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M I C R O B I O L O G Y

Helicity-directed recognition of bacterial phospholipid 
via radially amphiphilic antimicrobial peptides
Yangbin Liang1,2†, Yuhao Zhang1,2†, Yu Huang3†, Cheng Xu4†, Jingxian Chen1,2,  
Xinshuang Zhang1,2, Bingchuan Huang1,2, Zhanhui Gan5, Xuehui Dong5, Songyin Huang6, 
Chengrun Li1,2, Shuyi Jia1,2, Pengfei Zhang1, Yueling Yuan1,7, Houbing Zhang1, Yucai Wang8,  
Bing Yuan4, Yan Bao9*, Shiyan Xiao3*, Menghua Xiong1,2*

The fundamental differences in phospholipids between bacterial and mammalian cell membranes present re-
markable opportunities for antimicrobial design. However, it is challenging to distinguish bacterial anionic phos-
pholipid phosphatidylglycerol (PG) from mammalian anionic phosphatidylserine (PS) with the same net charge. 
Here, we report a class of radially amphiphilic α helix antimicrobial peptides (RAPs) that can selectively discrimi-
nate PG from PS, relying on the helix structure. The representative RAP, L10-MMBen, can direct the rearrangement 
of PG vesicles into a lamellar structure with its helix axis parallel to the PG membrane surface. The helical structure 
imparts both the thermodynamic and kinetic advantages of L10-MMBen/PG assembly, and the hiding of hydro-
phobic regions in RAPs is crucial for PG recognition. L10-MMBen exhibits high selectivity against bacteria depend-
ing on PG recognition, showing low in vivo toxicity and significant treatment efficacy in mice infection models. 
Our study introduces a helicity-direct bacterial phospholipid recognition paradigm for designing highly selective 
antimicrobial peptides.

INTRODUCTION
Antimicrobial peptides (AMPs), with common cationic and am-
phipathic features, are prone to interact with and destroy the nega-
tively charged phospholipid bilayer of bacterial membranes mainly 
through electrostatic and hydrophobic interactions, showing great 
potential for combating drug resistant bacteria (1–7). Numerous 
natural AMPs and their synthetic mimics have been developed and 
optimized (8–19), but, because of their nonspecific toxicity to mam-
malian cells, their clinical applications are now limited to mainly 
topical administration, such as with the skin and nasal and oral 
cavities (20–22).

The antibacterial selectivity of cationic AMPs is mainly attributed 
to the highly negative charge of bacterial membranes, which are rich 
in anionic phosphatidylglycerol (PG; ~20 to 90% of the total phos-
pholipids), cardiolipin (CL; ~5% of the total phospholipids), and 

lipopolysaccharides (LPSs; for Gram-negative bacteria) (23). The 
cationic and hydrophobic groups, as well as their amphiphilic bal-
ance and spatial distribution, are considered essential ingredients 
for optimizing AMPs to exhibit potent bactericidal activity and low 
toxicity toward mammalian cells (24–29). However, mammalian 
plasma membranes also contain a significant amount of anionic 
phospholipids, particularly phosphatidylserine (PS; ~15% of the 
total phospholipids) that have an electrostatic interaction with cat-
ionic AMPs (30). Moreover, the hydrophobic fragments of am-
phipathic AMPs induce nonspecific hydrophobic interactions with 
the amphipathic lipids in mammalian cells. Thus, with the inherent 
characteristic of anionic and amphipathic of mammalian cell mem-
branes, the nonspecific toxicity of AMPs against mammalian cells 
seems to be inevitable in the simple model of electrostatic and hy-
drophobic interactions.

Phospholipids differ considerably between bacterial membranes 
and mammalian cell membranes (6, 31). Besides the zwitterionic 
phosphoethanolamine (PE) that is present in both mammalian and 
bacterial membranes, bacterial membranes contain a high level of 
anionic phospholipid PG, whereas mammalian plasma membranes 
contain zwitterionic phosphocholine (PC) and sphingomyelin (SM), 
as well as anionic phospholipid PS (32, 33). PG plays a pivotal role in 
enhancing membrane stability, governing lipid packing and acyl 
chain arrangement of phospholipids, and modulating membrane 
permeability (34). Therefore, bacteria-specific phospholipid PG could 
be a promising target in designing antimicrobials. However, the 
challenge lies in distinguishing PG from PS, which have the same 
net charge.

Here, we report on a class of bacterial phospholipid PG recogniz-
ing radially amphiphilic AMPs (RAPs). RAPs were constructed by 
elongating charge-containing amino acid side chains to position the 
charges distally from the polypeptide backbone, a modification that 
has been reported to produce water-soluble, ultra-stable α-helical 
peptides (16, 35). RAPs feature a hydrophobic helical core sur-
rounded by cationic groups in all radial directions of the helix, 
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contrasting with natural AMPs, which typically have cationic and 
hydrophobic amino acids separated onto opposite faces of the helix 
(16). A series of RAPs were synthesized by modification of the side 
chains with quaternary ammonium groups (R) of varying hydro-
phobicity (Fig. 1A). Through isothermal titration calorimeter (ITC) 
assessment, we found that RAPs have the ability to selectively dis-
criminate PG from both the main anionic phospholipid PS and 
zwitterionic phospholipids (PC, PE, and SM) present in mammalian 
membranes. The representative peptide L10-MMBen can direct the 
rearrangement of PG vesicles into a lamellar structure with the helix 
axis of the peptide parallel to the PG membrane surface according to 
small-angle x-ray scattering (SAXS), cryo–transmission electron 
microscopy (cryo-TEM), and single-molecule fluorescence imag-
ing. We revealed that the helical structure is crucial for PG recogni-
tion of L10-MMBen and imparts both thermodynamic and kinetic 
advantages to L10-MMBen/PG assembly as indicated by coarse-
grained (CG) molecular dynamic (MD) simulations. Furthermore, 
we found that the hiding of hydrophobic domains in the radially 
amphiphilic structure is an important factor for PG recognition. PG 
recognition endows the RAPs with highly selective membranolytic 
activity against bacteria. L10-MMBen exhibited >1000-fold higher 
antimicrobial activity and greater selectivity against bacteria in 
comparison to the corresponding disordered DL10-MMBen pep-
tide, which has the same chemical composition, net charge, and 
hydrophobicity but does not recognize PG. The treatment with L10-
MMBen showed low in vivo toxicity and significantly reduced the 
bacterial burden in the bladders of a bladder infection model. In 
addition, it significantly increased the survival rate of mice in a 
polymicrobial sepsis model induced by cecal ligation and puncture 
(CLP). Our study introduces an approach to design bacterial phos-
pholipid recognizing AMPs.

RESULTS
RAPs selectively recognize bacterial phospholipid PG
We constructed a series of helical RAPs (L10-R) containing various 
quaternary ammonium groups (R) (Fig. 1A). These AMPs were 
synthesized through N-carboxyanhydride (NCA) polymerization 
and quaternary aminations with aliphatic tertiary amines, including 
N,N-dimethylbutylamine (MMB), N,N-dimethylhexylamine (MMH), 
and N,N-dimethyloctylamine (MMO), as well as aromatic tertiary 
amine N,N-dimethylbenzylamine (MMBen) (scheme S1 and fig. S1) 
(16). The degree of polymerization (DP) for these peptides is 10. 
L10-R adopted an α-helical structure with a helicity of ~50% in aque-
ous solutions, as indicated by the circular dichroism (CD) spectra 
(Fig. 1, B and C). The helical structure of L10-R was further verified 
by Fourier transform infrared spectrometer, exhibiting strong amide 
I band at 1653 cm−1 and amide II band at 1547 cm−1 (fig. S2). These 
RAPs displayed excellent helical stability against elevated tem-
perature and against helix-destabilizing reagents such as high 
concentrations of NaCl and urea (fig. S3).

To screen bacterial phospholipids targeting peptides, we evalu-
ated the interaction between L10-R and the main phospholipids 
present in the bacterial membrane (PG and PE) and in mammalian 
membranes (PS, PC, SM, and PE) by ITC (Fig. 1D). Phospholipids 
with unsaturated (DO and PO series) and saturated (DP series) hy-
drophobic tails were tested (Fig. 1D). L10-R interacted with all tested 
PGs obviously [1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) 
(DOPG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) 

(POPG), and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) 
(DPPG)] but showed no apparent interaction with zwitterionic 
phospholipids, including PC, PE, and SM (Fig. 1E, fig. S4, and 
table S2). For PS, L10-R exhibited an interaction with unsaturated 1,
2-dioleoyl-sn-glycero-3-phospho-l-serine (DOPS) and 1-palmitoy
l-2-oleoyl-sn-glycero-3-phospho-l-serine (POPS) but showed no 
apparent interaction with saturated 1,2-dipalmitoyl-sn-glycero-3-p
hospho-l-serine (DPPS) except L10-MMO with highly hydrophobic 
quaternary ammonium groups (Fig. 1E and fig. S4). L10-R exhibited 
a stronger interaction with PG than PS having the same net charge 
and lipid tails (Fig. 1, F to H, and table S2). In particular, we identi-
fied L10-MMBen as the top selective RAP exhibiting a 14.2- and 9.3-
fold stronger interaction with unsaturated POPG and DOPG than 
that of POPS and DOPS with the same lipid tails, respectively (Fig. 1, 
F and G), and L10-MMBen exhibited a strong interaction with satu-
rated DPPG [association constant (Ka) = 0.20 μM−1] but no obvious 
interaction with saturated DPPS (Fig.  1H and table  S2). L10-
MMBen also exhibited a strong interaction with 1,2-dilauroyl-sn-
glycero-3-phospho-(1′-rac-glycerol) (DLPG) (Ka =  10.0 μM−1) 
with short saturated lipid tails but showed a weaker interaction with 
LPSs (Ka = 0.035 μM−1) and CL (Ka = 0.10 μM−1) (Fig. 1I and ta-
ble S3). Notably, the interaction between L10-R and PG was an endo-
thermic and entropic process [both change in enthalpy (ΔH) and 
change in entropy (ΔS) > 0], indicating that this process is entropy 
driven (tables S2 and S3).

The stronger interaction between L10-MMBen and the POPG bi-
layer over POPS was further quantitively measured by using MD 
simulations. The phospholipids were modeled by using the CG 
MARTINI v2.2 force field (36), and the synthesized peptide force 
field was parameterized according to the MARTINI rules (figs. S5 to 
S7 and tables S4 to S6) (37). MD simulations that placed the L10-
MMBen molecule onto the membrane bilayer suggested that L10-
MMBen and POPG achieve a tight interaction, with water molecules 
located at the contact edge; in contrast, L10-MMBen could not make 
intimate contact with POPS lipids, and water molecules were ob-
served at the interface between L10-MMBen and POPS lipids 
(Fig.  1J). A greater number of water molecules and a larger ratio 
value between water and lipid molecules demonstrated loose con-
tacts between L10-MMBen and the POPS bilayer than those ob-
served with the POPG bilayer (Fig. 1K). The weaker adhesion of 
L10-MMBen onto the POPS bilayer produces a smaller interac-
tion energy between them (Fig. 1L). The tighter and stronger inter-
actions of POPG with L10-MMBen along with the slightly weaker 
affinity with water molecules (38) may contribute to the higher se-
lectivity of L10-MMBen against bacteria-specific PG phospholipids.

L10-MMBen directs the rearrangement of PG into a 
lamellar structure
Next, we explored the interaction model of L10-MMBen with 
PG. Dynamic light scattering was used to monitor the size change of 
POPG small unilamellar vesicles (SUVs) when titrated with L10-
MMBen. Initially, the particle size slowly increased, and the solution 
gradually became turbid; then, when the molar ratio of peptide to 
POPG reached ~0.17, the particle size abruptly increased from ~200 
to >1000 nm and white precipitate appeared (Fig. 2, A and B). For 
SUVs prepared with a mixture of POPG and 1,2-dioleoyl-sn-glycer
o-3-phosphocholine (DOPC), the presence of 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) did not hamper aggregate 
formation, and the particle size abruptly increased at a similar molar 
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Fig. 1. RAPs selectively recognize bacterial phospholipid PG. (A) Schematic illustration of helical L10-R with radial amphiphilicity. R represents the side chain quaternary amine, 
including N,N-dimethylbutylamine (MMB), N,N-dimethylhexylamine (MMH), N,N-dimethyloctylamine (MMO), and N,N-dimethylbenzylamine (MMBen). The hydrophobic backbone 
is colored red, and the cationic quaternary amine is colored blue. CD spectra (B) and helicity (C) of L10-R in aqueous solution at pH 7.0. (D) Schematic illustration of the phospholipid 
bilayer of bacterial and mammalian cell membranes. PG, PS, PC/SM, and PE are colored in red, blue, green, and gray, respectively. Phospholipids with unsaturated tails (including the 
DO and PO series) and saturated tails [including the DP series and 1,2-dilauroyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DLPG)] were used. (E) Isothermal titration calorimeter (ITC)–
determined integrated heat release of the interaction between L10-MMBen and phospholipids. L10-MMBen (1.25 mM) was dropped into a phospholipid solution (1.25 mM) in 
phosphate-buffered saline (PBS) at 25°C. ΔH, change in enthalpy. ITC-determined association constant (Ka) between L10-R and phospholipids, including 1,2-dioleoyl-sn-glycero-3-p
hosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), SM, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-l-serine (POPS), and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-(1′-rac-glycerol) (POPG) (F); 1,2-dioleoyl-sn-glycero-3-phospho-l-serine (DOPS) and 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG) (G); and 1,2-dip
almitoyl-sn-glycero-3-phospho-l-serine (DPPS) and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DPPG) (H). Numbers above the column charts represent multiples of the 
difference between KaPG and KaPS. KaPG represents the Ka value between L10-R and PG, and KaPS represents the Ka value between L10-R and PS. N.D. represents undetectable. (I) ITC-
determined integrated heat release of the interaction between L10-MMBen and phospholipids (DLPG, LPS, and CL). (J) Representative structures for L10-MMBen loading onto the 
POPS and POPG bilayers. Molecular dynamic (MD) simulations were performed using the Martini coarse-grained (CG) force field. (K) The number of water molecules (left) and lipid 
molecules (middle) lies at the contact area between L10-MMBen and the lipid bilayer, and the number ratio between water and lipid molecules (right). (L) Absolute values of interac-
tion energies between L10-MMBen and the phospholipid bilayer. In (K) and (L), data represent average values ± SD derived from 2-μs MD simulations.
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Fig. 2. L10-MMBen directed the rearrangement of PG vesicles into a lamellar structure. (A) Size change of POPG vehicles when titrated with L10-MMBen. Data represent average 
values ± SD (n = 3 replicates). (B) Image of the aggregates of the L10-MMBen and POPG mixtures. (C) CD spectra of L10-MMBen when incubated with different molar ratios of POPG. 
(D) SAXS profiles of Ln-MMBen/POPG aggregates (left) and L10-MMBen/DLPG aggregates (right). (E) L10-MMBen structure predicted from all-atom MD simulations. (F) Probability 
distribution of the side-chain N atoms around the helical backbone. (G) Cryo-TEM images of POPG vesicles and L10-MMBen/POPG aggregates. Scale bars for images and enlarged 
images are 300 and 10 nm, respectively. (H) Schematic illustration of the lamellar structure of L10-MMBen/PG aggregates. (I) Structural illumination microscopy (SIM) images of 
GUVPC/PG (green) treated with L10-MMBen–Cy5 (red). GUVPC/PG contains DOPC, DOPG, and NBD-PG at a molar ratio of 90:9.9:0.1%. Scale bars, 20 μm. Line-scan profiles of the fluores-
cence intensity of NBD (J) and Cy5 (K) after 35 min of incubation. a.u., arbitrary unit. (L) SIM images of GUVPC/PS (green) treated with L10-MMBen–Cy5 (red). GUVPC/PS contained DOPC, 
DOPS, and NBD-PE at a molar ratio of 90:9.9:0.1%. Scale bars, 20 μm. (M) Schematic illustration of L10-MMBen–Cy5 induced phospholipid bilayer rearrangement in the SLB system. 
The SLB comprises 10% DOPG and 90% DOPC and is deposited on a graphene oxide (GO) surface, which works as an energy acceptor plane. The detected Cy5 fluorescence inten-
sity is positively correlated with its distance from the fluorescence quencher-GO surface. The fluorescence of each L10-MMBen–Cy5 molecule was monitored with total internal reflec-
tion fluorescence microscopy. Probability distribution of the relative fluorescence intensity (I/I0) of Cy5 built from ~80 traces in the SLB system treated with L10-MMBen–Cy5 for 5 min 
(N) and 10 min (O). The green, purple, orange, and red dashed lines indicate that the metastable positions of the peptide appeared in the vertical direction of SLBs at 2.7, 3.8 to 4.1, 
4.7, and 8.8 nm, respectively. I and I0 represent the detected and pristine fluorescence intensity of L10-MMBen–Cy5, respectively. In (G), representative cryo-TEM images are shown 
(at least three images per sample). In (I) and (L), representative images from at least two independent experiments are shown.
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ratio of peptide to POPG at ~0.16 to 0.17, i.e., one L10-MMBen mol-
ecule corresponds to five to six POPG molecules, when the ratio of 
POPG varied from 90 to 10% (fig. S9, A to E). As a control, the titra-
tion of DOPC vesicles with L10-MMBen did not induce the forma-
tion of aggregates (fig. S9F).

The microstructure of POPG and L10-MMBen aggregates was 
then analyzed. When mixed with different ratios of POPG, L10-
MMBen retained a helical conformation and the characteristic 
minima at 222 nm showed a slight redshift when the molar ratio of 
L10-MMBen:POPG equaled 1:5 (Fig. 2C), which was similar to the 
reported CD signal of helical peptide aggregates (39, 40). As mea-
sured by SAXS, a lamellar structure with a periodicity d = 6.66 nm 
formed in POPG and L10-MMBen aggregates, comparable with 
d = 5.30 nm for POPG vesicles (Fig. 2D). A slightly decreased peri-
odicity (d = 6.03 nm) was observed for the POPG and L30-MMBen 
aggregates. Considering the threefold higher DP, the observed de-
creased lamellar periodicity implies that the helix axis of the peptide 
should be parallel to the PG layer (Fig. 2D). When using DLPG with 
shorter hydrophobic tails than POPG, the periodicity of the DLPG/
L10-MMBen lamellar structure decreased to d = 5.41 nm (Fig. 2D). 
The periodicity difference was 1.36 nm between POPG/L10-MMBen 
and POPG and 1.22 nm between DLPG/L10-MMBen and DLPG, 
which corresponds approximately to the radial length of L10-MMBen 
as estimated by theoretical simulation (Fig. 2, E and F). We used 
cryo-TEM to vividly observe the lamellar structure of the POPG/
L10-MMBen aggregates, which had a layer spacing of 5 to 6 nm 
(Fig. 2G). These results indicated that L10-MMBen and PG orga-
nized into a lamellar structure with the helix axis of the peptide par-
allel to the PG membrane surface (Fig. 2H).

Real-time fluorescence imaging of PG-containing giant unilamellar 
vesicles (GUVs) and supported lipid bilayers (SLBs) was used to inves-
tigate L10-MMBen–induced PG rearrangement. GUVPC/PG con-
taining 0.1% N-(7-nitrobenz-2-oxa-1,3-diazole) (NBD)–labeled DOPG 
(NBD-PG) was used. Structural illumination microscopy observation 
showed that cyanine5 (Cy5)-labeled L10-MMBen (L10-MMBen–Cy5) 
induced fusion and deformation of GUVPC/PG (Fig. 2I). In addi-
tion, L10-MMBen–Cy5 was colocalized on the fusion interface with 
NBD-PG (Fig.  2, J and K). Meanwhile, L10-MMBen–Cy5 could 
not induce fusion or deformation of PS-containing GUVPC/PS in 
a 120-min incubation (Fig. 2L). In the SLB system, where a phos-
pholipid bilayer comprising DOPG and DOPC (1:9) was deposit-
ed on a graphene oxide (GO) surface, single-molecule fluorescence 
approaches were used to monitor the GO surface-induced fluorescence 
attenuation of L10-MMBen–Cy5 (Fig. 2M) (41). The vertical position 
of the peptide in SLBs was determined by using the fluorescence in-
tensity of a single L10-MMBen–Cy5 molecule (Fig. 2M) (41). At 5 min 
after coincubation, three metastable positions of L10-MMBen–Cy5 ap-
peared in the vertical direction of SLBs (~4.2-nm thick), which were 
2.7, 3.8, and 4.7 nm distant from the substrate (Fig. 2N), indicating 
the insertion of L10-MMBen–Cy5 into the upper half of the phospho-
lipid membrane and the position of L10-MMBen–Cy5 on the surface 
of a single phospholipid membrane bilayer. At 10 min, a metastable 
position appeared 8.8 nm distant from the substrate, which was 
approximately the thickness of the two bilayer membranes, indicat-
ing that SLBs underwent structural recombination to form a 
double-layer membrane stacked structure (Fig. 2O). Similar to 
L10-MMBen, L10-MMB, L10-MMH, and L10-MMO also caused the 
aggregation of PG-containing SUVs (fig. S10A) and induced fusion 
and deformation of PG-containing GUVs (fig. S10B).

Helicity imparts both thermodynamic and kinetic 
advantages to the interaction of L10-MMBen/PG
DL10-MMBen, with the same chemical composition, net charge, 
and hydrophobicity as L10-MMBen but with a disordered struc-
ture (figs. S1 and S11A), did not show any apparent interaction 
with any of the tested phospholipids, including PG (Fig. 3A and 
table S2) and could not induce the aggregation of PG-containing 
SUVs and GUVPC/PG (fig. S12, A and B). D10-MMBen, with a helical 
structure but different chirality (fig. S11B), exhibited a comparable 
interaction with POPG as observed with L10-MMBen (Ka value of 
~3.22 μM−1) (Fig. 3B), indicating that the chirality showed an indis-
tinctive effect on the interaction. To study whether the interaction 
was helicity dependent, we synthesized a series of peptides L7D3-
MMBen, L9D1-MMBen, L10-MMBen, and L30-MMBen, with a he-
licity of 15.0, 34.3, 47.8, and 53.0%, respectively, by controlling the 
ratios of d-amino acids and the DP (Fig. 3C, scheme S2, and fig. S1). 
As the helicity increased, the peptides showed increased interaction 
with POPG, with Ka values of 0.053, 0.95, 3.94, and 15.92 μM−1 
for L7D3-MMBen, L9D1-MMBen, L10-MMBen, and L30-MMBen, 
respectively, as well as enhanced antimicrobial activity (Fig. 3, D and 
E). These results indicated that the helicity of L10-MMBen impelled 
its interaction with bacterial anionic PG phospholipid.

CG MD simulations were used to study the mechanism of 
helicity-directed interaction and assembly between L10-MMBen 
and PG. Markov state model (42, 43) analysis was applied to extract 
the quantitative thermodynamic and kinetic information of the as-
sembly of POPG lipids and peptides from MD simulations (fig. S13). 
The POPG lipids and peptides were initially randomly dispersed 
and quickly evolved into a metastable crossing-cylinder (CC) state, 
where the lipids coalesced into arrays of cylindrical micelles (Fig. 3, 
F and G). The micelle arrays in the CC states were connected by the 
hydrophobic tails of lipids, achieving a cross-like section, and the 
peptides were located at the hydrophilic periphery. The CC state was 
a long-lived metastable kinetic state, with 24.1% of replicas trapped 
at this state without reaching the final layer-by-layer (LL) state in 
12-μs MD simulations for helical L10-MMBen, whereas 51.7% of 
replicas were trapped at the CC state for disordered DL10-MMBen 
(Fig. 3H). The CC state could evolve into a metastable porous-rich 
layer (PrL) state through free energy barriers of 8.08 and 5.93 kJ 
mol−1 for L10-MMBen and DL10-MMBen, respectively (Fig. 3, F and 
G). Furthermore, a slight barrier of 2.30 kJ mol−1 was observed be-
tween the PrL and LL states for the α-helical L10-MMBen system, 
and, by contrast, the disordered DL10-MMBen needed to overcome 
a much larger barrier of 11.85 kJ mol−1 (Fig. 3, F and G). This sig-
nificant difference explains why LL structures are rarely observed in 
experiments where POPG was mixed with disordered DL10-MMBen 
(Fig. 3H). Although POPG lipids mixed with either α helix or disor-
dered polypeptides can assemble into LL structures, the LL struc-
ture of POPG lipids with L10-MMBen tightly compacts, whereas 
that mediated by DL10-MMBen is defective with water pores pene-
trating across the hydrophilic layers of the POPG head groups 
(Fig. 3, F and G). In terms of free energy, the LL state is more stable 
by −4.11 kJ mol−1 for POPG mixed with L10-MMBen but is thermo-
dynamically unfavored with a change in Gibbs free energy (ΔG) of 
3.92 kJ mol−1 for DL10-MMBen compared with the CC state, verify-
ing that LL formation is thermodynamically more favored when 
POPG assembly is mediated by helical L10-MMBen (Fig. 3, F and G).

Molecular diffusion is a fundamental process underpinning self-
assembly (44). L10-MMBen diffuses much faster in the POPG 
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bilayer than DL10-MMBen (Fig.  3, I and J). While both DL10-
MMBen and L10-MMBen can promote POPG diffusion compared 
to the pure POPG bilayer, L10-MMBen induces a greater enhance-
ment of POPG diffusion (Fig. 3K). Careful inspection of the peptide 
distribution along the z axis, perpendicular to the bilayer, suggests 
that DL10-MMBen is located closer to the interior of the POPG 
bilayer than L10-MMBen (fig. S12C). The extended conformation 

facilitates the penetration of DL10-MMBen deeper into the hydro-
phobic lipid tails (fig. S12, D and E), which may not support direct-
ing the lipids into an LL structure because the peptides work as 
intermediates located between the monolayers of the lipid bilayer. 
Our results showed that helicity enables the faster diffusion of L10-
MMBen in the POPG bilayer, which then facilitates the assembly of 
POPG phospholipids and peptides.

Fig. 3. Helicity is crucial for PG recognition and imparts both the thermodynamic and kinetic advantages of L10-MMBen/PG assembly. (A) ITC-determined inte-
grated heat release during the interaction between DL10-MMBen and phospholipids. (B) ITC analysis and integrated heat release of the interaction between POPG and 
D10-MMBen. (C) CD spectra of L7D3-MMBen, L9D1-MMBen, and L30-MMBen in aqueous solution (pH 7.0). (D) ITC-determined integrated heat release of the interaction 
between POPG and peptides with different helicities. (E) Ka and minimum inhibitory concentration (MIC) values of peptides with different helicities. Data represent aver-
age values ± SD (n = 3 biological replicates). Free energy landscape spanned on the solvent-accessible surface area (SASA) of all peptides, and the head groups of phos-
pholipids were derived on the basis of Markov-state-model analysis for the self-assembly of POPG phospholipids directed by DL10-MMBen (F) or L10-MMBen (G). Gray dots 
are used to guide the eye for the assembling pathways, and the representative structures during POPG self-assembly are displayed. SL, CC, PrL, SPL, DML, and LL refer to 
the single layer state, crossing-cylinder state, porous-rich layer state, skewed porous layer, distorted multilayer state, and layer-by-layer state, respectively. (H) Percentages 
of final state counts from assembly simulations of double-layered POPG bilayers with structured (α helix, L10-MMBen) and disordered (coil, DL10-MMBen) peptides. 
(I) Representative streamline visualizations for DL10-MMBen and L10-MMBen peptides on the surface of the POPG membrane. Diffusion coefficients of peptides (J) and 
POPG (K) derived by using MD simulations of peptides on the POPG membrane.
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The hiding of hydrophobic regions is crucial for 
PG recognition
The α helix structure is a common feature of natural AMPs, facilitat-
ing the ordered arrangement of hydrophobic and cationic groups 
into a facially amphiphilic structure (Fig.  4A) (6). We next tested 
whether natural helical AMPs could also recognize PG. Nevertheless, 
the helical AMPs melittin and LL-37 were unable to distinguish well 
between PG and PS, exhibiting only a 1.1- and 1.6-fold higher affin-
ity for POPG compared to their affinity for POPS, respectively 
(Fig. 4, B to E). Compared to natural AMPs, the main feature of 
RAPs is their radially amphiphilic structure, characterized by a hy-
drophobic helical core covered with cationic groups in all radial di-
rections of the helix. We then demonstrated whether the shielding 
of the hydrophobic regions is crucial for the PG recognition of 

RAPs. We synthesized three RAPs with exposed hydrophobic tails 
(C6, C12, and C16) (Fig. 4F). These RAPs exhibited a stable helical 
structure, even under elevated temperatures and helix-destabilizing 
reagents (Fig. 4, G and H, and fig. S14). According to MD simula-
tions, the alkyl tails of RAPs do not maintain a tight contact with the 
backbone of helical peptide, and they are flexible and can extend 
outward into the solution environment (fig. S15). Moreover, the al-
kyl tails keep fraying around the helical axis during the 50-ns MD 
simulations (fig. S15, C and F). As the increase of the exposed hy-
drophobicity, a decreased selectivity toward POPG was detected 
(Fig. 4I and fig. S16). On the contrary, we found that the selectivity 
for PG increased as hydrophobicity in the hidden hydrophobic 
regions of RAPs increased (Fig. 4, J to M). BuL10-MMBen (fig. S17), 
having one more σ bond in the hiding hydrophobic domain compared 

Fig. 4. The hiding of hydrophobic domain in RAPs is crucial for PG recognition. (A) Schematic illustration of facially amphiphilic AMPs. (B) CD spectra of melittin and 
LL-37 in PBS solution (pH 7.0). ITC-determined integrated heat release of the interaction between phospholipids and melittin (C) or LL-37 (D). (E) ITC-determined Ka between 
natural AMPs (melittin and LL-37) and phospholipids. (F) Schematic illustration of RAPs with different hydrophobic tails. CD spectra (G) and helicity (H) of RAPs with different 
hydrophobic tails in aqueous solution (pH 7.0). (I) ITC-determined Ka between RAPs with different hydrophobic tails and phospholipids. (J) Schematic illustration of RAPs 
with different radial radius. BuL10-MMBen has one more σ bond in the hiding hydrophobic domain compared to L10-MMBen. (K) CD spectrum of BuL10-MMBen in aqueous 
solution (pH 7.0). (L) ITC-determined integrated heat release of the interaction between BuL10-MMBen and phospholipids. (M) Multiples of the difference in Ka between 
POPG and POPS for L10-MMBen and BuL10-MMBen. In (E) and (I), numbers above the column charts represent multiples of the difference between KaPOPG and KaPOPS.



Liang et al., Sci. Adv. 10, eadn9435 (2024)     30 August 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

8 of 13

to L10-MMBen, exhibited 29.7-fold higher affinity toward POPG 
than POPS versus 14.2-fold for L10-MMBen (Fig. 4, J to M). Similar 
to L10-MMBen, BuL10-MMBen also caused the aggregation of PG-
containing SUVs (fig. S18A) and induced fusion and deformation of 
PG-containing GUVs but not PS-containing GUVs (fig. S18, B and 
C). In terms of the free energy observed via CG MD simulation, the 
shapes of the calculated free energy landscapes for BuL10-MMBen 
(fig.  S19) and L10-MMBen systems (Fig.  3G) are similar. Both of 
them have six discrete metastable states (SL, CC, PrL, SPL, DML, 
and LL) during the assembly process (fig. S19). CC and PrL are the 
two locally stable states besides the global minimum (LL state; 
fig. S19). The LL state is thermodynamically more favored compared 
with the metastable CC state in the BuL10-MMBen system, with a 
ΔG of −4.67 kJ mol−1 (fig. S19). These observations indicate a simi-
lar mechanism for BuL10-MMBen and L10-MMBen when assembly 
with POPG lipids. These results indicated that the hiding of hydro-
phobic regions in RAPs is important for PG recognition.

PG recognition endows RAPs with highly selective 
membranolytic activity against bacteria
In comparison to the disordered DL10-MMBen peptide, which 
has the same chemical composition, net charge, and hydrophobicity 
but does not recognize PG, the PG-targeting peptide L10-MMBen 
more effectively bound to bacteria (Fig.  5A) and exhibited 1500- 
and 3750-fold higher antibacterial activity against Escherichia coli 
American Type Culture Collection (ATCC) 35218 (Gram-negative 
bacteria) and Staphylococcus aureus ATCC 6538 (Gram-positive 
bacteria), respectively (Fig. 5B). L10-MMBen also exhibited much higher 
antibacterial activity than DL10-MMBen against clinically isolated 
bacterial strains, including Pseudomonas aeruginosa (Pae), carbapenem-
resistant Klebsiella pneumoniae (CRE-Kpn), methicillin-resistant 
S. aureus (MRSA), and extensively drug-resistant Acinetobacter 
baumannii (XDR-Aba) (Fig. 5C). Such big differences were inexpli-
cable according to the typical antibacterial mechanism of AMPs 
through electrostatic and hydrophobic interactions. The compet-
itive binding of L10-MMBen by the addition of POPG in the medi-
um inhibited L10-MMBen from attaching to bacteria and destroying 
bacterial membrane (fig. S20). Moreover, preincubation with POPG 
significantly inhibited the antibacterial activity of L10-MMBen 
(Fig. 5, D and E), while pretreatment with POPS produced a much 
lower inhibitory effect and DPPS, DOPC, and 1,2-dioleoyl-sn-g
lycero-3-phosphoethanolamine (DOPE) had not effect, confirming 
the specific interaction between L10-MMBen and the bacterial an-
ionic PG phospholipid (fig. S21). These results indicated that PG 
recognition is crucial for the antibacterial activity of L10-MMBen.

Although L10-MMBen and DL10-MMBen showed over a 1000-
fold difference in antimicrobial activity, their 10% hemolytic con-
centration (HC10) was comparable (Fig. 5F). Consequently, L10-MMBen 
exhibited 1500- and 3750-fold higher antibacterial selectivity 
[defined as HC10/minimum inhibitory concentration (MIC)] against 
E. coli and S. aureus, respectively, compared to DL10-MMBen 
(Fig. 5F). In a bacterial and red blood cell (RBC) coincubation sys-
tem, the PG-targeting peptide L10-MMBen also effectively killed 
bacteria while exhibiting low hemolysis against RBCs, whereas 
DL10-MMBen showed both low bactericidal activity and low hemo-
lytic activity (Fig. 5G). Moreover, L10-MMBen effectively killed 
intracellular bacteria that survived within bone marrow–derived 
macrophages (BMDMs) (Fig. 5, H to J) and showed no obvious 
cytotoxicity toward BMDMs (Fig. 5K). It should be noted that 

L10-MMO, which has minimal interaction difference between PG 
and PS (Fig. 1, F to H), exhibited low antibacterial selectivity, com-
parable to that of DL10-MMO (fig. S22, A to C), while L10-MMB and 
L10-MMH, which showed an obvious interaction difference between 
PG and PS (especially for saturated DPPG and DPPS), exhibited over 
200-fold higher antibacterial activity and selectivity against E. coli 
and S. aureus than corresponding DL10-R peptides (fig. S22, D to F).

Next, we proved that L10-MMBen killed bacteria mainly via a 
membranolytic mechanism and that DL10-MMBen showed much 
lower membranolytic activity against bacteria than L10-MMBen. 
L10-MMBen caused a much greater dye leakage from bacterial 
cell membrane–mimicking liposomes (Fig.  5L) and induced a 
much higher uptake of propidium iodide, a membrane-impermeable 
dye, into bacterial cells than DL10-MMBen (Fig.  5, M and N). 
Scanning electron microscopy showed that L10-MMBen caused the 
fracture and fragmentation of bacterial membranes (Fig. 5O). TEM 
showed that E. coli cell membranes were disrupted by L10-MMBen 
in a time-dependent manner, with inner membranes becoming 
distorted at 10 min and disorganized at 30 min, and whole mem-
branes being disrupted at 60 min (Fig.  5P). By contrast, DL10-
MMBen treatment did not affect the E. coli membrane even after a 
4-hour treatment (fig. S22G). A similar phenomenon was observed 
for L10-MMBen–treated S. aureus, with small membrane buddings 
forming after 20 min of treatment and membrane disturbance oc-
curring at 40 min (Fig. 5Q). With the membranolytic mechanism of 
action, L10-MMBen was less prone to induce drug resistance than 
conventional antibiotics and did not induce resistance in E. coli 
ATCC 35218 after 40 passages of incubation (Fig. 5R), whereas after 
16 passages with colistin and ciprofloxacin treatment, the MIC of 
corresponding drugs against E. coli ATCC 35218 increased by 128- 
and 256-fold, respectively (Fig. 5R).

The in vivo toxicity and antibacterial efficacy of L10-MMBen
Helical L10-MMBen and nonhelical DL10-MMBen showed compa-
rable toxicity in vivo, with maximum tolerated doses (MTDs) of 60 
and 80 mg kg−1, respectively, after intravenous administration into 
Institute of Cancer Research (ICR) mice (fig. S23A); whereas DL10-
MMO, which exhibited lower antimicrobial activity but higher he-
molytic activity compared to L10-MMBen, had an MTD of 20 mg 
kg−1 (fig.  S23A). After intravenous administration at 20 mg kg−1, 
both L10-MMBen and DL10-MMBen showed no significant toxicity 
to normal tissues according to hematoxylin and eosin staining of the 
heart, liver, spleen, and kidney tissues (fig. S23B) and serum bio-
chemical indexes (Fig. 6, A and B).

Last, we evaluated the in  vivo antibacterial activity of L10-
MMBen. In a bladder infection model, intravesical injection of 
DL10-MMBen (70 μg per bladder) did not significantly decrease 
the bacterial burden in bladders, whereas L10-MMBen treatment 
reduced the bacterial burden by 2.7- and 16.0-fold at doses of 35 
and 70 μg per bladder, respectively (Fig. 6, C and D). L10-MMBen 
could also benefit in a CLP-induced severe sepsis model, which is 
the gold standard model for polymicrobial sepsis and shares simi-
lar characteristics of the progression and characteristics of human 
sepsis (45, 46). L10-MMBen (2 mg kg−1) treatment significantly 
increased the survival rate of CLP-induced mice to 79.0% within 
80 hours, compared to only 30.8% survival in the phosphate-
buffered saline (PBS) treatment group (Fig. 6, E and F). In contrast, 
DL10-MMBen (2 mg kg−1) treatment showed no significant im-
provement (Fig. 6, E and F).
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Fig. 5. PG recognition endows L10-MMBen with highly selective membranolytic activity against bacteria. (A) Confocal images of E. coli American Type Culture Collection 
(ATCC) 35218 treated with L10-MMBen or DL10-MMBen (250 μg ml−1) for 60 min. Scale bars, 10 μm. Bacterial membranes were stained with FMTM 4-64FX (red), and DL10-MMBen 
and L10-MMBen were stained with diSulfo-Cy5 dibenzocyclooctyne (DBCO) (green). (B) MIC values of L10-MMBen and DL10-MMBen against E. coli ATCC 35218 and S. aureus 
ATCC 6538. (C) MIC values of L10-MMBen and DL10-MMBen against clinically isolated bacteria, including P. aeruginosa (Pae), carbapenem-resistant K. pneumoniae (CRE-Kpn), 
methicillin-resistant S. aureus (MRSA), and extensively drug-resistant A. baumannii (XDR-Aba). > represents an MIC value higher than 1028 μg ml−1. (D) Colony-forming units 
(CFU) of E. coli ATCC 35218 after 4 hours of incubation with L10-MMBen (32 μg ml−1) when preincubated with different molar ratios of POPG. Bacterial suspensions incubated 
with medium only (control) or POPG (85 μg ml−1) were used as negative controls. (E) The antibacterial activity of L10-MMBen when preincubated with different molar ratios 
of POPG as detected by the resazurin blue assay. Pink indicates bacterial growth, whereas blue indicates no bacterial growth. (F) HC10 and selectivity index (HC10/MIC) of 
L10-MMBen and DL10-MMBen. HC10 refers to the concentration at which the peptide causes 10% hemolysis against red blood cells (RBCs). (G) Schematic illustration of the selective 
bacteria killing of L10-MMBen in bacteria (E. coli ATCC 35218) and RBC coincubation solution (left). The hemolysis ratio (middle) and viable bacteria numbers in CFU (right) were 
determined after 4 hours of incubation with various concentrations of L10-MMBen or DL10-MMBen. (H) Schematic illustration of the selective bacteria killing of L10-MMBen 
toward intracellular bacteria in macrophages. CFU of E. coli ATCC 35218 (I) and S. aureus ATCC 6538 (J) survived in bone marrow–derived macrophage (BMDM) cells after treat-
ment with L10-MMBen or DL10-MMBen (128 μg ml−1) for 12 hours. n.s., not significant. (K) Cell viability of BMDM cells when incubated with L10-MMBen or DL10-MMBen at dif-
ferent concentrations for 12 hours. (L) Dye leakage from bacterial cell membrane–mimicking liposomes when incubated with L10-MMBen or DL10-MMBen at various 
concentrations for 5 min. (M) Flow cytometry analysis of propidium iodide (PI) uptake after incubation with L10-MMBen or DL10-MMBen at various concentrations. (N) Live/dead 
(SYTO 9/PI) staining of E. coli ATCC 35218 treated with L10-MMBen or DL10-MMBen (128 μg ml−1) for 4 hours. SYTO 9, green; PI, red. Scale bars, 10 μm. (O) Scanning electron 
microscopy (SEM) images of E. coli ATCC 35218 treated with L10-MMBen or DL10-MMBen (128 μg ml−1) for 4 hours. Scale bars, 1 μm. TEM images of E. coli ATCC 35218 
(P) and S. aureus ATCC 6538 (Q) treated with L10-MMBen (128 μg ml−1) for different time intervals. Scale bars, 200 nm. (R) Fold change in MIC values of antimicrobials against 
E. coli ATCC 35218 during serial passaging in sub-MIC concentrations of antimicrobials. In (B) and (F), numbers above the column charts represent multiples of the difference 
in MIC, HC10, and selectivity index between L10-MMBen and DL10-MMBen. In (D), (G), and (I) to (M), data represent average values ± SD [n = 3 biological replicates for (D), (G), 
and (K) to (M); n = 6 biological replicates for (I) and (J)]. Statistical significance was determined by unpaired two-tailed Student’s t test. In (A) and (N), representative confocal 
images from two independent samples are shown. In (O) to (Q), representative SEM and TEM images are shown (at least three images were taken for each sample).
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DISCUSSION
Our study presents a design of highly selective AMPs via incorpo-
rating a paradigm of specific bacterial phospholipid recognition. 
PG targeting can be set as a design rule for AMPs, providing an 
additional dimension to enhance their antibacterial selectivity and 
reduce their toxicity to mammalian cells. The development of bacterial 
phospholipid-targeting peptides could enable broad applications in 
the design of antimicrobials, bacteria-targeting drug delivery sys-
tems, and diagnostic tools for bacterial infection.

We revealed the crucial role of α helix structure in the recogni-
tion of bacterial phospholipid PG, offering an insight into the 
understanding of the secondary structure of AMPs. The α helix 
structure has been demonstrated to be positively correlated with 

both the antimicrobial activity and toxicity of AMPs. However, the 
contribution of the α helix structure to the selectivity of AMPs is 
controversial and context dependent (47–50). Typically, the α helix 
structure of facially amphiphilic AMPs results in the aggregation of 
hydrophobic residues and an increase in unspecific hydrophobic 
driving force for binding to both bacterial and mammalian cell 
membranes. In this study, we proved that the hiding of hydrophobic 
regions is crucial for PG recognition of RAPs. Correspondingly, our 
study demonstrated that PG recognition was limited for L10-MMO 
and C16-L10-MMBen with highly hydrophobic side chains and ter-
minal group, respectively. In line with the concealed hydrophobic 
region, the helical structure of L10-MMBen did not promote the in-
sertion into cell membranes but directed the rearrangement of 

Fig. 6. The in vivo toxicity and antibacterial efficacy of L10-MMBen. Routine blood tests (A) and blood biochemical tests (B) of mice (n = 3 per group) treated with one 
dose of PBS, DL10-MMBen, or L10-MMBen (20 mg kg−1). WBC, white blood cell count; RBC, red blood cell count; HGB, hemoglobin; HCT, hematocrit; MCH, mean corpuscu-
lar hemoglobin; MCV, mean corpuscular volume; MCHC, mean corpuscular hemoglobin concentration; MPV, mean platelet volume; ALT, alanine aminotransferase; AST, 
aspartate aminotransferase; ALP, alkaline phosphatase; TP, total protein; ALB, albumin. (C) Schematic of the construction and treatment schedule of the bladder infection 
model (n = 8 per group). Mice were treated with peptides via intravesical instillation 6 hours after infection and were euthanized 24 hours after infection for the detection 
of bacterial burden in bladders. (D) Bacterial burden in bladders after treatment with PBS, DL10-MMBen (70 μg per bladder), or L10-MMBen (35 or 70 μg per bladder). 
(E) Schematic of the construction and treatment schedule of the CLP-induced severe sepsis model. PBS, DL10-MMBen, or L10-MMBen [2 mg kg−1, intraperitoneally (ip)] was 
administered at 24, 48, and 72 hours after CLP. (F) Survival of the infected mice after treatment with PBS (n = 13), DL10-MMBen (n = 15), or L10-MMBen (n = 15). In (A), (B), 
and (D), data represent average values ± SEM, and the statistical significance was determined with an unpaired two-tailed Student’s t test. In (F), the statistical significance 
was determined with Kaplan-Meier survival analysis.
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PG. Our finding provides valuable insights into the function of the 
helical structure in AMPs, offering a perspective for the design and 
development of AMPs with high bacterial selectivity.

RAPs exhibit advantages including selective recognition of PG 
over PS and reduced likelihood of inducing resistance compared to 
conventional antibiotics. However, RAPs synthesized through NCA 
polymerization exhibit polydispersity. The polydispersity could 
affect the helicity of RAPs and the Ka between RAPs and phospho-
lipids. Developing RAPs with a precise structure is important for 
advancing their applications further.

MATERIALS AND METHODS
Lipids
POPG, DPPG, DOPG, POPC, DOPC, 1,2-dipalmitoyl-rac-glycero-3-
phosphocholine, DOPE, and DPPS were obtained from Inc. AVT 
(Shanghai) Pharmaceutical Tech Co. Ltd. POPS and DOPS were 
purchased from Anatrace Products LLC (USA). DLPG was pur-
chased from Sigma-Aldrich (USA). SM (milk, bovine), NBD-PG, 
and NBD-PC were purchased from Avanti Polar Lipids (USA). CL 
was purchased from Aladdin (China).

Cells
Standard bacterial strains of E. coli ATCC 35218 and S. aureus 
ATCC 6538 were sourced from ATCC. All clinically isolated strains, 
including Pae (190836), CRE-Kpn (190949), MRSA (190809), and 
XDR-Aba (181442), were provided by S. Huang from Sun Yat-Sen 
Memorial Hospital, Sun Yat-Sen University. All bacterial strains 
were cultured in LB medium [tryptones (10 g liter−1), NaCl (10 g 
liter−1), and yeast extract (5 g liter−1) in 1 liter of H2O] overnight at 
37°C with shaking (220 rpm). Unless otherwise stated, M9 medium 
[sodium phosphate buffer (6.8 g liter−1), KH2PO4 (3 g liter−1), NaCl 
(0.5 g  liter−1), NH4Cl (1 g  liter−1), glucose (4 g  liter−1), MgSO4 
(0.24 g liter−1), and CaCl2 (0.011 g liter−1)] was used for antimicro-
bial tests. BMDMs were obtained according to the literature and 
maintained in tissue culture flasks in Dulbecco’s modified Eagle’s 
medium containing 10% fetal bovine serum (51).

Synthesis of RAPs
Chlorine-functionalized peptides (PCHXGn, X = L, D, DL, L7D3, or 
L9D1, where n refers to the DP) were synthesized according to our 
previous work (16, 17) by using anhydrous 3-azido-1-propanamine 
(N3), hexylamine (C6), lauryl amine (C12), and cetylamine (C16) as 
the initiators. PCHXGn (100 mg, 0.4 mmol of Cl groups) and NaI 
(0.3 g, 2 mmol) were dissolved in N,N-dimethylformamide (2 ml) 
and acetonitrile (2 ml), and then tertiary amine (MMO, MMH, 
MMB, or MMBen) (2 mmol) was added. The mixture was stirred 
at 80°C for 48 hours. After most of the solvent was removed 
under vacuum, NaCl (1.0 M, 3 ml) was added. The solution 
was then stirred at room temperature for 3 hours to promote 
ion exchange. The product was purified by dialysis (molecular 
weight cutoff = 1 kDa) against distilled water for 3 days. A white 
solid powder was obtained after lyophilization. BuL10-MMBen 
was synthesized according to our previous work through NCA 
polymerization and thiol-ene reactions (52).

ITC detection
ITC was used to assess the interaction between peptides and lipids. 
Peptide solutions (1.25 mM in PBS) were loaded into the ITC syringe. 

Phospholipids (0.25 to 1.25 mM in PBS) were loaded into the ITC 
cell. Thermograms were recorded at 25°C with stirring at 750 rpm 
and at a reference power of 10 μcal s−1. Nineteen injections of 36.4 μl 
were performed separated by 150 s with 60 s of initial delay. ITC 
assays were measured on a MicroCal PEAQ-ITC system (Malvern 
Panalytical Technologies Corporation, UK). Data were analyzed in 
MicroCal PEAQ-ITC Analysis Software 1.1.0.1262.

Animals
Female C57BL/6 mice (7 to 8 weeks) and female ICR mice (5 to 
6 weeks) were purchased from Guangdong Sijiajingda Biotechnol-
ogy Co. Ltd. (China). Mice were maintained in a standardized envi-
ronmental condition (temperature, 23 ± 2°C; humidity, 55 ± 10%). 
Mice received care in strict accordance with the regulations for the 
Administration of Affairs Concerning Experimental Animals ap-
proved by the State Council of People’s Republic of China. The CLP-
induced sepsis model and toxicity test were approved by the Animal 
Research Ethics Sub-Committee of South China University of Tech-
nology (number for approval: 2023037). The bladder infection 
model was approved by the Animal Research Ethics Sub-Committee 
of University of Science and Technology of China (number for ap-
proval: USTCACUC24020123081).

Mouse infection models
For the mouse bladder infection model, C57BL/6 female mice 
(n = 8 per group) were infected with a dose of 5.0 × 107 colony-
forming units per bladder E. coli ATCC35218 suspension via intra-
vesical instillation. Mice were treated 6 hours after infection with 
PBS, L10-MMBen (35 or 70 μg per bladder) or DL10-MMBen (70 μg 
per bladder) via intravesical instillation. Mice were euthanized 
24 hours after infection. Bladders were removed, homogenized in 
sterile PBS, serially diluted, and plated on LB agar for bacterial col-
ony counting. The CLP-induced sepsis model was developed in ICR 
female mice according to the literature (46). PBS, DL10-MMBen 
[2 mg kg−1, intraperitoneally (ip)], or L10-MMBen (2 mg kg−1, ip) 
was administered at 24, 48, and 72 hours after CLP. Survival of the 
infected mice was observed after the treatments.

Statistical analysis
Data are expressed as the means ± SD for in vitro studies and as the 
means ± SEM for animal experiments. Differences between groups 
were assessed using GraphPad Prism 8.0.2, with unpaired two-tailed 
Student’s t tests for the calculation of P values. Statistical significance 
was set at *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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