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 Correlation between Membrane Partitioning and 
Functional Activity in a Single Lipid Vesicle Assay 
Establishes Design Guidelines for Antiviral Peptides 
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   and        Nam-Joon    Cho   *   

activity in biological systems. [ 14–17 ]  This problem is widely 

documented for antibacterial peptides and is also an issue 

for antiviral peptides, which have been proposed to rupture 

nm-scale enveloped viruses (see, e.g., refs.  [ 18 ]  and  [ 19 ]  for 

direct observation of peptide-induced rupture of lipid vesi-

cles and enveloped virus particles, respectively). As a result, 

the lack of connection between peptide structure and interfa-

cial activity has complicated optimization efforts, and there is 

a need to establish experimental frameworks that scrutinize 

fi ne aspects of interfacial activity with high discrimination. [ 11 ]  

 Herein, we focused on comparative investigation of 

two antiviral peptides (AH and C5A peptides) which are 

known [ 19,20 ]  to rupture the lipid envelope of virus particles. 

AH peptide has been extensively studied in model virus sys-

tems comprised of artifi cial lipid membranes in biosensor 

confi gurations, [ 21 ]  and the peptide exhibits vesicle size-selec-

tive rupture, [ 19,22 ]  along with antiviral activity against hepa-

titis C virus. [ 19 ]  As C5A peptide is an 18-mer derivative of the 

27-mer AH peptide, it has been assumed that AH and C5A 

peptides have equivalent activities [ 19 ]  and, consequently, the 

shorter C5A peptide has served as the main template for 

increasing the therapeutic index of next-generation pep-

tides in this class. [ 23,24 ]  To this end, C5A peptide and deriva-

tives thereof have been widely explored for prophylactic, [ 24 ]  

therapeutic, [ 20,25 ]  and microbicidal [ 26 ]  applications, and the 

peptide has broad-spectrum antiviral activity against several 

medically important viruses including HIV, hepatitis C, and 

dengue. However, there has been limited investigation into 

the mechanism of C5A peptide’s antiviral activity. Consid-

ering that AH and C5A peptides are both antiviral peptides, 

it is important to compare the physicochemical properties 

of these two peptides in the context of enveloped virus tar-

geting and antiviral drug development. 

 In the experimental framework of this study, ensemble-

averaged measurements on lipid vesicles in solution were 

performed in order to characterize structural properties of 

the peptides in relation to membrane partitioning, and the 

results were compared with the kinetics of peptide-induced 

vesicle rupture in a single lipid vesicle assay and lysis of 

human erythrocytes ( Scheme    1  ). Previously, AH peptide was 

reported to have membrane curvature-selective vesicle rup-

ture activity that infl uences the range of enveloped viruses 

which it targets. [ 19 ]  In light of this curvature-selectivity and 

its potential signifi cance for antiviral medicine, we have DOI: 10.1002/smll.201403638

Antiviral Agents

  J. A. Jackman, Dr. R. Saravanan, Dr. Y. Zhang, 
Dr. S. R. Tabaei, Prof. N.-J. Cho 
 School of Materials Science and Engineering 
 Nanyang Technological University 
  50 Nanyang Avenue    639798  ,   Singapore   
E-mail:  njcho@ntu.edu.sg    

 J. A. Jackman, Dr. R. Saravanan, Dr. Y. Zhang, Dr. S. R. Tabaei, 
Prof. N.-J. Cho 
 Centre for Biomimetic Sensor Science 
 Nanyang Technological University 
  50 Nanyang Drive    637553  ,   Singapore    

 Prof. N.-J. Cho 
 School of Chemical and Biomedical Engineering 
 Nanyang Technological University 
  62 Nanyang Drive    637459  ,   Singapore   

  Membrane-active peptides are ubiquitous in human health, 

with roles ranging from innate immune defense mediators [ 1 ]  

to components in drug delivery vehicles. [ 2,3 ]  Several classes of 

membrane-active peptides target infectious pathogens such 

as bacteria [ 4,5 ]  and viruses. [ 6,7 ]  Clarifying the mechanism of 

these peptide classes is important because many of the pep-

tides are promising anti-infective pharmaceutical agents, [ 8 ]  

including within nanotechnology platforms. [ 9,10 ]  Aided by 

studies using lipid vesicles as model membranes, it is gen-

erally understood that membrane-active peptides destabi-

lize lipid bilayers by forming pores or exhibiting a nonpore, 

detergent-like behavior. [ 4 ]  At the same time, there has been 

limited success at predicting the mechanism and potency of 

a membrane-active peptide from its sequence alone. There is 

emerging evidence that the interfacial activity of a peptide is 

related to how the physicochemical properties of a peptide 

infl uence membrane partitioning and corresponding effects 

on lipid packing in membranes. [ 4,11,12 ]  

 Typically, a membrane-active peptide is characterized 

by the ensemble-averaged release of entrapped fl uorescent 

markers from within vesicles in solution (see ref.  [ 4 ]  and ref-

erences therein). The onset of dye release is classifi ed by the 

corresponding peptide-to-lipid molar ratio, which is a com-

parative value widely used to describe a peptide’s activity. [ 13 ]  

A key limitation of this approach is that the degree of ves-

icle-permeabilizing activity of peptides in model vesicle 

systems is not necessarily representative of anti-infective 
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investigated the secondary structure of AH and C5A pep-

tides in membranous environments with varying membrane 

curvatures by circular dichroism (CD) spectroscopy, and 

measured the corresponding mole fraction partition coef-

fi cients by intrinsic tryptophan fl uorescence spectroscopy. 

Peptide-induced rupture of small vesicles in a surface-based 

assay was monitored by total internal refl ection fl uorescence 

(TIRF) microscopy, with single vesicle-level analysis in order 

to track the corresponding kinetics. Hemotoxicity against 

human erythrocytes was also assessed in order to clarify how 

these properties may contribute to possible therapeutic side 

effects. 

  Helix net wheel diagrams indicate that the 27-mer AH 

and 18-mer C5A peptides both have amphipathic character 

( Figure    1  a,b). Surprisingly, in contrast to most membrane-

active peptides with antibacterial activity, [ 27 ]  neither of these 

two antiviral peptides is cationic. AH and C5A peptides have 

net charges of 0 and −2, respectively. In silico prediction of 

the primary amino acid sequences estimated that C5A pep-

tide is globally more hydrophobic (mean hydrophobicities 

of 0.68 vs 0.73 for AH and C5A peptides, respectively) and 

amphipathic (mean amphipathic moments of 0.46 vs 0.68 for 

AH and C5A peptides, respectively) than AH peptide. CD 

measurements indicated that both AH and C5A peptides 

have high fractional helicities in water and 50% TFE (≈87% 

in both environments) (Figure  1 c,d). For both peptides, 

double negative peaks were observed at 208 and 220 nm, 

respectively, and the ratio of ellipticities at these two wave-

lengths ( θ  208 / θ  220 ) was greater than 1, which indicates that 

the peptides self-oligomerize in soution. In the presence of 

lipid vesicles, AH peptide maintained a similarly high hel-

ical character (≈84%) while C5A peptide showed a marked 

reduction in helicity (≈64%). The structural change in C5A 

peptide is consistent with previous fl uorescence spectroscopy 

measurements [ 28 ]  which indicate lipid membranes modulate 

the secondary structure of C5A peptide. Importantly, the CD 

measurements in the present study clearly demonstrate that 

membrane binding has appreciably different effects on the 

secondary structures of AH and C5A peptides. This fi nding 

motivated more detailed scrutinization of the membrane 

activity of the two peptides. 

  Intrinsic tryptophan fl uorescence spectroscopy experi-

ments were next performed in order to determine the mole 

fraction partition coeffi cient of AH and C5A peptides 

binding to zwitterionic 1-palmitoyl-2-oleoyl- sn -glycero-

3-phosphocholine (POPC) lipid vesicles. Tryptophan residues 

in the peptides are sensitive to the local microenvironment, 

and elicit a blueshift in the emission maximum associated 

with peptide binding. With increasing peptide concentration 

in solution, the blueshift reached a fi nal emission maximum 

because peptide binding to the vesicles became saturated 

( Figure    2  a,b). The corresponding emission maximum as a 

function of peptide concentration describes the equilibrium 

binding isotherms for AH and C5A peptides which were 

used to calculate the mole fraction partition coeffi cients 

(Figure  2 c,d). For 117-nm average diameter vesicles, the mole 

fraction partition coeffi cients of AH and C5A peptides were 

7.1 ± 0.3 × 10 5  and 52 ± 1.7 × 10 5 , respectively. While both 

values indicate strong binding to the lipid vesicles, the order 

of magnitude difference in mole fraction partition coeffi -

cient between the two peptides is striking and led us to fur-

ther investigate the infl uence of vesicle size (between 64 and 

665 nm average diameter as determined by dynamic light 

scattering, see Figure 1, Supporting Information) on mem-

brane partitioning (Figure  2 e and Figures 2 and 3, Supporting 

Information). 

  The mole partition coeffi cients as a function of vesicle size 

for AH peptide were similar only for vesicles up to 159 nm 

average diameter. For larger vesicles, partitioning was min-

imal, and indicated that the peptide most likely aggregates 
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 Scheme 1.    Experimental strategies for characterization of membrane-active antiviral peptides. A combination of solution- and surface-based lipid 
vesicle measurements was employed to characterize membrane-active antiviral peptides. Peptide secondary structure and membrane partitioning 
were measured by circular dichroism spectroscopy and intrinsic trytophan fl uorescence spectroscopy, respectively. The kinetics of peptide-
induced vesicle rupture was tracked at the single-vesicle level by total internal refl ection fl uorescence microscopy. Furthermore, hemotoxicity was 
determined by measuring peptide-induced lysis of human erthyocytes.
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on the surface of large vesicles via self-association. [ 29 ]  This 

fi nding is consistent with a previous report [ 22 ]  which indicates 

that AH peptide binds to, but does not rupture, large sur-

face-immobilized vesicles. Hence, there is a clear distinction 

between membrane partitioning of AH peptide in small and 

large vesicles. By contrast, the mole fraction partition coef-

fi cients of C5A peptide were nearly independent of vesicle 

size, with similar coeffi cient values being calculated for all 

vesicle sizes. It is noteworthy that both AH and C5A peptides 

are highly membrane-active, with partition coeffi cients two-

to-three orders of magnitude higher than antibacterial pep-

tides binding to zwitterionic lipid vesicles. [ 15 ]  Comparatively, 

C5A peptide is also appreciably more membrane-active than 

AH peptide across all vesicle sizes. However, interestingly, 

membrane partitioning of only AH peptide is vesicle size-

selective. Therefore, a balance may be necessary between the 

degree of membrane partitioning and membrane-activity in 

order to preserve virus size-selective activity. 

 To further compare the functional activity of AH and 

C5A peptides, we also investigated vesicle rupture at the 

single-vesicle level by TIRF microscopy. [ 30 ]  AH peptide is 

known to rupture lipid vesicles (below a certain diameter) 

in surface-based assays, while C5A peptide has not yet been 

investigated in such platforms and has only been demon-

strated to cause the release of entrapped markers from 

vesicles in solution. [ 20 ]  Small vesicles (average diameter of 

119 nm) were employed in the TIRF-based assay in order 

to mimic the nanoscale curvature of enveloped viruses. In 

this assay, ≈10 3  fl uorescently labeled vesicles were attached 

by tether to a poly( l -lysine)-grafted poly(ethylene glycol) 
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 Figure 1.    Structural comparison of two antiviral peptides. Helical wheel projection of a) AH peptide and b )  C5A peptide amino acid sequence 
showing an amphipathic distribution of the hydrophilic (purple), positively charged (blue), negatively charged (red), and hydrophobic (yellow) 
amino acid residues. Secondary structure prediction of AH and C5A peptides are also presented, based on the algorithms DSC, HNNC, MLRC, PHD 
available at Network Protein Sequence Analysis (NPS@). Circular dichroism spectra were recorded for c) AH peptide and d) C5A peptide in water 
(red, solid line), 50% TFE (blue, dotted), and POPC lipid vesicles (black, dashed) at 25 °C.
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(PLL-g-PEG)-passivated surface and 100 nM peptide was 

then added to induce vesicle rupture. The attached vesicles 

had a low surface coverage, which enabled high spatial dis-

crimination and hence each vesicle could be individually 

monitored. The vesicles contained two fl uorescent labels in 

order to simultaneously track different aspects of the ves-

icle rupture process: water-soluble calcein was encapsulated 

inside the vesicle interiors and rhodamine-labeled phospho-

lipid was included in the lipid bilayer. Under identical meas-

urement conditions used in this study, both TIRF signals 

were stable in the absence of peptide, and hence changes in 

the TIRF signal could be assigned to vesicle–peptide inter-

actions (Figure 4, Supporting Information). Specifi cally, 

calcein release (refl ected as a drop in the calcein signal of 

a single vesicle) corresponds to membrane permeabiliza-

tion, while rhodamine release refl ected as a drop in the 

rhodamine signal of a single vesicle) corresponds to vesicle 

destabilization and lipid loss from the TIRF excitation zone. 

Taken together, the highly parallel format of the single-

vesicle level measurements enables detailed investigation of 

the membrane–peptide interaction for quantitative kinetic 

comparison. 

 Upon peptide interaction, changes in the calcein and 

rhodamine fl uorescence intensities were simultaneously 

recorded in order to temporally resolve membrane per-

meabilization and vesicle destabilization for each individual 

vesicle in the fi eld of view ( Figure    3  a,b). For both peptides, 

the onset of calcein release preceded the onset of rhoda-

mine release, suggesting that membrane permeabilization 

(via pore formation [ 30 ]  occurred fi rst before vesicle destabi-

lization was initiated and led to lipid loss and vesicle rupture 

(Figure  3 c,d). Compared to AH peptide, the time scale of cal-

cein release induced by C5A peptide was appreciably quicker 

(0.49 ± 0.29 vs 2.05 ± 0.84 min) (Figure  3 e). Importantly, the 

lag time before the drop in rhodamine signal was also appre-

ciably different between the two peptides, with AH peptide 

inducing membrane destabilization within 6.54 ± 0.91 min 

whereas C5A peptide took only 1.89 ± 1.07 min (Figure  3 f). 

Overall, the TIRF experiments validate that both AH and 

C5A peptides rupture lipid vesicles, and that C5A peptide 
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 Figure 2.    Infl uence of vesicle size on membrane partitioning. Intrinsic tryptophan fl uorescence spectroscopy experiments were performed in order 
to calculate the mole fraction partition coeffi cient for each peptide as a function of vesicle size. A representative data set is presented for membrane 
partitioning between 117-nm average diameter POPC lipid vesicles and a) AH peptide or b) C5A peptide. Corresponding equilibrium binding 
isotherms are presented for c) AH peptide and d) C5A peptide with vesicles of the following average diameters: 64 (closed circles), 85 (closed 
triangles), 117 (closed squares), 159 (open circles), 360 (open triangles), and 665 nm (open squares). e) Mole fraction partition coeffi cients,  K  x , are 
presented as a function of vesicle size for each peptide (mean ± standard deviation for  n  = 3 independent experiments). ND means not determined 
in cases where the partition coeffi cient could not be determined due to minimal partitioning.
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induces vesicle rupture on a shorter time scale than AH pep-

tide, a behavior which is consistent with the greater mem-

brane partitioning of C5A peptide. 

  Additionally, the dependence of the rupture lag time on 

vesicle size was scrutinized at the single-vesicle level. Spe-

cifi cally, the size of individual vesicles on the substrate was 

determined based on the corresponding fl uorescence inten-

sity of each vesicle’s rhodamine signal which is propor-

tional to the vesicle surface area and hence proportional to 

the square of the vesicle radius. [ 31 ]   Figure    4   presents single-

vesicle plots depicting trends in the rupture lag time as a 

function of individual vesicle size. For AH peptide-induced 

vesicle rupture, there is a strong dependence on vesicle 

size (Figure  4 a). On the other hand, C5A peptide-induced 

vesicle rupture did not exhibit a vesicle size-dependent lag 

time (Figure  4 b). These fi ndings provide explicit evidence 

that AH peptide exhibits a therapeutically relevant mem-

brane curvature sensing behavior while C5A peptide does 

not. Importantly, the fi ndings are consistent with the depend-

ence of membrane partitioning behavior on vesicle size, as 

determined by fl uorescence spectroscopy measurements. Col-

lectively, a correlation is observed between membrane par-

titioning behavior and the characteristics of vesicle rupture, 

including the degree of membrane activity and dependence 

on vesicle size. 

  Finally, each peptide’s hemotoxicity against human eryth-

rocytes was assessed in order to understand how the degree 

of membrane activity (in one way, a refl ection of the parti-

tion coeffi cient) relates to an important parameter for deter-

mining the therapeutic index of a drug candidate. Minimal 

hemolytic concentration (MHC) values of 50 and 12.5 μM 

were determined for AH and C5A peptides, respectively. 

These values are consistent with the relative degree of 

membrane activity exhibited in the aforementioned experi-

mental results, and suggest that higher partitioning and a 

corresponding increase in membrane activity of a peptide 
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 Figure 3.    Functional comparison of AH and C5A peptides by TIRF microscopy. Time-resolved shifts in fl uorescence intensities of the a) calcein and 
b) rhodamine channels for representative single vesicles upon AH or C5A peptide addition. Kinetics of c) rhodamine and d) calcein dye release for 
representative single vesicles upon AH or C5A peptide addition. Histogram of the lag time preceding e) calcein and f) rhodamine dye release from 
individual vesicles, as induced by either AH peptide or C5A peptide.
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may also lead to greater hemotoxicity if size discrimination 

is abrogated (e.g., C5A peptide case). In summary, it was 

identifi ed that AH peptide is highly membrane-active and 

ruptures vesicles while preserving vesicle size-selectivity. By 

contrast, C5A peptide has even more potent vesicle rupture 

activity, although this activity occurs largely independent of 

vesicle size. Taken together, the fi ndings offer design guide-

lines for antiviral peptides, including the need to strike a bal-

ance between high membrane partitioning and membrane 

curvature-selectivity, and support that AH peptide may be 

a promising template for next-generation antiviral agents. 

Based on these criteria, refi nement of structural parameters 

(e.g., peptide helicity) may lead to further improvements in 

therapeutic properties. 

 Looking forward, establishing correlations between mem-

brane partitioning and functional activity in a single lipid ves-

icle assay also has strong potential for investigating additional 

membrane-active peptides. The benefi ts of this approach 

could extend to traditional classes of anti-infective peptides, 

including antibacterial and cell lytic peptides, as well as new 

classes of membrane-interfering agents. Continued investiga-

tion of peptide interactions with nm-scale lipid vesicles may 

shed further insight into the design guidelines for antiviral 

peptides and create a pipeline of next-generation peptide 

derivatives for therapeutic applications.  

  Experimental Section 

  Peptides : The peptides used in the study were purchased 
from Anaspec, Inc., and were synthesized by standard F-moc solid 
phase synthesis. Peptide aliquots were dissolved in deionized 
water and stored in −20 °C until use. Helical wheel projections 
were generated, and the mean hydrophobicity and mean amphi-
pathic moment of each peptide were computed in the HeliQuest 
WebServer program by taking into account the primary amino acid 
sequence. [ 32 ]  

  Vesicle Preparation : For all measurements except TIRF, vesicles 
composed of 1-palmitoyl-2-oleoyl- sn -glycero-3-phosphocholine 
(POPC) lipid were formed by the extrusion method. [ 33 ]  Five cycles 
of freeze–thaw pretreatment were performed prior to vesicle extru-
sion. Hydration was performed in 10 mM phosphate buffer (PB) 

solution, followed by extrusion through track-etched polycar-
bonate membranes of defi ned pore size (30, 50, 100, 200, 400, 
or 1000 nm diameter). The size distribution of extruded vesicles 
was measured by dynamic light scattering. For TIRF measure-
ments, vesicle were prepared with the following lipid composition: 
POPC (99.25 wt%), 1,2-distearoyl- sn -glycero-3-phosphoethanol-
amine-N-[biotinyl-(polyethylene glycol)-2000 (DSPE-PEG(2000) 
biotin) (0.25 wt%), and 1,2-dioleoyl- sn -glycero-3-phosphoeth-
anolamine-N-(lissamine rhodamine B sulfonyl (rhodamine-PE) 
(0.5 wt%). Dried lipid fi lms were rehydrated with 10 mM Tris-Cl buffer 
[pH 7] containing 100 mM NaCl and 30 mM calcein. The 4 mg mL −1  
lipid suspension was then vortexed for 5 min, followed by fi ve 
cycles of freeze–thaw pretreatment. Vesicles were next passed 
through 100-nm diameter, track-etched polycarbonate membranes 
a minimum of 13 times by using a MiniExtruder (Avanti Polar 
Lipids). Free calcein was removed by a Sephadex G-25 gel fi ltration 
column. 

  Dynamic Light Scattering : A 90Plus particle size analyzer 
(Brookhaven Instrument, Holtsville, NY) with a 658.0 nm mono-
chromatic laser was used to measure the intensity-weighted size 
distribution of extruded vesicles. All measurements were taken at 
a scattering angle of 90°, where the refl ection effect is minimized. 

  Circular Dichroism Spectroscopy : Circular dichroism spectra 
were obtained by using a Chirascan circular dichroism spectrom-
eter (Applied Photophysics, Ltd., UK) with a 0.01 cm path length 
cuvette (Hellma). Spectra data were collected with a step size of 
0.5 and time constant of 1 s. The peptide and lipid concentra-
tions were fi xed at 100 and 200 μM, respectively. All spectra were 
recorded at 25 °C from 190 to 240 nm using a bandwidth of 1-nm 
and averaged over three scans. Baseline scans were obtained 
using the same parameters for buffer and subtracted from the 
respective data scans with peptides. The fi nal corrected averaged 
spectra were expressed in mean residue molar ellipticity. The frac-
tional helicity ( f   H)  of the peptides in the different mediums was 
calculated as follows [ 34 ] 

 
H 3000 / 36000 3000222

Obsf θ )( )([ ]= − − −
   

 where [O] 222  Obs  is the molar ellipticity at 222 nm. 
  Fluorescence Spectroscopy : Fluorescence spectroscopy 

experiments were carried out in a Cary Eclipse fl uorescence 
spectrophotometer (Varian, Inc., Australia) equipped with dual 
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 Figure 4.    Single-vesicle analysis of antiviral peptide-induced vesicle rupture. Single-vesicle plots present the rupture lag time of each individual 
vesicle as a function of vesicle size for a) AH and b) C5A peptides. The rupture lag time of each individual vesicle was determined from the drop in 
the rhodamine signal. It is plotted as a function of individual vesicle size. Each data point corresponds to a single vesicle.
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monochromators. All measurements were performed using a 
0.1 cm path length cuvette and a slit width of 5 mm. Fluorescence 
spectra were recorded in 10 mM PB solution [pH 7.2] for all pep-
tides. Intrinsic tryptophan fl uorescence spectra of free peptides 
were recorded using 5 × 10 −6   M  peptide. The interaction between 
peptides and lipid vesicles was investigated by titrating 5 μM pep-
tide with increasing lipid concentrations of POPC vesicles up to 
150 μM lipid concentration (stepwise increments of 10 μM). The 
intrinsic tryptophan was excited at the wavelength of 280 nm and 
the emission was monitored between 300 and 400 nm. For each 
titration, the fl uorescence intensity ( I ) at the emission maximum 
of the peptide ( λ  max ) was normalized by the fl uorescence intensity 
( I  0 ) of the peptide in buffer. Mole fraction partition coeffi cients ( K x  ) 
were obtained by fi tting the experimental data to the following 
equation [ 11 ] 

 / 1 ( 1)( [ ] / [ ] [ ])0 max x xI I I K L K L W= + − +    

 where ( I  max ) is the fl uorescence intensity after saturation of pep-
tide–lipid binding, [ L ] is the molar lipid concentration, and [ W ] is 
the molar concentration of water (55.3 M). 

  TIRF Single Vesicle Measurements : Glass microscope cov-
erslips were fi rst cleaned by SDS (1 wt%) and treated by oxygen 
plasma at 80 W for 3 min prior to being assembled with commer-
cial sticky-slide VI 0.4  microfl uidic chambers (ibidi GmbH, Martin-
sried, Germany). The coverslips were coated (150 µL per well) by 
a 10 000:1 mixture of poly( L -lysine)-grafted poly(ethylene glycol) 
(PLL-g-PEG, 100 µg mL −1  diluted with 10 mM PB solution [pH7]) 
and PLL-g-PEG(-biotin) (SuSoS AG, Dübendorf, Switzerland) for 
45 min at room temperature and subsequently washed carefully 
with 10 mM PB solution. The surface was further incubated with 
neutravidin (10 µg mL −1 ) for 20 min at room temperature, followed 
by rinsing with 10 mM PB solution. Biotinylated POPC vesicles 
loaded with calcein were allowed to spontaneously immobilize 
onto the coverslip surface at a diluted concentration of 0.1 µg 
mL −1 . During experiment, peptide was injected using a peristaltic 
pump at a fl ow rate of 100 µL min −1 . Vesicles were imaged using 
TIRF microscopy. TIRF microscopy was performed on an inverted 
Eclipse TE 2000 microscope (Nikon) equipped with a high-pressure 
mercury lamp, an Apo TIRF 60× oil objective (NA 1.49), and a Luca 
EMCCD camera (512 × 512 pixels). Filter sets and dichroic mirrors 
in the fi lter cubes were chosen to match the excitation and emis-
sion properties of the selected fl uorophores. Alternating emission 
fi lters, fl uorescein isothiocyanate (FITC) and tetramethylrhodamine 
(TRITC), were applied for time-lapse recording of the fl uorescence 
emission from the calcein and rhodamine channels upon peptide 
addition. Fluorescence microscopy images (190 × 190 µm) were 
acquired for 20 min at 20 s time intervals. All measurements were 
performed in a temperature-stabilized environment at 22 °C. 

  Hemolytic Assay : Lytic activity against human erythrocytes was 
measured using a method adapted from Shai and Oren. [ 35 ]  Fresh 
human red blood cells (hRBC) were rinsed and washed thrice with 
phosphate buffer saline (PBS) solution, centrifuged for 10 min at 
900 g, and the resultant packed cells were resuspended in PBS 
buffer at an erythrocyte concentration of 8.0% (v/v). Equal volumes 
of peptide, resuspended in 10 mM PBS buffer, were added to the 
hRBCs to achieve a fi nal concentration of 4% (v/v) hRBC in a total 
volume of 100 µL and incubated for 1 h at 37 °C, with gentle agita-
tion. Upon incubation, the samples were centrifuged at 1500 g for 

5 min. Hemoglobin release was measured by absorbance meas-
urement of the supernatant at 540 nm. Controls for 0% hemolysis 
and 100% hemolysis were obtained by suspending hRBCs in PBS 
and 1% Triton X, respectively. Percentage of hemolysis was calcu-
lated according to the following formula

 

Percentage hemolysis
[Abs Abs ] /[Abs Abs ]
100%

pept negative control positive control negative control= − −
×    

 where  Abs  is the absorbance value (a.u.).  
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 Supporting Information is available from the Wiley Online Library 
or from the author.  
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