peptide into bac-

terial cells and subsequent binding to intracellular

DNA. Notably, this conclusion cannot be drawn from

our results and we thus assume that KT2 is able to
APPLIED BIOCHEMI
employ different modes of action on bacteria depend-
ing on its concentration.

Prior to AFM analysis, the number of live and
dead bacterial cells after treatment with KT2 at dif-
ferent concentrations and incubation times was
assayed as described previously by using the
BacLight LIVE/DEAD staining system, which con-
tains the two specific f luorescent dyes SYTOX green
and Propidium iodide [36]. Bacterial cells treated with
KT2 at the MIC and 10 × MIC in the present study
exhibited spectra of both f luorescent dyes, thus pro-
viding direct evidence for the ability of KT2 to disturb
bacterial membrane permeability and further suggest-
ing that the peptide may exert some effects on the bac-
terial cell surface. In addition, the efficacy of KT2 in
killing bacteria at both concentrations showed signifi-
cant dependence on the incubation time. At the high-
est concentration, KT2 showed strong activity and
affected complete killing of bacteria within 5 min or
less. In contrast, lower peptide concentration led to
inhibition of bacteria at a very slow rate and most bac-
terial cells were killed within 30 min. Hence, in order
to be able to observe the effects of peptide treatment, a
STRY AND MICROBIOLOGY  Vol. 55  No. 5  2019
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Fig. 6. Whole cell and cell surface determination of E. coli treated with KT2 at 10 × MIC imaged by AFM. (a)—topographic of a
single cell on a scale of 5 × 5 µm; (b)—3D reconstruction of the single cell, based on height data, on a scale of 5 × 5 µm; (c)—cell
surface of the single cell on a scale of 1000 × 1000 nm; (d)—section profiles corresponding to the length and the width of the cell
visible in the topographic image.
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30 min-incubation period between peptide and bacte-
ria was selected in the subsequent AFM imaging
experiment.

AFM monitoring of bacterial cells treated with
KT2 provided valuable topographic 2D and 3D data
for the interpretation of antibacterial effects in correla-
tion with peptide concentration. At sub-lethal con-
centration, several indentations were found located on
the surface of the bacterial cell, suggesting that KT2
molecules might initially be randomly distributed on
the bacterial surface before exhibiting antimicrobial
effects via insertion into cell membrane. The result is
excellent agreement with a report of Anunthawan et al.
[20], who reported that KT2 at low concentration is
able to translocate into cytoplasm of live bacterial cells
and bind to DNA in vitro. In contrast, treatment at the
lethal KT2 concentration was accompanied by a
reduced number of indentations visible on the surface
of the cells. Instead, extended segments of the cell wall
were found to be collapsed, suggesting that after pep-
tide interaction on the bacterial membrane, gradual
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
accumulation of neighboring peptide molecules at the
same location might induce powerful membranolytic
effects, thereby promoting the collapse of adjacent
cellular regions. These results correlate well with find-
ings reported previously by Li et al. [28], studying the
antimicrobial action of MSI-78 peptide on Gram-
negative bacteria by AFM [28]. At supra-lethal con-
centration, this peptide revealed strong efficacy to
cause cellular disintegration in conjunction with the
formation of micelle-like membrane patches, blisters
and bubbles on the bacterial surface. Regarding these
experimental observations, Hartmann with coworkers
[37] proposed that at higher peptide concentrations,
AMPs promote the disruption of the inner membrane
and the release of cytoplasmic cellular content into the
periplasmic space, which manifests itself in the forma-
tion of blisters or bubbles. Because micelle-like mem-
brane segments were clearly visible upon treatment
with KT2 at supra-lethal concentrations, the killing
mechanism of the peptide is hypothesized to comply
with the carpet model [3]. Regarding the AFM results,
l. 55  No. 5  2019
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KT2 shows great potential to alter the physical mor-
phology of bacterial surfaces and damage the bacterial
membrane. Moreover, it is believed that the peptide
employs a dual mode of action to kill bacteria via a
combination of non-membranolytic and membrano-
lytic modes, depending on its concentration.

Thus, this study represents the first nanoscale
demonstration of antimicrobial action exerted by the
antimicrobial peptide KT2 on the surface of Gram-
negative E. coli. The use of AFM provided high-reso-
lution images capturing the effects of the KT2 treat-
ment and allowed to gain a better understanding how
KT2 acts on Gram-negative bacterial cells at different
concentrations. At sub-lethal or lethal concentrations,
peptide treatment caused specific morphological
abnormalities, ranging from the formation of indenta-
tions on the cell surface to the complete collapse
thereof. At a higher concentration, KT2 induced the
formation of blisters or bubbles on the surface and sub-
sequently generated micelle-like membrane patches,
which are taken as indicator for severe cellular dam-
age. Therefore, our results clearly demonstrate that
KT2 disrupts the bacterial cell surface in different ways
depending on its concentration, ultimately causing the
death of the bacterial cell.
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