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Antimicrobial peptides (AMPs) as biocides are of great interest because they have the ability to combat
antibiotic resistance. Normally, natural AMPs need to be rationally designed or modiﬁed for practical use
as an antibiotic. Here, a novel AMP, termed FF8, which is a cationic octapeptide composed of arginine,
lysine, and phenylalanine, was designed. The FF8 was found to self-assemble into nanoﬁbers when
induced by a negatively charged lipid membrane or pH is above 9.4. The ﬁbers on the membrane broke
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the lipid membrane, forming pores and signiﬁcantly reducing its ﬂuidity. FF8 also exhibited enhanced antibacterial activity by signiﬁcantly increasing the permeability of the inner and outer membranes of
Escherichia coli (E. coli) and maintaining the pores of the inner membrane of cells, which caused continuous membrane leakage. Because of its high antibacterial activity, cytocompatibility, and cost-eﬀectiveness, FF8 is a promising antibacterial material.

Introduction

Antimicrobial peptides (AMPs) are normally produced by
plants and animals to defend against pathogen infections.1,2
AMPs can kill bacteria through physical disruption of the cell
membrane within a few minutes.3–5 Thus, AMPs are excellent
biocide candidates. Currently, more than 2000 natural antimicrobial peptides have been reported.6 They typically contain
10–100 amino acid residues, generally have a net positive
charge, and are amphiphilic.7
AMPs usually are first adsorbed onto the negatively charged
lipid membranes by long-rang electrostatic attraction and then
disrupt the membrane through hydrophobic interaction and
electrostatic force.8 Several models have been proposed to
explain this kind of AMP-induced membrane permeabilization, including the Barrel-stave model, Toroidal-pore model,
and Carpet model.9
Most of natural AMPs contain 10–50 amino acids.10 They
usually are unstable and highly toxic.6 Thus, rational design
of AMPs to obtain cost-eﬀective sequences that are highly
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active and have broad-spectrum activity and good pharmacokinetics but without associated toxicity is necessary.11 Previous
studies have shown that pathogenic amyloid-β protein (Aβ)
may protect the host against microbial infection,12,13 and
some AMPs (e.g., Protegrin-1 14 and Plantaricin A15) have
shown the ability to form amyloid-like fibers. These findings
suggest that the introduction of amyloid-like self-assembly
modules into AMPs may enhance the antibacterial activity of
the peptides.
Molecular self-assembly by non-covalent interactions,
including hydrophobic interaction, hydrogen bonding, electrostatic force, and π–π stacking interaction, to form supramolecular structures is a ubiquitous process in biological
systems.16,17 Supramolecular assemblies possess ordered structures, which have extended applications in the fields of drug
delivery and biomedical engineering.18–20
Many studies have reported the possibility of altering the
application of AMPs by imparting them with self-assembly properties,21 For instance, Li’s group designed a cholesterol-conjugated peptide CG3R6TAT, which self-assembled to form
micelles with antimicrobial activity to treat Staphylococcus
aureus-induced meningitis in vivo,22,23 Debnath et al. designed
Fmoc-peptide-functionalized cationic amphiphiles having a
pyridinium moiety at the C-terminal, which exhibited gelation
ability and bactericidal activities on Gram-negative and Grampositive bacteria.24 These designs work by self-assembly of the
AMP into supramolecules, which then interact with microbial
membrane. However, the delivery of antibacterial drugs in
these cases is ineﬃcient, because the AMP supramolecules
have already formed before they interact with the membrane,
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which usually have large sizes, and their transportation is sterically hindered.
Here, a novel AMP KRRFFRRK (termed as FF8) that is stably
presented as a monomer in neutral solutions but self-assembles into amyloid-like fibers in anion solutions ( pH > 9.4) was
designed. Further studies confirmed that the small molecule
FF8 specifically targets the negatively charged lipid membrane
and self-assembles into nanofibers on it. Therefore, the transportation is no longer a problem that limits the antibacterial
performance of the self-assembling AMP. The tension arising
from the formation of the peptide nanofibers disrupts lipid
membrane, resulting in rupture of the membrane and significant decreasing of its fluidity. This woven structure of the
peptide fibers prevents the repair of the lipid membrane pore
and enhances the antibacterial properties of the AMP.

2. Results and discussion
2.1.

Biomaterials Science

Fig. 1 Structures and aggregation propensity of FF8 and GG8. (A and B)
Structure of FF8 and GG8, respectively. (C) Snapshots of the protonated
and deprotonated FF8 in simulation box at 50 ns. (D) The percentage of
solvent accessible surface areas (SASA) of the protonated and deprotonated GG8 and FF8 in 50 ns molecular dynamics simulations. The colors
orange, green, purple and blue indicate protonated FF8, deprotonated
FF8, protonated GG8 and deprotonated GG8, respectively.

Peptide design

Most AMPs have net positive charges to target negatively
charged microbial membranes.25 Therefore, AMPs containing
protonated lysine (Lys) and arginine (Arg) residuals in the
sequence were considered.6 The isoelectric point of Arg ( pH
10.7) is higher than that of Lys ( pH 9.7); thus, the ratio of Arg
to Lys can be used to modulate the deprotonation state of the
peptide in suitable anion solution. Arg-rich peptides are
thought to have stronger interactions with membranes
because Arg has a higher pKa and multi-dentate hydrogen
bonding property.26
On the other hand, evidence has suggested that peptide
self-assembly plays an important role in AMPs activity, as the
self-assembled AMPs possess some unique features such as
sustained release and improved stability.25 Therefore, an
assembled building block was introduced into the AMPs. It
was previously reported that a twin-phenylalanine (Phe–Phe)
sequence has a considerable tendency to nucleate and
undergo a self-assembly process,26 which could be a good
choice to endow the assembling function of an AMP. Ideally,
when the peptide is protonated at specific pH and ionic
strength solution conditions,20 the Phe–Phe sequence in an
AMP is exposed to solvent and assembly of the peptide is triggered. In this way, the AMP monomer can target and aﬀect the
negatively charged lipid membranes.
A peptide sequence, KRRFFRRK (FF8), was designed as a
new AMP, as shown in Fig. 1A. At the same time, a control
sequence, KRRGGRRK (GG8, Fig. 1B), in which the Phe–Phe
core of FF8 was replaced with glycine–glycine (Gly–Gly), was
designed. The sequences of GG8 would be diﬃcult to assemble under broad conditions, and thus it could be a good
control for the study of the enhanced antibacterial ability of
self-assembled FF8 on bacterial membranes.
The minimum-energy conformations of the peptide FF8 are
shown in Fig. 1C, which indicates that FF8 is prone to aggregate in the deprotonated state. Furthermore, the analysis of
the percentage of solvent accessible surface areas (SASA)

2032 | Biomater. Sci., 2020, 8, 2031–2039

suggests that FF8 and GG8 are stable under protonated conditions (Fig. 1D). However, as compared to GG8, FF8 has a
lower SASA when aggregation occurs in the deprotonated state,
indicating FF8 molecules contact closely under deprotonated
conditions. The secondary structures obtained by MD simulations show that FF8 transforms to beta-sheet structures in
aggregation process, while little changes in the secondary
structures of GG8 were observed (Fig. S1†). These results indicate the deprotonated FF8 tends to assemble while GG8 tends
to form random aggregates.
2.2. Self-assembly of AMP FF8 as induced by the negatively
charged lipid membrane
In order to understand how the FF8 and GG8 self-assemble
under deprotonated conditions, the morphologies of FF8 and
GG8 in PBS with diﬀerent pH values were investigated using
atomic force microscopy (AFM), as shown in Fig. 2 and Fig. S2
(ESI†). AMPs FF8 and GG8 seemed to be stable in PBS at pH
7.4 (Fig. 2A and Fig. S2B†), as only randomly deposited AMP
monomers with a height of about 0.5 nm (Fig. 2E) were
observed. The FF8 assembled into nanofibers in PBS at pH 9.4
(Fig. 2B), with an apparent height varying in the range of
1–2 nm (Fig. 2F) and a length of hundreds of nanometres. FF8
fibers formed in the pH 9.4 solution showed an undulation
with a period of ∼50 nm (Fig. 2B and F), which may reflect a
twisted structure of the fibers. On the contrary, GG8 tended to
remain in monomers or small random aggregates (Fig. S2C†).
These results suggested that the secondary structures of FF8
and GG8 were stable under physiological conditions, most
possibly due to the electrostatic repulsion from the cation residues on them. However, Lys and Arg residues of FF8 were
partial deprotonated in an anion solution so that the hydrophobic Phe–Phe core was exposed to the solution, which
resulted in the formation of oligomers and further assembly
into fibers as driven by the strong hydrophobic interactions.
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Fig. 2 Investigations of the self-assembling behaviours of the designed AMPs. (A) AFM height image of FF8 monomer (1 mM) in PBS at pH 7.4. (B)
AFM height image of FF8 nanoﬁbers formed under pH 9.4. (C) AFM height image of FF8 monomers (200 μM) assembled into nanoﬁbers on DOPC/
DOPG bilayers for 30 min at RT. The Z scale bar shown in (C) applies to all AFM images. (D) CD spectroscopy of AMPs in diﬀerent solutions with
varied pH values. (E) Histograms indicating the height distribution of the FF8 monomer as measured from AFM images. (F) Linear section analysis of
the nanoﬁbers highlighted with red and blue lines (B), respectively. (G) Linear section analysis of the ﬁbers and pores highlighted with the blue line in
(C). (H) The FTIR spectra of the aggregation of FF8 with ZVs and AVs.

The microbial membranes tend to be highly negatively
charged, and thus may also be able to drive FF8 to self-assemble in a similar mechanism.
Circular dichroism (CD) spectroscopy was used to investigate the secondary structures of peptides in diﬀerent pH solutions (Fig. 2D). The CD spectra did not show characteristic
bands of specific secondary structures, most probably due to
the superimposition of the bands of multiple secondary structures. Therefore, the CD spectra were quantitatively analysed
by CDNN program.27,28 Results (Table S1†) showed that the
secondary structures of FF8 were predominantly antiparallel
(30%) and random coil (30%) under pH 7.4, but antiparallel
increased to 41% while random coil decreased to 21% in a
solution of pH 9.4. In contrast, the secondary structures of
GG8 changed very little (Table S1†). The CD spectroscopy analysis is consistent with the above-mentioned AFM results.
The bacterial membrane contains at least 15% negatively
charged phospholipids,7 while the outer leaflet of the plasma
membrane of human red blood cells contains a mainly zwitterionic lipid membrane, which has almost no negative charge
(0–0.3%).29 Here, negatively charged bacterial membrane and
zwitterionic mammalian membrane were simply simulated.
By using the Fourier-transform infrared (FTIR) microscope,
it was found that the cationic AMPs could induce rapid aggregation of anion vesicles (AVs) (Fig. S3†). The amide I band of
FF8 blue shifted to 1625 and 1675 cm−1 when it was combined
with AVs, which suggests the formation of a β-sheet and β-turn
when FF8 interacted with AVs (Fig. 2H),30 In contrast, there
was no significant change in the amide I band peak of GG8
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when it was combined with AVs. In addition, it was found that
the second structures of FF8 and GG8 did not change
obviously when they were combined with zwitterionic vesicles
(ZVs) (Fig. 2H).
AFM is also a well-suited technique for investigating
peptide–membrane interactions (e.g., membrane disruption by
antimicrobial peptides), as described previously.31,32 In this
study, AFM was used to observe the AMP interactions with the
lipid bilayer. It was found that FF8 self-assembled on the negatively charged lipid membrane to form nanofibers. The fibers
had a height of 0.56 ± 0.16 nm (N > 20) (Fig. 2C and G), which
is close to the height of the peptide monomers (Fig. 2E), but
lower than that of the FF8 fibers formed in PBS at pH 9.4
(Fig. 2B and F). Unlike the twisted fibers formed in the pH 9.4
solution, the fibers on the membrane were smooth, which may
be attribute to various surface eﬀects.33,34 In addition to the
formation of nanofibers on the negatively charged lipid membrane, large amounts of pores were also found, indicating that
the membrane was broken by the FF8. It should be noted that
FF8 did not assemble on zwitterionic membranes, and there
was no pore-forming observed on the zwitterionic membrane
(Fig. S4H†).
In the case of GG8, no assembled nanofiber was found on
the negatively charged lipid membrane or zwitterionic membrane (Fig. S4C and S4G†). Pores with a diameter of 30 ± 5 nm
were formed (Fig. S4C†) on the negatively charged lipid membrane after adding GG8 to the system. However, these pores
were gradually filled in 30 min (Fig. S4D†), probably because
the lipid molecules on the membrane were mobile. In
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addition, there was no pore-forming observed on the zwitterionic membrane (Fig. S4G†) after adding GG8.
Fluorescence recovery after photobleaching (FRAP) is often
utilized to investigate the dynamic processes of lipid molecules
and proteins on the membranes.35 In this study, FRAP was
used to investigate the eﬀects of FF8 and GG8 on the fluidity
of the 1,2-dioleoyl-sn-glycero-3-phosphocholine(DOPC)/1,2-dioleoyl-sn-glycero-3-( phospho-rac-(1-glycerol)) (DOPG)/1,2-diphytanoyl-sn-glycero-3-phosphoethanol-amine-N-(7-nitro-2-1,3-benzoxadiazol4-yl) (NBD-PE) membrane (Fig. 3). In the DOPC/
DOPG membrane system, FRAP curves obtained after adding
the FF8 and GG8 onto the bilayers are shown in Fig. 3A. The
calculated diﬀusion coeﬃcient D was 0.010 ± 0.003 for the
lipid bilayers incubated with FF8, 0.106 ± 0.006 for GG8, and
0.157 ± 0.007 for the control (Fig. 3B), indicating that the fluidity of the DOPC/DOPG membrane was largely restricted,
especially by adding FF8 into the system. This may be attributed to the association of the FF8 nanofibers with the negatively
charged lipid membrane. This feature indicates that when FF8
is added to bacteria, loss of fluidity caused by FF8 on cell
membrane can be fatal to the bacterial. On the other hand,
GG8 and FF8 have no significant eﬀect on the fluidity of the
zwitterionic membrane (Fig. 3C). On such a DOPC/cholesterol
membrane, even a clear quenching zone could not be formed
at 0 s due to the rapid flow of the lipid molecules during the
annihilation process (Fig. 3F and G), a sharp contrast to that
observed on the DOPC/DOPG membrane (Fig. 3D and E).

Fig. 3 Fluidity changes of lipid bilayers in the presence of AMPs. (A)
Recovery curve of DOPC/DOPG membrane in the presence of GG8 or
FF8. (B) Diﬀusion coeﬃcients of DOPC/DOPG. (C) Recovery curve of
PC/cholesterol membrane in the presence GG8 or FF8. (D and E) The
ﬂuorescence-recover images of the DOPC/DOPG membrane incubated
with FF8 at 0 and 20 s, respectively. (F and G) The ﬂuorescence-recovery
images of the PC/cholesterol membrane incubated with FF8 at 0 and 20
s, respectively. The red dotted box is the region of interest. The scale bar
shown in (G) applies to all images.
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Recent research has indicated that peptide-induced membrane lysis must be strong enough to cause microbial death.7
Here, negatively charged lipid membrane induced self-assembly of cationic peptides such as FF8 on the membrane by
electrostatic interactions. The tension of the FF8 nanofibers
may cause a change in membrane asymmetry, resulting in
membrane rupture, and the FF8 fibers may intertwine on the
membrane, causing the membrane to lose fluidity and fail to
repair pores, which may be fatal to microorganisms.

2.3.

Eﬀects of AMPs on the microorganism

In order to verify whether AMPs can significantly interact with
bacterial membranes, fluorescent probes were used to further
evaluate the eﬀects of AMPs on the inner and outer membranes of Gram-negative bacteria.
N-Phenyl-1-naphthylamine (NPN), a neutral hydrophobic
fluorescent probe, is normally excluded by the complete outer
membrane but exhibits increased fluorescence intensity when
it combines with the hydrophobic area of the outer membrane.36 Therefore, the fluorescence intensity of the NPN
reflects the level of penetration of the outer membrane. The
results indicated that the NPN fluorescence of the FF8 group
was higher than that of the GG8 group when the same concentration of AMPs was used (Fig. 4A). The fluorescence intensities of both groups were much higher than that of the control
group, and intake of NPN increased along with increasing of
the peptide concentration (Fig. 4A).
An ortho-nitrophenyl-β-galactosidase (ONPG) assay was also
performed on Escherichia coli (E. coli) cells. The chromophore
ortho-nitrophenol (ONP) is released in large quantities by the
action of cytoplasmic galactosidase on ONPG only if large
pores are formed on the inner membrane.37,38 In the experiments, the value of OD420 nm reflected the amount of ONP,
which was an index of the OPNG intake. As shown in Fig. 4B,
the bacteria intake of ONPG reached saturation at 70 min in
the control group, in contrast with 35 min for the GG8 group.
However, the FF8 caused the NPG content to continue to rise
(Fig. 4B). The results showed that the cells could repair the
pores caused by the GG8 in the inner membrane in 30 min;

Fig. 4 Outer and inner membrane permeability assay. (A) The intake of
NPN by E. coli UB1005 in the presence of AMPs (excitation λ = 350 nm,
emission λ = 420 nm, Δλ = 5 nm). (B) The amount of ONPG intake
ingested by E. coli incubated with GG8 (100 μM) or FF8 (100 μM)
solutions.
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Fig. 5 Growth inhibition proﬁle and micrographs of E. coli in the presence of AMPs with diﬀerent concentrations. (A) FF8. (B) GG8. The
graphs were derived from mean ± SD values of three independent trials.
(C) SEM image of the E. coli only. (E) SEM image of the E. coli treated
with 25 μM FF8. (G) SEM image of the E. coli treated with 50 μM GG8.
(D), (F), (H) are magniﬁed images of (A), (C), and (E), respectively.

however, the pores caused by the FF8 on the inner membrane
of the cells could not be repaired even 90 min later.
To understand the antibacterial properties of FF8, the eﬀect
of diﬀerent concentrations of FF8 and GG8 on the growth of
E. coli was first investigated. As shown in Fig. 5, the minimum
inhibitory concentration (MIC) of FF8 against E. coli was
25.6 μM (Fig. 5A), while GG8 had a MIC greater than 819.2 μM
(Fig. 5B), which was the highest concentration we tested in
this study. The antibacterial properties of FF8 and GG8 on
Gram-positive bacteria, Staphylococcus aureus (S. aureus), were
also investigated. The results indicated that FF8 has a higher
antibacterial eﬀect on S. aureus than GG8 (Fig. 6). However,
the MIC of FF8 against S. aureus (625 μM) (Fig. 6A) is much

Fig. 6 Growth inhibition proﬁle and micrographs of S. aureus in the
presence of AMPs with diﬀerent concentrations. (A) FF8. (B) GG8. (C)
SEM image of the S. aureus only. (E) Treated with 1 mM FF8. (G) Treated
with 1 mM GG8. (D), (F), and (H) are magniﬁed images of (C), (E), and (G),
respectively.
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larger than that against E. coli (25.6 μM) (Fig. 5A), indicating
weaker inhibitory eﬀects on the Gram-positive bacteria. This
may be due to the thick cell walls of S. aureus which block the
interactions between the AMPs and the cell membrane. In
view of the fact that FF8 has showed a strong disruptive eﬀect
on the outer membrane of E. coli (Fig. 4A), FF8 may be a selective agent for Gram-negative bacteria.
The morphology changes in E. coli and S. aureus before and
after incubation with the FF8 and GG8 were investigated
through scanning electron microscopy (SEM) observations.
Untreated E. coli exhibited a smooth surface and complete
shape (Fig. 5C, D, 6C and D). In sharp contrast, the cell
surface became rough and cells collapsed after incubation
with FF8 for 60 min at 37 °C (Fig. 5E, F, 6E and F). GG8
induced bacteria to produce outer membrane vesicles as a
response to external stressful environments, while the cell
morphology was relatively complete (Fig. 5G, H, 6G and S6H†).
To evaluate the inhibitory eﬀect of FF8 on E. coli in stationary phase, quantitative assay was carried out by using live/dead
bacterial viability Kit (Fig. S5†). The result revealed that the
E. coli were completely killed after 30 min of exposure to FF8
(50 μM) (Fig. S5C†). In contrast, GG8 in the same concentration only killed 47% E. coli after 60 min. This result further
proves that FF8 has good antibacterial activity.
The toxicity of FF8 and GG8 toward HeLa cells was also
tested. It was found that FF8 had a similar cytotoxicity to GG8,
as their cytotoxic IC50 are both close to 15 mM (Fig. S6†). It
confirms the FF8 possess cytocompatibility toward mammalian cells.

3. Conclusions
A novel antimicrobial peptide, FF8, which targeted the negatively charged lipid membranes, was designed. The way that
FF8 interacts with the lipid membrane is similar to that of the
well-known ‘carpet model’ as featured by the accumulation of
peptide on the lipid membrane surface.9 However, it is generally believed that AMPs in the ‘carpet model’ disrupt the lipid
membrane in a detergent-like manner, and eventually forms
micelles.39,40 In this study, it was found that FF8 associated
with the negatively charged lipid membrane to self-assemble
into nanofibers, induced asymmetry rupture of the membrane,
and reduced membrane fluidity.
In FF8, its hydrophobic Phe–Phe core embeds in cationic
amino acids, which gives it an assembling function. It is
believed that the self-assembly properties of peptides can alter
the AMP action mode and aﬀect their antibacterial activity.41 It
was postulated that the hydrophobic cores would be exposed
only when the peptide is deprotonated, and then they would
approach each other, causing assembly. In order to verify this
conjecture, the self-assembly behavior of FF8 in solutions with
diﬀerent pH values was investigated through AFM and CD
spectroscopy. The results indicated that FF8 self-assembled
into nanofibers at the deprotonation state of pH 9.4.
Subsequently, the behavior of AMPs on the negative charged
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lipid membrane was investigated using AFM. It was found that
the FF8 could form nanofibers on the negatively charged lipid
membrane, so that the membrane ruptured under the tension
of the peptide fibers. FTIR spectroscopy of FF8 combined with
AVs showed that the secondary structures of FF8 transformed
into a β-sheet-like organization. The FRAP experiment showed
that FF8 fibers on the negatively charged lipid membrane
could significantly reduce the fluidity of the membrane as
compared to GG8. The probe molecules in the membrane
showed that FF8 could significantly increase the permeability
of inner and outer membranes. Furthermore, FF8 could stabilize the holes on the inner membranes and cause continuous
membrane leakage. When E. coli and S. aureus were used as
examples, the MIC values of FF8 against them were 25.6 μM
and 625 μM, respectively, indicating that FF8 is an eﬀective
AMP and a selective agent for Gram-negative bacteria. SEM
images of the cells after incubation with FF8 further confirmed
FF8 antibacterial ability.
In summary, the rationally designed AMP FF8 is a promising antimicrobial agent because of its high antibacterial
activity and cytocompatibility. FF8 consists of only three
amino acids that are easy to obtain, making it cost-eﬀective.
FF8 was endowed with abilities to target and self-assemble on
the bacterial membranes, which largely improved its antimicrobial activity. We anticipate our methodology may serve as
a general strategy for the development of high-eﬃciency AMPs,
thereby boosting application potential of AMPs.

4.
4.1

Experimental
Materials

The reagents, DOPG, DOPC, NBD-PE, and cholesterol were purchased from Avanti Polar Lipids (Alabaster, Alabama). ONPG
and NPN were purchased from Sigma. AMP peptides FF8 and
KRRGGRRK (termed as GG8) were synthesized using the standard Fmoc solid phase peptide synthesis method, following
the same procedures described previously.42 Peptides were
freeze-dried, and their purities were verified by high-performance liquid chromatography (HPLC) and analytical C-18
(Kromasil-C18, 4.6 mm × 250 mm, 5 μm particle size). The
identity of the peptides was verified by electrospray ionisation
mass spectrometry (ESI-MS).
4.2

Simulation methodology

Molecular dynamics simulations were carried out via the open
source software Gromacs.43 The fully protonated and deprotonated peptides were treated with all-atom OPLS force field.44
In the initial configuration, 30 peptides were randomly placed
in the simulation box (8 nm × 8 nm × 8 nm) using the
Packmol package.45 Noted that 210 Cl− ions were added in
each fully protonated peptide system so as to neutralize the 30
peptides with the positive charges of 7 e+. The SPC/E water
model was used and the periodic boundary conditions were
applied to all the directions. All bonds in the solvent and the
peptides were constrained by the LINCS algorithm. During the
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simulations, the long-range electrostatic interactions were
treated by Particle Mesh Eward method and the cut-oﬀ for the
nonbonding dispersion energies was set to 1.4 nm. The simulation protocol follows: a pre energy-minimization, then a
100 ps equilibration with the NVT ensemble via V-rescale
method, 10 ps NPT equilibration by Parrinello–Rahman
pressure-coupling approach and then 50 ns of MD production.
The level of peptide aggregation is quantified by calculating
the percentage of solvent accessible surface area (SASA). The
SASA of the initial structure of the peptide at 0 ns was set as
100%. The transition of second structures of all 30 peptides
were calculated by DSSP program.46

4.3

CD spectroscopy

The changes in the secondary structures of AMPs in phosphate
buﬀer saline (PBS) at diﬀerent pH values were evaluated using
far-UV CD spectroscopy. CD spectra were recorded over the
wavelength range of 195–260 nm using a Chirascan (Applied
Photophysics, UK) with a 0.1 cm path length sample cell.47 All
CD measurements were performed at room temperature (RT)
using a bandwidth of 1.0 nm, a step interval of 1 nm, and a
scanning speed of 50 nm min−1. Each CD spectrum was averaged from three scans, and the corresponding baseline of
buﬀer was subtracted from the sample spectrum. The secondary structures of peptide samples were analyzed using the
CDNN 2.1 program.

4.4

FTIR spectroscopy

AVs containing DOPC (0.7 mM) and DOPG (0.3 mM), and ZVs
containing DOPC (0.9 mM) and cholesterol (0.1 mM), were dissolved in chloroform separately and dried under a stream of
nitrogen gas at RT for 4 h. The lipid mixture was then dissolved in HEPES buﬀer (20 mM; pH 7.4) containing NaCl
(120 mM) and sonicated to clarity to form liposomes. The
AMPs (200 μM in HEPES buﬀer) were incubated with liposome
(1 mM) for 5 min at RT. Then, the mixture was centrifuged at
2000 rpm for 30 s. The supernatant was removed, and the sediment was resuspended in HEPES buﬀer (100 μl). The washing
procedure was repeated three times to remove free AMPs. The
sediment was finally resuspended in deionized water (10 μl)
and then air-dried on the BaF2 glass at RT. The FTIR spectra
were recorded using a Nicolet 6700 FTIR spectrometer with a
Continuum XL FTIR microscope (Thermo Fisher) at a spectral
resolution of 4 cm−1. All resulting spectra were corrected for
blank background around sample absorption. Spectra were
processed using the OMNIC 9.2 (Thermo Fisher) for smoothing and normalization.
Preparation of lipid bilayer: the liposome solution was
added to a glass dish and incubated at 37 °C for 30 min to
form a lipid bilayer, which was washed three times with
HEPES buﬀer (20 mM; pH 7.4) before imaging to remove
excess lipid. Diﬀerent AMPs (1 mM) were added 5 min before
microscopic imaging. In the control group, HEPES buﬀer was
used instead of AMPs.
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Confocal microscopy and FRAP

DOPC, DOPG, and NBD-PE (molar ratio of 69 : 30 : 1) were dissolved in chloroform for the preparation of cationic membrane. DOPC, cholesterol, and NBD-PE (molar ratio of
89 : 10 : 1) were dissolved in chloroform for the preparation of
the zwitterionic membrane. The above solutions were dried
under a stream of nitrogen at RT for 4 h. The lipid mixture
(1 mM) was then dissolved in HEPES buﬀer (20 mM; pH 7.4)
containing CaCl2 (20 mM) and NaCl (120 mM) and sonicated
to clarity to form a liposome. Fluorescence images (46.13 µm ×
46.13 µm) of lipid bilayers were acquired on an inverted confocal laser microscope (Leica TCS SP5) equipped with a 100×
oil-immersion objective using a 488 nm laser excitation
source. An interested square region on the lipid bilayer, with
6.15 µm × 6.15 µm in size, was laser-bleached for 15 s.
Scanning parameters (interval time, recover time, and bleaching size) were optimized by FRAP with diﬀerent samples in
advance of the experiments to avoid photobleaching of the
entire area of samples. The graphs of FRAP were corrected for
photo-fading, fluorescence fluctuations, and out-of-focus surfaces using the following the equation:35
FðtÞ ¼

FðtÞROI FðiÞbkgd

;
FðtÞbkgd FðiÞROI

ð1Þ

where F(i)ROI is the initial mean intensity of the bleaching
region of interest and F(i)bkgd the initial mean intensity of the
background region.
4.6

4.8

Growth curves with bacteria

Logarithmic E. coli CGMCC1.2463 and S. aureus CGMCC
1.2386 were diluted to an OD600 nm value of 0.05 and then
placed into the wells of 96-well plates (Falcon). E. coli was cultured in media containing LB (200 μl) and diﬀerent AMPs. In
the control group, AMPs were replaced with PBS. The OD600 nm
was recorded in the following 15 h and 18 h at 37 °C with a
microplate reader (VersaMax Microplate Reader), with 3 s autoshake before each measurement.

4.9

Bactericidal eﬀects of AMPs against E. coli

A live/dead bacterial viability Kit (L7012, Invitrogen) was used
for quantitative analysis and fluorescent imaging of the live
and dead bacteria to evaluate the bactericidal eﬀects of AMPs
on E. coli. For detailed operation steps, please refer to the
product information.

Outer membrane permeability assay

NPN is a widely used fluorescent probe in biomembrane
studies. The fluorescence intensity of NPN in a nonpolar or
hydrophobic environment is much stronger than that in
aqueous environments, and thus it can be used for indexing
the membrane circumstance.36 In this study, the ability of antibacterial peptide to increase outer-membrane permeability of
Gram-negative bacteria was determined by measuring the fluorescence intensity of NPN in the outer membrane of E. coli
CGMCC1.2463. The cells were cultured to mid log phase in
Luria–Bertani (LB) medium and then washed and resuspended
in HEPES buﬀer (5 mM HEPES, 5 mM glucose, pH 7.4) to an
OD600 nm of 0.5. NPN was dissolved in acetone to a final concentration (in cell suspension) of 10 µM. The fluorescence
background of the mixture of peptide and NPN was subtracted
from all the experimental groups. In the control group, peptides were replaced with PBS. The fluorescence spectra and
emission intensities were measured with a spectrophotometer
(Edinburgh Instruments FS920, UK) with excitation λ =
350 nm, emission λ = 420 nm, and Δλ = 5 nm at 37 °C.
4.7

rpm, 1 min) and resuspended in PBS ( pH 7.4). After washing
three times, the cells were diluted to an OD600 nm of 0.05 by
PBS containing AMPs. In the control group, AMP was replaced
with PBS. Then, the cells were mixed with ONPG, and the mixtures were added into 96-well plates, in which each well contained cells (100 μl) and ONPG (10 μl). The mixture was
shaken for 5 s before measurement. OD420 nm was recorded
every 2 min for 1.5 h at 37 °C in a plate reader (VersaMax
Microplate Reader).

Inner membrane permeability assay

ONPG can be metabolized to ONP by β-galactosidase in the
cytoplasm. Therefore, the amount of ONP reflects the level of
penetration of the inner membrane. In the experiments, E. coli
CGMCC1.2463 was cultured to mid log phase in LB medium
containing 2% lactose. The cells were then spun down (10 000

This journal is © The Royal Society of Chemistry 2020

4.10 AFM
The AMPs (1 mM) were dissolved in PBS with diﬀerent pH
values and incubated for 24 h at RT with shaking (360 rpm).
Then, AMPs were allowed to adsorb on freshly cleaved mica
substrates for 3 min. The substrate was then washed gently
with water, followed by air drying. The topographic image of
AMPs was recorded via AFM in tapping mode (NanoScope V,
Bruker) in air.
Supported lipid bilayers were formed on a newly cleaved
mica substrate and imaged with AFM. Briefly, a drop of lipid
vesicle solution (10 μl) was placed on mica substrate and
allowed to absorb for 30 min at 37 °C. Then, the substrate was
washed three times with HEPES buﬀer (20 mM). The morphology of the lipid bilayer was recorded in Peak Force
Quantitative NanoMechanical (PF-QNM)
mode AFM
(NanoScope VIII, Bruker) under HEPES buﬀer. After finding a
candidate lipid bilayer, AMPs were introduced into the fluid
cell to a final concentration of 100 μM. After 30 min, the lipid
membrane was imaged using AFM again.
Silicon nitride cantilevers with nominal spring constants of
0.35 N m−1 (DNPS-S10, Bruker) were used for PF-QNM AFM
imaging under liquid, and silicon cantilevers (XSC11,
MikroMasch) with nominal spring constants of ∼42 N m−1
were used for tapping mode AFM in air. Images were processed using the NanoScope software (NanoScope Analysis
Version 1.40) that was supplied by the AFM manufacturer.
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4.11 SEM
E. coli CGMCC1.2463 and S. aureus CGMCC 1.2386 were cultured to mid-log phase. Cells were then spun down at 10 000
rpm for 1 min and resuspended to an OD600 nm of 0.2 in LB
medium containing diﬀerent AMPs. In the control group, AMP
was replaced with LB medium. Then, the cells were incubated
at 37 °C for 60 min. The AMP-treated cells were collected after
washing twice with PBS. The cells were fixed with glutaraldehyde (4%) in PBS at 4 °C overnight. Then, the cells were
washed with PBS and dehydrated with alcohol with ethanol
concentration gradient of 30, 50, 70, 80, 90, 95, and 100% for
15 min in each. The cells were then transferred to hexamethyldisilazane, and then was dried in air overnight. After coating
with gold, the samples were characterized using a SEM (10 KV,
ZEISS).
4.12 MTT assay
The HeLa cells were seeded at a density of 1 × 104 per well in a
96-well plate and culture in MEM medium with 10% fetal bovine
serum. Cells were incubated for 24 h at 37 °C under an air atmosphere with 5% CO2. Then, diﬀerent concentrations of AMPs
were added into the culture media. After further incubation for
24 h, the cell viability was measured using the MTT assay, which
was based on the conversion of MTT to formazan crystals by
mitochondrial dehydrogenases. In brief, cell cultures were incubated with MTT solution (20 μl; 5 mg ml−1) for 4 h at 37 °C.
Then, the culture supernatant was carefully taken from the well
and DMSO (150 μl) was added and shaken for 10 min to dissolve
formazan crystals. Absorbance at 492 nm was measured with a
microplate reader (VersaMax Microplate Reader).48
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