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Abstract: The interaction of four antimicrobial peptides, including magainin 2, melittin, polymyxin B and an artificial 

peptide V4, with phospholipid membranes was investigated by fluorescence correlation spectroscopy (FCS) and confocal 

imaging. Fluorophore entrapping and labeled vesicles were used to quantitatively determine the extent of antimicrobial 

peptides interacting with membrane mimics and unravel their different mechanisms of action. It is shown that at high pep-

tide/lipid ratio, magainin 2 and melittin form pores to induce comparable level of membrane permeation while polymyxin 

B and V4 disrupt the membrane. Considering its low solubility, V4 is much more active than others. Due to the hydro-

phobic interactions, melittin, polymyxin B and V4 all promote aggregation when they perform their function. These ex-

periments demonstrate the feasibility of mechanistic studies by an FCS based approach. 
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INTRODUCTION 

 Antimicrobial peptides are important defense weapons of 

many organisms. They target bacterial membranes, inhibit 

the growth of bacteria and finally lead to their death [1-3]. 

Because of the difficulty for bacteria to develop a new mem-

brane system, antimicrobial peptides that mainly target the 

bacterial membrane have been considered promising drug 

candidates as a substitute for conventional antibiotics for 

which many pathogens have acquired a variety of resistance. 

Therefore, in an effort to defend against bacterial infections, 

the investigation of the functional mechanism of antimicro-

bial peptides against bacterial membrane lipids has become 

an important subject. 

 Antimicrobial peptides which represent the elements of 

innate immunity are widely found in a variety of host organ-

isms including insects, amphibians and mammals [4, 5]. 

Based on their secondary structures, most antimicrobial pep-

tides are divided into -helix, -sheet, peptides with cyclic 

loop structures and peptides rich in certain amino acids [6, 

7]. The representative antimicrobial peptides include ma-

gainins, cecropins, defensins, indolicidin and melittin [8-10]. 

Magainin 2 which was first discovered in the skin of the Af-

rican clawed frog Xenopus has been extensively investigated  
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[9]. This peptide consists of 23 amino acids and bears a posi-

tive charge of +4 at physiological conditions. When ma-

gainin 2 interacts with a lipid membrane, an -helical con-

formation is induced with the interface parallel to the mem-

brane surface [11]. Magainin 2 is an efficient antimicrobial 

peptide with broad spectrum antimicrobial activity, killing 

gram-negative bacteria, gram-positive bacteria, fungi and 

protozoa as well as targeting some tumors. The minimum 

inhibitory concentration for mammalian cells is 10-100 times 

higher than that for various microorganisms [12], which in-

dicates that magainin 2 has high potential to be a new drug 

candidate. Melittin is a toxic antimicrobial peptide from bee 

venom which kills both bacteria and mammalian cells. It 

consists of 26 amino acids and bears a positive charge of +5 

to +6 [13-15]. Similar to magainin 2, melittin adopts an -

helical conformation upon interaction with membranes [14]. 

Polymyxin B which was isolated from Bacillus polymyxa is 

an important cyclic cationic antimicrobial peptide [16-18]. 

Similar to melittin, despite the antimicrobial activity, this 

peptide is also highly toxic which limits its usage in the pro-

phylaxis and therapy of sepsis [16]. The interaction of po-

lymyxin B with lipopolysaccharides (LPS), which is the ma-

jor component of the outer membrane of gram-negative bac-

teria related to the majority of cases of sepsis, or lipid A, 

which is the bioactive part of LPS, has been widely studied 

[17, 19, 20]. However, information is lacking on the interac-

tion of polymyxin B with the components of cytoplasmic 

membranes, including negatively charged phospholipids.  
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Besides the naturally occurring antimicrobial peptides, many 

designed or modified antimicrobial peptides also show 

strong antimicrobial activity and reduced toxicity indicating 

a high potential for drug development [21, 22]. Our previ-

ously de novo designed antimicrobial peptide V4 which is a 

cyclic peptide, shows a good combination of high antimicro-

bial activity, low cytotoxic and low hemolytic activity com-

pared to the control peptide polymyxin B [23]. Besides the 

high binding activity for LPS and lipid A, V4 also displays a 

higher affinity for negatively charged phospholipids than for 

zwitterionic phospholipids [24]. The strong interaction of V4 

to the negatively charged lipids showed that electrostatic 

force is a prerequisite for its selective action on bacterial 

membranes, in contrast to mammalian membranes. 

 It is believed that many antimicrobial peptides perform 

their function by a process named self-promoted uptake [6, 

25, 26]. Cationic antimicrobial peptides first distort the outer 

membrane of the bacteria, leading to the passage of the an-

timicrobial peptides through the outer membrane and interac-

tion with the cytoplasmic membranes. The antimicrobial 

peptides then form pores or disrupt the cytoplasmic mem-

brane and eventually lead to bacterial death. Currently, two 

main mechanisms have been proposed to describe this proc-

ess, the barrel-stave and the carpet model [7]. The barrel-

stave model envisions the formation of transmembrane pores 

with -helices forming bundles. However the carpet mecha-

nism proposes that antimicrobial peptides initially bind to the 

membrane surface followed by the disruption of the mem-

brane in a detergent-like manner. Some researchers argued 

that before membrane disruption, transient holes in the 

membrane, named toroidal (wormhole) pores, could be 

formed [7]. Magainin 2 and melittin are believed to induce 

membrane permeation by forming toroidal pores. However, 

the structure of the pore is still controversial [27, 28]. Be-

cause the component of the bacterial cytoplasmic membrane 

which is rich in negatively charged phospholipids is different 

from that of mammalian cell membranes, two negatively 

charged phospholipids (1-Palmitoyl-2-Oleoyl-sn-Glycero-3-

[Phospho-rac-(1-glycerol)] (POPG) and 1,2-Dipalmitoyl-sn-

Glycero-3-[Phospho-rac-(1-glycerol)] (DPPG)) were chosen 

in the present study as bacterial membrane models to inves-

tigate the mechanism of antimicrobial peptides such as ma-

gainin 2, melittin, polymyxin B and V4 to induce membrane 

permeation. POPG and DPPG are representative unsaturated 

and saturated phospholipids, respectively, which might be 

used for investigation of the effect of lipid saturation on pep-

tide activity. Fig. (1) shows two membrane models, fluoro-

phore-entrapping vesicles and fluorophore-labeled vesicles 

[29], which were used in this study to identify pore forma-

tion and membrane disruption. Detergent Triton-X100 was 

used for complete leakage control. 

 In the present work, we used fluorescence correlation 

spectroscopy (FCS) to investigate the mechanisms of antimi-

crobial peptides interacting with membranes. Conventional 

fluorescent measurement is widely used for interactions [30]. 

However, FCS, as a sensitive technique, has been used suc-

cessfully to study the interaction of antimicrobial peptides 

with membranes [29, 31, 32]. Especially the application of 
fluorophore-entrapping vesicles and fluorophore-labeled vesi-
cles provides a new method for detection of the vesicle leak-

 

Fig. (1). Schematic drawing of the investigation of the mechanisms of antimicrobial peptides by REVs and RLVs. (A) REVs with the diffu-

sion time of vesicle. Antimicrobial peptides induce membrane permeation by either pore formation or membrane disruption with a resulting 

diffusion time D<< vesicle. (B) RLVs with the diffusion time of vesicle. If peptide induces pore formation, the diffusion time D is similar to 

vesicle. If the peptide disrupts the membrane, the diffusion time will decrease with D<< vesicle. The combination of the experiments gives an 

answer to whether pore formation or membrane disruption is the mechanism of action. 
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age [29]. However, studies up to the present only provided 
qualitative information about the action of antimicrobial pep-
tides on vesicle-pore formation or disruption, showing the 
antimicrobial peptides’ activity at a particular peptide/lipid 
ratio. In this study, we consider the interaction between an-
timicrobial peptides and vesicles over a wide peptide/lipid 
ratio range. Moreover, we provide quantitative calculation of 
the number of vesicle and fraction of vesicle in the mixture, 
showing the gradual effect of peptide concentration on the 
process of membrane leakage. 

 In this work, we used FCS to (i) quantitatively investi-

gate the interaction between the antimicrobial peptides: ma-

gainin 2, melittin, polymyxin B and V4 and POPG and 

DPPG membranes, (ii) compare the ability of these four an-

timicrobial peptides to induce membrane permeation and 

(iii) study the mechanisms of interaction between the above 

named antimicrobial peptides with these membrane models. 

To support the FCS results, we have used confocal micros-

copy to show the action of the different peptides on lipid 

vesicles. 

MATERIALS AND METHODS 

Materials  

 Rhodamine 6G (Rho 6G) is a product from Molecular 

Probes (ITS Science and Medical Pte Ltd, Singapore). 

POPG, DPPG, 1-Palmitoyl-2- Oleoyl-sn-Glycero-3-

Phosphocholine (POPC) and 1,2–Dipalmitoyl-sn-Glycero-3-

Phospho-ethanolamine-N-(Lissamine Rhodamine B Sul-

fonyl) (Ammonium Salt) (Rho-PE) were purchased from 

Avanti (Avanti Polar Lipids, Inc., Alabaster, AL). Antimi-

crobial peptides magainin 2 (M2), melittin (ME), polymyxin 

B (PB), Triton X-100 and phosphate buffered saline (PBS) 

were purchased from Sigma-Aldrich (Sigma-Aldrich Pte 

Ltd, Singapore). The purity of magainin 2 and melittin is 

99% and 93%, respectively. Polymyxin B is a mixture of 

polymyxin B1 and polymyxin B2. V4 peptide (CVKVQV 

KVGSGVKVQVKVC) with cyclization by a disulfide bond 

at the two terminal cysteines (C) was synthesized by Gene-

med (Genemed Synthesis, Inc., South San Francisco, CA). 

The purity of V4 was above 97%. All the materials were 

used without further purification. 

Rhodamine 6G Entrapping LUVs (REVs) 

 POPG and DPPG were prepared as stock solutions in 

chloroform and a mixture of chloroform and ethanol (v/v 

4:1) respectively. The solvent was evaporated under N2 gas 

and then the sample was placed into vacuum for at least one 

hour. PBS which includes 1 μM Rho 6G was added to re-

dissolve the lipids to yield an aqueous suspension of phos-

pholipids at a lipid concentration of 0.5 mM. LUVs were 

prepared by freeze-thawing the lipid suspension 5 times fol-

lowed by extrusion through 0.1 μm polycarbonate membrane 

filters for 20 times using a mini-extruder syringe device 

(Avanti Polar Lipids). For DPPG lipid, because of the high 

transition temperature, heat was needed to increase the tem-

perature above the transition temperature during the extru-

sion process. After extrusion, MicroSpin™ S-200 HR Col-

umns (Amersham Biosciences, Singapore) were used to re-

move non-entrapped Rho 6G from the vesicle solution [29]. 

Rho-PE Labeled LUVs (RLVs)  

 The preparation of labeled LUVs followed a similar pro-

tocol as above. Phospholipid was mixed with a small per-

centage of Rho-PE in a volatile organic solvent. After com-

pletely removing the solvent, PBS was added to form a sus-

pension of phospholipids. RLVs were obtained by freeze-

thawing the lipid suspension 5 times followed by extrusion 

for 20 times through 0.1 μm polycarbonate membrane filters. 

For FCS measurements, RLVs were prepared with a content 

of 0.1% Rho-PE. Confocal pictures were taken with LUVs 

that contained 1% Rho-PE. Because the percentage of Rho-

PE was very low, RLVs can be used to represent the lipid 

vesicles under investigation. 

Fluorescence Correlation Spectroscopy (FCS)  

 FCS analyzes fluorescence intensity (photon count rate) 

fluctuations caused by minute deviations from thermal equi-

librium from a small confocal volume in a sample which 

contains fluorescent particles. Its theory and application can 

be found in many reviews [33-42]. For 3D diffusion proc-

esses, the measured fluorescence photon count rate autocor-

relation function (ACF) G( ) can be fitted as follows: 

G( ) =
1

N

Qi

Q1

2

Figi ( )
i=1

n

Qi

Q1
Fi

i=1

n 2 +G           (1) 

with 

gi ( ) = 1+
Di

1

1+
z

2

Di

1
2

         (2) 

and the diffusion time of species i 

Di =

2

4Di

            (3) 

 N is the average number of particles in the confocal vol-

ume [43-46]. To recover absolute concentrations, we cali-

brated the system with a 1 nM fluorophore (Rho 6G) solu-

tion and set all other values in relation to this calibration. 

The fluorescence yields, Qi, are the product of the extinction 

coefficient, the quantum yield, and the overall detection effi-

ciency for particle i in the instrument. The coefficients Fi are 

the mole fraction of species i in the sample and gi ( ) is the 

characteristic function of the underlying process that causes 

the fluctuations. Di is the lateral diffusion time of the fluo-

rescent particle staying in the confocal volume. Di is the dif-

fusion coefficient of species i, and  and z are the radial and 

axial distances of the confocal volume at which the intensity 

has dropped by 1/e
2
 of the maximum value. G  is the con-

vergence value of the ACF for long times, in general this 

value is 1. The program IgorPro (Wavemetrics, Lake 

Oswego, OR, USA) was used to fit the autocorrelation func-

tion to the experimental data as described previously [47]. 
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 In solutions with two different fluorophores, the autocor-

relation amplitude which is inversely proportional to the ap-

parent number of particles Napp is given by (Eq. 1 with i = 2): 

G(0) G =
1

Napp

=
1

N

F1 +
Q2

Q1

2

F2

F1 +
Q2

Q1
F2

2 =

N1 +
Q2

Q1

2

N2

N1 +
Q2

Q1
N2

2
   (4) 

with 

N = N1 + N2             (5)  

where N1 and N2 are the particle number of species 1 and 2, 

respectively [48, 49]. 

FCS Instrumentation 

 FCS experiments were performed using an Axiovert 200 

inverted microscope (Carl Zeiss South East Asia, Singa-

pore). The laser was focused on the samples using a water 

immersion objective (C-Apochromat, 63 , NA 1.2, Zeiss). A 

dichroic filter (Omega Optical Inc., Brattleboro, VT) and an 

emitter (Omega) were used to separate the excitation light 

from the emission fluorescence. The samples were excited 

with the 515 nm line of laser beam from an Argon-Krypton 

laser (Melles Griot SP, Pte Ltd, Singapore). A 50 μm diame-

ter pinhole in the image plane blocked signals which were 

out-of-focus. The emitted fluorescence was detected by an 

avalanche photo diode detector (APD) (PerkinElmer Canada 

Inc., Canada) and then the signals were sent to a digital cor-

relator (Model: Flex02-12D, www.correlator.com, Bridge-

water, NJ) to be autocorrelated. The longest measurement 

time was 150 seconds. A cover was put on the coverslip and 

constant air humidity was kept during the experiment to 

avoid water evaporation. The error bars were based on the 

standard deviation from 5 complete sets of experiments. 

Interaction of Antimicrobial Peptides with REVs  

 The stock solution of REVs was diluted and mixed with 

different concentrations of magainin 2, melittin, polymyxin 

B, V4 and detergent Triton X-100 individually. FCS experi-

ments were performed after one hour incubation at room 

temperature. The final lipid concentration was 40 μM. The 

concentrations of antimicrobial peptides were 1, 2, 5, 10, 15 

and 20 μM with corresponding peptide/lipid ratio (P/L) of 

1:40, 1:20, 1:8, 1:4, 1:2.67 and 1:2. The laser power was 100 

μW. A dichroic filter (525DRLP) and an emitter (545AF35) 

were used in experiments. 

Interaction of Antimicrobial Peptides with RLVs  

 The same protocol was applied on the interaction of an-

timicrobial peptides with RLVs. The final lipid concentration 

was 40 μM. The P/L were 1:40, 1:20, 1:8, 1:4, 1:2.67 and 

1:2. The laser power was set at 40 μW, with the matching 

dichroic filter (560DRLP) and emitter (595AF60). 

Fluorescence Confocal Imaging 

 1% RLVs were diluted and mixed with antimicrobial 

peptides with different concentrations. The final lipid con-

centration was kept at 40 μM. The vesicle and peptide mix-

ture was incubated for 5 min and placed on the coverslip 

(0.17 mm thick, Fisher Scientific Pte Ltd, Singapore) for 

measurements. Confocal imaging was performed on a 

FluoViewTM FV300 system (Olympus Singapore Pte Ltd, 

Singapore) with a HeNe laser (543 nm). A water-immersion 

objective (UPlanApo, 60X, NA1.2, Olympus) was used, in 

addition to a long pass filter at 560 nm. A stack of 25 confo-

cal images above the coverslip surface was acquired from 

bottom to top with a step size of 1 μm. The 25 confocal im-

ages were overlapped for results. 

RESULTS 

Calibration 

 The parameters used in the evaluation of the ACF to in-

vestigate the interaction of antimicrobial peptides with phos-

pholipid membranes are a) the amplitude and thus the num-

ber of particles N in the observation volume, b) the diffusion 

time D, giving access to the diffusion coefficient of the par-

ticles, and c) the counts per particle and second, cps, i.e. the 

molecular brightness. All values for the calibrations are 

given in Table 1. Briefly, Rho 6G had a diffusion time of D 

= 51.5 ± 0.8 μs and a structure factor z/  = 5, which was 

kept constant in all other evaluations (Eq. 2). The cps of Rho 

6G, obtained by the average photon count rates divided by 

the particle number, was 60 kHz. POPG and DPPG RLVs 

were sufficiently well fitted with a single particle model rep-

resenting the labeled vesicles with diffusion times between 

4.4 - 4.8 ms. For POPG and DPPG REVs a two particle 

model was necessary to fit the data adequately. In these cases 

the first fast diffusion time had a value around 44 μs repre-

senting free dye in solution which was not completely re-

moved by column filtration, and the second slower diffusion 

time was between 2.8 - 4.4 ms, representing the REVs. Ac-

cording to equation 4, in a two species system, if the fluores-

cence yields of the two species are the same, the amplitude 

of the ACF is inversely proportional to the particle number, 

N. However, if the fluorescence yields of the two species are 

dissimilar, the fluorescence yield of the particles will affect 

the amplitude of the ACF and thus the real particle number N 

in the confocal volume due to the different contribution of 

the two fluorescent species to the ACF. In this case the fluo-

rescence yield of Rho 6G (Q1) was 60 kHz. The particle 

number of the vesicles Nvesicle (N2) can be obtained from the 

RLVs at the same concentration. The efficiency of the col-

umn filtration was examined by the RLVs, showing that 

there was no substantial loss of vesicles (data not shown). 

Thus the vesicle number Nvesicle (N2) of REVs is assumed to 

be the same as that of RLVs under the same condition. 

Therefore, by fitting the experimental data with a two-

particle model with varying fluorescence yield of REVs, Q2, 

the particle number of Rho 6G, Nrho (N1), and thus the total 

particle number N are obtained. The fluorescence yield of the 

POPG REVs was deduced to be 630 kHz which was 10.5 

times as bright as Rho 6G. The particle number of Rho 6G 

and POPG REVs in the confocal volume was calculated to 

be 1.85 ± 0.24 and 0.146 ± 0.025, respectively. The fraction 

of the POPG REVs in the solution Fvesicle was determined to 

be 0.074 ± 0.015. Because the REVs were much brighter 

than Rho 6G, they dominated the autocorrelation function 
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(the contribution of a particle to the ACF is proportional to 

the square of its fluorescence yield, equation 4). The overall 

count rate for solutions of REVs was 150 kHz for POPG and 

100 kHz for DPPG. After addition of Triton X-100 (0.05%) 

the count rates increased to 890 kHz and 269 kHz, respec-

tively. The D was found to be around 175-210 μs, larger 

than the D of Rho 6G, indicating the presence of Triton X-

100 micelles in solution. 

Antimicrobial Peptides Induce Leakage of REVs 

 The interaction of antimicrobial peptides with lipid bilay-

ers can lead to pore formation or vesicle disruption which 

can be tested by leakage experiments of REVs. In the case of 

pore formation or vesicle disruption we expect an increase of 

free Rho 6G in solution, a decrease of the number of vesi-

cles, and an increase in the total photon count rate due to de-

quenching of the released fluorophore. 

 The interaction of magainin 2 with POPG REVs is shown 

in Fig. (2) where we depict the experimental ACFs to show 

the change in amplitude and thus in N in Fig. (2A), and the 

normalized ACFs to emphasize the shift in diffusion time D 

with peptide addition in Fig. (2B). The interaction of melit-

tin, polymyxin B and V4 with POPG REVs is shown in the 

supplement. The ACF parameters at the lowest P/L ratio for 

four different antimicrobial peptides at which maximum 

leakage is observed are given in Table 2. The four peptides 

showed overall similar effects. After addition of peptides to 

the vesicle solution the number of Rho 6G molecules, Nrho, 

increases while the number of REVs, Nvesicle, decreases, lead-

ing in turn to a decrease in the fraction of vesicles, Fvesicle, in 

the solution. Concomitantly, the photon count rate from the 

solution increases (Fig. 3). While for all peptides a decrease 

in Nvesicle can already be seen at P/L=1/40 - 1/20, the total 

disappearance of vesicles (Nvesicle = 0) is seen only at P/L=1/8 

- 1/4 for magainin 2, melittin and polymyxin B, and P/L=1/2 

for V4. For magainin 2 and melittin the maximum increase 

in photon count rate was 60-70% of the value seen after Tri-

ton X-100 treatment. For polymyxin B the maximum photon 

count rate was around 30-40% of that observed after Triton 

X-100 treatment. For V4 the maximum increase in photon 

count rate was 7-20%. 

 For DPPG REVs similar results are obtained (Fig. 4). 

ACFs are shown in the supplement. Changes in all parame-

ters of the ACF are seen already at P/L=1/40 but the total 

disappearance of vesicles (Nvesicle = 0) is seen at P/L=1/4 for 

magainin 2, at P/L=1/8-1/4 for melittin, at P/L=1/8 for po-

lymyxin B, and at P/L=1/4-1/2 for V4. For magainin 2 and 

melittin the maximum increase in photon count rate was 

more than 100 % of the value seen after Triton X-100 treat-

ment, implying complete leakage. For V4 and polymyxin B  

this value was around 80-90 %. These experiments demon- 

strate that all peptides lead to different degrees of vesicle 

leakage at peptide specific P/L ratios for both POPG and 

DPPG vesicles. 

Table 2. FCS Parameters After Maximum Leakage as In-

duced by the Different Peptides 

 

 P/L dye [μs] vesicle [ms] Fvesicle 

POPG REV 

Triton X-100 - 175 ± 2 - - 

Magainin 2 1/4 53.9 ± 0.7 5.43 ± 1.03 0.0013±0.00028 

Melittin 1/4 51.4 ± 0.7 - - 

Polymyxin B 1/4 52.7 ± 1.1 - - 

V4 1/2 54.3 ± 0.4 - - 

POPG RLV 

Triton X-100  389 ± 7 - - 

Magainin 2 1/2 - 1.13 ± 0.18 - 

Melittin 1/2.67 55.4 ± 20.9 - - 

Polymyxin B 1/4 49.2 ± 2.2 - - 

V4 1/2 61.4 ± 8.2 - - 

DPPG REV 

Triton X-100 - 208 ± 4 - - 

Magainin 2 1/4 50.5 ± 0.6 3.31 ± 1.05 0.0032 ± 0.0016 

Melittin 1/4 52.6 ± 0.8 - - 

Polymyxin B 1/4 49.9 ± 0.8 - - 

V4 1/4 52.3 ± 0.7 - - 

DPPG RLV 

Triton X-100 - 374 ± 8 - - 

Magainin 2 1/2 - 4.86 ± 1.10 - 

Melittin 1/2.67 370 ± 87 - - 

Polymyxin B 1/4 56.4 ± 7.4 - - 

V4 1/4 49.3 ± 10.5 - - 

 

Table 1. FCS Calibration Values of Rho 6G and the Different Vesicles Used in Experiments (Laser Power: 100 W, Except Speci-

fied) 

 

 dye [μs] vesicle [ms] Fvesicle cpsdye [kHz] cpsvesicle [kHz] 

Rho 6G 51.5 ± 0.8 - - 60 - 

POPG REV 44.5 ± 30.3 4.36 ± 0.61 0.074 ± 0.015 60 630 

POPG RLV - 4.81 ±0.35 - - 958 (40 W) 

DPPG REV 44.1 ± 5.6 2.89 ± 0.43 0.15 ± 0.02 60 228 

DPPG RLV - 4.47 ±1.38 - - 910 (40 W) 
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Antimicrobial Peptides Interact with RLVs 

 Many antimicrobial peptides are reported to aggregate or 

disrupt bacteria and vesicles [50]. RLVs can be used to test 

these cases. It should be noted that aggregation and disrup-

tion both will lead to a range of particle sizes with very dif-

ferent cps making quantification with FCS difficult due to 

the non-linear contribution to the ACF by particles of differ-

ent cps. We thus use only the apparent number of particles 

Napp (Eq. 4) to characterize the solutions. If aggregation is 

induced the particles should grow and Napp should decrease 

with a concomitant increase of D. In the case of vesicle dis-

ruption Napp should increase and D should accordingly de-

crease. In the case of pore formation only, no changes should 

be seen. 

 The ACFs of POPG RLVs after addition of different 

concentrations of magainin 2 are shown in Fig. (2), where 

we depict the experimental ACFs to show the change in am-

plitude and thus in Napp in Fig. (2C), and the normalized 

ACFs to emphasize the shift in diffusion time with peptide 

addition in Fig. (2D). The interaction of melittin, polymyxin 

B and V4 with POPG RLVs are shown in the supplement. In 

Fig. (5) the change of the ACF fit parameters is shown in 

dependence of peptide concentration. With addition of pep-

tides to the POPG RLVs some general trends can be ob-

served. Melittin, polymyxin B and V4, show a decrease in 

Napp and an increase in D at smaller P/L ratios (melittin: P/L 

 1/4; polymyxin B: P/L  1/20; V4: P/L  1/2.67) indicating 

aggregation. Magainin 2 does not show a similar trend and 

Napp and D stay approximately constant for P/L  1/4. At 

higher, peptide specific P/L ratios all peptides lead to a 

strong increase in Napp and a strong decrease of D, indicating 

vesicle disruption. 

 

 

Fig. (2). Interaction of magainin 2 with POPG REVs and RLVs. (A) and (B) demonstrate the interaction of magainin 2 with POPG REVs. 

(A) is the measured autocorrelation functions and their fits where the change of amplitude can be clearly seen with increasing peptide con-

centration. (B) depicts the normalized autocorrelation functions in which the change of width is easier to see. (C) and (D) show the interac-

tion of magainin 2 with POPG RLVs. (C) is the measured autocorrelation functions and their fits. (D) depicts the normalized autocorrelation 
functions. 
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 The data for the interaction between the four peptides and 

DPPG RLVs are shown in Fig. (6). In general similar trends 

are seen as well for the POPG RLVs with some marked dif-

ferences. Within the concentration range used, magainin 2 

does not show any changes in Napp or D indicating that no 

vesicle disruption took place. Melittin and V4 show vesicle 

disruption at smaller P/L ratios while polymyxin B shows no 

difference. 

 As control experiments we used POPC RLVs. As shown 

in Fig. (7), no changes are seen for any of the peptides in the 

diffusion time D contrary to the other experiments on la-

beled POPG and DPPG vesicles. 

 The apparent aggregation of POPG (Fig. 8) and DPPG 

(data not shown) vesicles is supported for melittin, po-

lymyxin B and V4 by confocal images while for magainin 2 

no aggregates are found. 

 

DISCUSSION 

 A combination of leakage measurements on REVs and 

measurements of RLVs were conducted to investigate 

whether antimicrobial peptides aggregate, disrupt and/or 

render lipid vesicles permeable [29]. If the antimicrobial 

peptides form pores on the membrane, a decrease in diffu-

sion time for REVs and a constant diffusion time for RVLs 

will be found. However, if the antimicrobial peptides disrupt 

the membrane in a detergent-like manner, a decrease in dif-

fusion time for both REVs and RLVs will be detected (Fig. 

1). In this study we used POPG and DPPG because of their 

negative charge as models for bacterial membranes and to 

test whether the saturation of the lipid tails has any influence 

on the activity of the peptides. 

Magainin 2 

 It is believed that magainin 2 induces membrane permea-

tion through the formation of a toroidal pore [28, 51]. Our 

data suggest that magainin 2 induces pore formation to cause 

 
Fig. (3). Comparison of Nrho, Nvesicle, Fvesicle and photon count rates of antimicrobial peptides interacting with POPG REVs. 
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membrane permeation. In this study magainin 2 induced 

complete leakage of POPG REVs at a P/L of 1/4 with an 

increase of the count rate up to 60-70% of the count rate seen 

after Triton X-100 addition (Fig. 3). However at P/L  1/4, 

neither a size change in the REVs nor a size change of the 

POPG RLVs could be observed and thus magainin 2 does 

not lead to aggregation of vesicles (Figs. 3,5). This is con-

firmed by the confocal images of magainin 2/RLV solutions 

where no aggregates could be observed (Fig. 8). We there-

fore suggest that magainin 2 induces vesicle leakage by pore 

formation at low P/L ratios until complete leakage is ob-

served at P/L ~1/4. For P/L > 1/4 magainin 2 induced mem-

brane destabilization, leading to membrane disruption indi-

cated by a decrease in the size of the vesicles. However, no 

aggregation can be seen at any peptide concentration tested. 

DPPG experiments paint a similar picture of magainin 2 ac-

tion, with the same P/L ratio for complete vesicle leakage, 

and a lack of vesicle aggregation (Figs. 4,6). But in contrast 

to POPG, DPPG vesicles are never destabilized and no 

membrane disruption is seen at the concentrations tested. 

The measurements thus show that magainin 2 induces leak-

age by pore formation without vesicle aggregation possibly 

followed by disruption at a much higher concentration. 

Melittin 

 Melittin is known to form pores on the membrane and 

lead to the death of the target bacteria [27, 52]. The present 

study showed that melittin also induces pores to perform its 

function. From P/L ratios of 1/40 onwards changes in Nvesicle 

and the vesicle fraction Fvesicle show the beginning leakage 

which is complete at a ratio of 1/4 for POPG REVs, with an 

increase of the count rate up to 60-70% of the count rate seen 

after Triton X-100 addition (Fig. 3). However, no particle 

smaller than POPG vesicles was detected in the experiment 

of POPG RLVs in the presence of melittin, which suggests 

that POPG vesicles were not disrupted (Fig. 5). Instead, 

pores were formed at these P/L ratios, leading to membrane 

permeation. When the P/L ratio increased to 1:2.67 and 

higher, smaller aggregates were found as shown by the de-

crease in diffusion time (Fig. 5). In contrast to magainin 2, 

 

Fig. (4). Comparison of Nrho, Nvesicle, Fvesicle and photon count rates of antimicrobial peptides interacting with DPPG REVs. 
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melittin promoted aggregation during the process of induc-

ing vesicle permeation. Melittin induced slight aggregation 

of POPG RLVs at a P/L ratio of 1:8, and at 1:4, the aggre-

gates increased in size (Fig. 5). The aggregation is confirmed 

by confocal images (Fig. 8). For DPPG vesicle measure-

ments full leakage is as well observed for P/L=1/4, below 

which only partial leakage and vesicle aggregation is seen 

(Fig. 4). In this case disruption and leakage of vesicles hap-

pens at the same P/L ratios between 1/4 and 1/8 (Figs. 4,6). 

Whereas leakage happens clearly before disruption of the 

POPG vesicles, in DPPG vesicles full leakage happens either 

only slightly before or even at the same time as vesicle dis-

ruption. We therefore suggest that for melittin pore forma-

tion happens in conjunction with some aggregation and pos-

sibly disruption. 

Polymyxin B 

 Polymyxin B is an antimicrobial peptide similar to melit-

tin, with high toxicity. Current research focuses on the inter-

action between polymyxin B and the outer bacterial mem-

brane in which LPS plays an important role [17, 19, 20]. 

Little is known about the fate of the inner membrane. This 

study demonstrates that polymyxin B disrupts the membrane 

at a P/L ratio of 1:8 with an increase of the count rate up to 

40% of the count rate seen after Triton X-100 addition (Fig. 

3). The great variance in the diffusion time (from 1.6 ms to 2 

s) indicated the presence of both fragments and aggregates of 

the vesicles in solution. The fragments probably coalesced to 

form large aggregates. This was corroborated by the meas-

urements at increased P/L ratios of 1:4, 1:2.67 and 1:2. Ex-

cluding large aggregates, a decrease in the diffusion time of 

POPG RLVs was detected, possibly representing vesicle 

fragments (Fig. 5). Correspondingly, at these ratios po-

lymyxin B induced maximum leakage from POPG REVs. 

However, the increase of the count rate to only 40% of the 

expected value, as tested with Triton X-100, might indicate 

that remaining vesicle aggregates still contain some unre-

leased Rho 6G. In the case of DPPG vesicles the same be-

haviour can be seen and no influence of the tail groups on 

the action of polymyxin B is detectable (Fig. 6). Taken to-

gether, the results suggest that polymyxin B adopts the car-

pet mechanism to cause membrane permeation without pore 

formation. 

V4 

 V4 did not induce membrane permeation until a P/L ratio 

of 1:2. However, the membrane did change at P/L ratios 

lower than 1:2 (Fig. 3). At P/L of 1:8 and 1:4, V4 induced a 

 

Fig. (5). Comparison of Napp and diffusion time of antimicrobial peptides interacting with POPG RLVs (  diffusion time;  Napp). The P/L 
ranges in which full leakage are observed are marked in grey. 
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small increase in the diffusion time of the POPG RLVs (Fig. 

5). At a P/L ratio of 1:2.67, the increase was more apparent 

and the diffusion time reached about twice the value of 

POPG RLVs. Correspondingly, the particle number in the 

confocal volume decreased when the P/L ratio was increased 

from 1:8 to 1:2.67. These results indicate that V4 induces 

aggregation of POPG vesicles but without leakage. When the 

P/L ratio increased to 1:2, the diffusion time of POPG RLVs 

decreased strongly with a concomitant increase in Napp. 

Therefore, V4 induces membrane permeation at this ratio but 

with an increase of the count rate of up to only 6-20% of the 

count rate seen after Triton X-100 addition. It should be 

noted that except for the fragments of the vesicles at a P/L 

ratio of 1:2, there were also large aggregates which might be 

the result of coalesced POPG vesicle fragments after V4 

induced vesicle disruption. In the case of DPPG full vesicle 

leakage is already seen at a P/L ratio of 1/4 with an increase 

of the count rate up to 80 % of the count rate seen after Tri-

ton X-100 addition (Fig. 4). The low release of Rho 6G 

compared to the other investigated peptides might be attrib-

uted to the entrapment of Rho 6G in the large aggregates 

seen. Similar to polymyxin B, no pore formation was de-

tected. 

 

Fig. (7). Comparison of diffusion time of antimicrobial peptides 
interacting with POPC RLVs. No disruption has been observed. 

 V4 is a highly hydrophobic antimicrobial peptide and 

even aggregated in the buffer itself because of the high hy-

drophobic interaction between the peptide molecules [24]. 

 

Fig. (6). Comparison of Napp and diffusion time of antimicrobial peptides interacting with DPPG RLVs (  diffusion time;  Napp) The P/L 

ranges in which full leakage are observed are marked in grey. 
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Different from polymyxin B, membrane aggregation is pro-

moted by V4 before membrane disruption. In combination 

with the lower release of Rho 6G this might indicate an ac-

tion mechanism by aggregation (agglutination of bacteria), 

possibly fusion, and permeation. 

 

Fig. (8). Confocal images of POPG RLVs in the absence and pres-

ence of antimicrobial peptides. (Final concentration of lipids: 40 

μM; final peptide/lipid ratio: magainin 2, 1:2; melittin, 1:4; po-

lymyxin B, 1:8; V4, 1:4). 

POPG Versus DPPG Vesicles 

 Lipids can have an influence on the mechanism of antim-

icrobial peptides due to their different head group types 

and/or the length and saturation of the tail groups. The inves-

tigated peptides showed at the tested concentrations and P/L 

ratios actions only on negatively charged lipids. However, 

the influence of the tail groups is less clearly characterized. 

We therefore used saturated DPPG and unsaturated POPG 

lipid vesicles to test if the degree of saturation has any influ-

ence on the peptide-membrane interactions. The hypothesis 

in our case was that the saturated DPPG, forming a more 

densely packed layer, hinders the interaction of the antimi-

crobial peptides with the hydrophobic core of the lipid bi-

layer. In the case of magainin 2 this seemed to be confirmed. 

Although magainin 2 induces vesicle leakage at the same 

P/L ratio for POPG and DPPG, DPPG vesicles, in contrast to 

POPG vesicles, could not be disrupted at the same concen-

trations used for magainin 2 (Figs. 5,6). For melittin almost 

no differences between the two lipids could be discerned in 

respect to leakage and membrane permeation/disruption. 

However, as shown in the ACFs in the supplement, more and 

larger aggregates can be seen. For polymyxin B no differ-

ences between the two lipids could be detected. For V4 vesi-

cle aggregation was much more pronounced for DPPG vesi-

cles and leakage and disruption were observed earlier than 

for POPG vesicles. Thus the influence of the lipid tail groups 

on antimicrobial function is strongly peptide dependent. 

While for magainin 2 disruption of the more densely packed 

DPPG vesicles is delayed, the saturation of the lipid tails had 

no influence on polymyxin B. For melittin and V4 the more 

densely packed DPPG membrane presumably lead to a 

weaker interaction of the peptides with the hydrophobic 

core, a larger concentration of the peptides on the surface, 

and thus a stronger peptide driven aggregation of the vesi-

cles. 

Difference in Mechanism for Four Antimicrobial Pep-
tides 

 Although all the studied antimicrobial peptides finally 

disrupt the membrane, adopting the carpet mechanism or a 

modified carpet mechanism to perform their function, there 

were apparently some differences between them (Fig. 9). 

Firstly, before the vesicles were disrupted, magainin 2 and 

melittin formed pores in the vesicle membranes, which were 

detected at a certain intermediate P/L ratio. However, po-

lymyxin B and V4 disrupted the membrane directly with no 

detectable pore formation. This difference might result from 

the structure of the peptides. It is known that magainin 2 and 

 

Fig. (9). Comparison of mechanisms of antimicrobial peptides inducing membrane permeation. With the increasing peptide/lipid ratio, ma-

gainin 2 induced pore formation and then membrane disruption. No aggregation was detected. Melittin first induced pore formation as well 

as membrane aggregation. When peptide/lipid ratio further increased, membrane was disrupted. Polymyxin B directly caused membrane 

disruption. V4 first induced membrane aggregation but no membrane permeation. With the increasing peptide/lipid ratio, membrane disrup-
tion happened. 
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melittin form -helices upon interaction with lipid mem-

branes. The amphipathic structure of the peptide makes it 

possible that spatially separate hydrophobic and hydrophilic 

faces perform different functions. The hydrophobic face in-

teracted with the acyl chains of the phospholipids. Corre-

spondingly, the hydrophilic face not only interacted with the 

head groups of the phospholipids through electrostatic inter-

action but also pointed inwards to form pores. When the P/L 

ratio was further increased, the peptides penetrate the inner 

layer of the vesicle, destabilize the membrane and finally 

cause membrane disruption at high concentrations. Different 

from the two -helical antimicrobial peptides investigated, 

polymyxin B and V4 are cyclic peptides which have a rela-

tively rigid structure. It is difficult for these cyclic peptides 

to change the conformation and form a similar structure to -

helical peptides. Therefore, polymyxin B and V4 possibly 

act in a detergent-like manner to disrupt the membrane. 

 The differential propensity to aggregate distinguishes the 

four antimicrobial peptides under investigation. Within the 

studied range of P/L ratios, melittin, polymyxin B and V4 

showed apparent aggregation, which makes them different 

from magainin 2. Whether aggregates formed or not is pos-

sibly related to hydrophobic interactions. Study of the amino 

acid distribution of magainin 2 in the -helical conformation 

showed that it is amphipathic [53] with some polar amino 

acids separating the hydrophobic face into several small hy-

drophobic portions, which weakened the hydrophobicity. 

Therefore when magainin 2 is absorbed on the surface of 

lipid vesicles or vesicle fragments, the hydrophobic interac-

tion was not strong enough to bring the vesicles close to-

gether for aggregation. 

 The results of confocal imaging were consistent with 

those of FCS. Magainin 2 did not induce any aggregation in 

contrast to the other three antimicrobial peptides (Fig. 8). It 

should be noted that the concentration of large aggregates is 

relatively low and in FCS experiments, the large aggregates 

are seen only occasionally, thus explaining why in the major-

ity of FCS measurements a homogeneous solution is ob-

served. 

 We therefore suggest that the primary interaction leading 

to binding of antimicrobial peptides to membranes is electro-

static [24], the type of permeation, i.e. carpet mechanism or 

pore formation, is dependent on the type of peptide, and the 

sequence and P/L ratio of peptide induced aggregation and 

permeation is influenced by the lipid tail groups. 

 The findings presented here are consistent with earlier 

studies which reported full vesicle leakage in a P/L range of 

1/10 - 1/2 for magainin 2 [54-56] and no penetration below 

P/L = 1/60 and full insertion at 1/10 [11, 57]. For melittin, 

leakage and stable pore formation was reported for P/L = 

1/10000 – 1/20 [27, 50, 58]. Earlier studies by Pramanik  
et al. used the same FCS based technique to investigate the 
interaction of magainin and melittin with POPC REVs and 

RLVs to unravel their mechanisms of action [29]. Magainin 

and melittin were found to disrupt the membrane and form 

pores on the membrane, respectively, different from our 

findings. However the species of magainin was not specified 
and was possibly different from magainin 2 and the lipids  

were not representative of the bacterial membrane in which 
electrostatic interactions play a major role in peptide-lipid 

interactions. In addition, only one peptide/lipid ratio was 

presented to qualitatively study the effect of peptides on 

vesicles. Magzoub et al. compared several cell-penetrating 

peptides and found that melittin induced membrane permea-

tion at peptide/lipid ratio of 1/20, which is comparable to the 

result of the present study [50]. However due to the large 

difference in fluorescence yield, no absolute quantifications 

of the release of fluorophore was obtained. In this study, we 

extended the range of peptide/lipid ratio and resolved the 

problem of different fluorescence yield of particles, allowing 

the quantification of the peptide-lipid interaction using FCS. 

Simultaneously, we compared the interaction between 4 dif-

ferent antimicrobial peptides, representing different struc-

tures and origins, and negatively charged phospholipids, 

which are important components of bacterial plasma mem-

branes. Our study provides comprehensive and comparative 

in vitro evidence for antimicrobial activity of these peptides 

against bacterial lipids. 

CONCLUSION 

 Antimicrobial peptides have drawn an increasing interest 

in drug development due to their clinical potential. In this 

paper we applied FCS to quantitatively investigate the inter-

action between antimicrobial peptides (magainin 2, melittin, 

polymyxin B and a rationally designed peptide, V4) and arti-

ficial membranes which can function as bacterial models. 

We compared the mechanisms of different antimicrobial 

peptides inducing membrane permeation. We have shown 

that magainin 2 induces pore formation before membrane 

disruption without aggregation, whereas melittin induces 

pore formation, membrane aggregation and finally mem-

brane disruption. Polymyxin B causes membrane disruption 

and aggregation at the same time whereas V4 induces mem-

brane aggregation first followed by membrane disruption. 

This is probably due to the innate structural difference of 

each of these peptides which, upon their interaction with 

membranes, exhibit such differential antimicrobial effects. 

We also showed that due to the hydrophobic interaction, 

melittin, polymyxin B and V4 all promoted different extents 

of aggregation while magainin 2 did not. Magainin 2, melit-

tin and polymyxin B showed similar activity in inducing 

permeation into negatively charged membranes. Considering 

the lower solubility, V4 which is a designed antimicrobial 

peptide showed strong ability to induce membrane permea-

tion compared with the other three well-studied antimicro-

bial peptides, which indicated a promising future for drug 

development of V4. Therefore if the peptide solubility could 

be improved, the antimicrobial activity of V4 would be ex-

pected to increase substantially. Taken together, designing 

new peptides with a more hydrophilic or detergent-like struc-

ture would possibly increase the solubility and thus the activ-

ity of the peptide. 
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SUPPLEMENT TO MANUSCRIPT 

This supplement contains all experimental autocorrelation functions of the four antimicrobial peptides during their interactions 

with POPG and DPPG in the form of RLVs or REVs. The supplement consists of four figures. Figs. (3-6) in the manuscript are 

the summary of Fig. (2) in the manuscript and Figs. (S1-S4) in this supplement. 

 

Fig. (S1). Interaction of melittin, polymyxin B and V4 with POPG REVs. The graphs on the left (A, C and E) are the measured autocorrela-

tion functions and their fits, where the change of amplitude can be clearly seen with increasing peptide concentration. The graphs on the right 
(B, D and F) depict normalized autocorrelation functions, in which the change of width is easier to see. 
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Fig. (S2). Interaction of melittin, polymyxin B and V4 with POPG RLVs. The graphs on the left (A, C and E) are the measured autocorrela-
tion functions and their fits. The graphs on the right (B, D and F) depict normalized autocorrelation functions. 
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Fig. (S3). Interaction of four antimicrobial peptides with DPPG REVs. The graphs on the left (A, C, E and G) are the measured autocorrela-
tion functions and their fits. The graphs on the right (B, D, F and H) depict normalized autocorrelation functions. 
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Fig. (S4). Interaction of four antimicrobial peptides with DPPG RLVs. The graphs on the left (A, C, E and G) are the measured autocorrela-

tion functions and their fits. The graphs on the right, (B, D, F and H) depict normalized autocorrelation functions. 
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ABBREVIATIONS 

ACF = Autocorrelation function 

DPPG = 1,2-Dipalmitoyl-sn-Glycero-3-[Phospho-rac- 

   (1-glycerol)] 

FCS = Fluorescence correlation spectroscopy 

LPS = Lipopolysaccharides 

LUVs = Large unilamellar vesicles 

M2 = Magainin 2 

ME = Melittin 

PB = Polymyxin B 

PBS = Phosphate buffered saline 

P/L = Peptide/lipid ratio 

POPC = 1-Palmitoyl-2-Oleoyl-sn-Glycero-3- 

   Phosphocholine 

POPG = 1-Palmitoyl-2-Oleoyl-sn-Glycero-3- 

   [Phospho-rac-(1-glycerol)] 

REVs = Rhodamine 6G entrapping LUVs 

Rho 6G = Rhodamine 6G 

Rho-PE = 1,2–Dipalmitoyl-sn-Glycero-3-Phospho- 

   ethanolamine-N-(Lissamine Rhodamine B  

   Sulfonyl) (Ammonium Salt) 

RLVs = Rho-PE labeled LUVs 

V4 = Cyclized CVKVQVKVGSGVKVQVKVC 
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