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Modular peptide nanofibres that  
self-assemble on bacterial membranes 
overcome antimicrobial resistance
 

Ziao Zhou    1,4, Dinghao Chen    1,4, Jiang Ouyang2,4, Nan Kong1, Hongyue Zhang1, 
Laicheng Zhou1, Jing Wang1, Tengyan Xu1, Wei Chen2, Na Kong2,3, Wei Tao    2   & 
Huaimin Wang    1 

Drug-resistant bacterial infections increasingly evade available 
antimicrobials, and many existing antimicrobial peptides remain limited 
by instability, toxicity to mammalian membranes and high manufacturing 
cost. Here we introduce a modular peptide technology that self-assembles 
into nanofibres on bacterial surfaces through a membrane-anchoring 
biphenyl group, a diphenylalanine linker and a cationic minimalistic peptide 
that together enable selective disruption of drug-resistant pathogens. 
Using cryogenic electron microscopy, molecular dynamics simulations, 
lipid-nanoparticle membrane mimetics and binding thermodynamics, 
we show that the peptide first forms short nanofibres that dock onto 
phosphatidylglycerol and then elongates into nanofibres that penetrate 
and destabilize the bacterial membrane without inducing resistance. 
The nanofibres retain antibacterial activity when recycled from killed 
bacteria and outperform vancomycin and several classical antimicrobial 
peptides against dense bacterial populations in vitro. In a mouse model of 
methicillin-resistant Staphylococcus aureus pneumonia, inhaled peptide 
nanofibres eradicate pulmonary infection and restore lung architecture 
without detectable toxicity. This modular strategy enables the design of 
potent, selective and low-cost antimicrobials.

The misuse and overuse of antibiotics have contributed to antimicrobial 
resistance worldwide, increasing mortality through the lack of effective 
therapeutics for drug-resistant infections1–3. Antimicrobial peptides 
(AMPs)—secreted by organisms in nature—may combat antimicrobial 
resistance pathogens4, in addition to other strategies (antimicrobial 
metals, antimicrobial nanoparticles and antimicrobial polymers)5–8. 
Unlike conventional antibiotics, cationic AMPs kill bacteria through 
membrane lysis rather than acting on specific intracellular targets9,10, 
hence minimizing the development of multidrug resistance.

There are obstacles to the clinical translation of AMPs, including  
(i) large molecular weight-caused high manufacturing costs and 
complex preparation11,12, (ii) limited stability in vivo13,14 and (iii) 
non-specific membrane binding affinity towards mammalian cells15,16. 
Cyclization can mitigate these limitations and improve the stability 
of AMPs in vivo17. In addition, chemical modifications of AMPs with 
additional moieties, such as glycosylation, fluorination and conjuga-
tion with fatty acid chains, have been used to increase the stability 
and antibacterial activity of AMPs18–20. Unfortunately, the systemic 
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results indicated that Bip was the most efficient N-terminal group for 
killing MRSA, as evidenced by bacterial viability assay and NPN assay.

Next, MD simulations of the transmembrane process of different 
N-capping peptides43,44 (Supplementary Videos 1–7) were used to elu-
cidate the possible mechanism of the superior antimicrobial activity 
of the Bip group. By observing the different conformations of peptides 
and the membrane in MD simulations (Fig. 1d and Extended Data Fig. 1a), 
we found that Bip-FK9 was more prone to embed into the membrane 
to stimulate subsequent perturbation, and the centroid distance 
between Bip-FK9 and phospholipid bilayers was the shortest in all 
the experimental groups (Fig. 1e). Meanwhile, compared with the 
peptides (except Nap-FK9), Bip-FK9 has a larger contact area with the 
cell membrane and lower binding energy (Extended Data Fig. 1b,c). 
Cavity assessment indicated that Bip-FK9 possessed the largest cavity 
volume and achieved the most intensive insertion on the membrane 
(Fig. 1f,g and Supplementary Fig. 1). These results revealed that the Bip 
was the best capping group for minimalistic peptides to interact with 
the bacterial membrane for killing bacteria.

Characterization of Bip-FK9 and its antibacterial activity 
in vitro
Circular dichroism (CD) spectra (Fig. 2a) showed that Bip-FK9 formed a 
ꞵ-sheet-like structure, which was evidenced by a positive peak at 195 nm 
and a negative peak at 212 nm. By contrast, K7 and Bip-FF formed no 
obvious secondary structures. Cryo-EM images indicated that Bip-FK9 
and Bip-FF self-assembled to form nanofibres, and K7 cannot form 
nanostructures (Fig. 2b and Extended Data Fig. 2a).

Next, we performed concentration-dependent and time-depend-
ent killing experiments to evaluate the long-term antibacterial effects of 
Bip-FK9 and whether the bacteria regenerated after Bip-FK9 treatment. 
The results (Fig. 2c and Extended Data Fig. 2b) indicated that Bip-FK9 at 
the concentration of 32 μM inhibited bacterial growth during the test 
period. The spread plate method showed that the MRSA concentra-
tion in the Bip-FK9 treatment group decreased by 5 orders of magni-
tude compared with the control group at 8 h (Extended Data Fig. 2c). 
Biofilm formation is an important factor in antibiotic resistance and 
infection recurrence. We evaluated whether Bip-FK9 could eradicate 
MRSA-formed biofilms (Fig. 2d). These results indicated that Bip-FK9 
could disrupt the formed biofilm and inhibit the growth of MRSA. Then, 
we used the field emission scanning electron microscope (FE-SEM) 
to observe the morphologic changes in MRSA after treatment with 
Bip-FK9 and found that unlike what was seen in control groups (Fig. 2e), 
the structures formed by Bip-FK9 attached to the surface of the MRSA 
and encapsulated it, which could be interpreted as the bacteria being 
completely captured and killed. Confocal microscopy images (Fig. 2f 
and Extended Data Fig. 2d) of live–dead assay also demonstrated that 
Bip-FK9 had good penetration and killing effect on biofilms. Finally, 
resistance-acquisition studies (Fig. 2g) suggested that MRSA did not 
generate resistance in 30 continuous passages of Bip-FK9 exposure. 
By contrast, MRSA began to develop resistance to the antibiotic cip-
rofloxacin (Cip) after five passages, suggesting that the Bip-FK9 killed 
MRSA without eliciting any detectable resistance.

The superiority of Bip-FK9 for killing substantial MRSA over 
antibiotics (Van) and classical AMPs
To evaluate the ability of Bip-FK9 against high-concentration MRSA, we 
performed the experiments illustrated in Fig. 2h. MRSA (1 × 108 CFU ml−1) 
was mixed with Bip-FK9 (128 μM) and co-incubated for 4 h. The  
results showed (Fig. 2i) that MRSA (1 × 108 CFU ml−1) was eradicated 
by Bip-FK9. Next, we used a centrifuge to separate the precipitates 
and the supernatants from the solution formed by MRSA treated with 
Bip-FK9, in which all the MRSA were killed (Fig. 2i). The precipitates, 
consisting of dead MRSA and Bip-FK9 (denoted as Bip-FK9-MRSA), 
could kill 98.32% of a new fresh batch of MRSA (Fig. 2j). The presence of 
Bip-FK9 nanofibres on the dead MRSA exhibited notable antibacterial 

toxicity of these modifications may cause more damage than the 
infection itself21–23.

To address these challenges, we developed a modular antimi-
crobial, Bip-FK9, for combating broad-spectrum multidrug-resistant 
bacteria and methicillin-resistant Staphylococcus aureus (MRSA) bio-
films. The screened membrane target anchor in six anchors is a distinct 
N-terminal cap named Bip. Then, the minimalistic peptides of AMPs 
were conjugated to the Bip through a self-assembly promoting motif 
(FF), resulting in the creation of Bip-FK9 with a minimum inhibitory con-
centration (MIC) of 8 μM and a minimum bactericidal concentration 
(MBC) of 8 μM against MRSA. Our results indicated that the designed 
peptide can interact with the phosphatidylglycerol (PG), a phospho-
lipid widely found on the bacterial membrane and rarely distributed in 
the plasma membrane of mammalian cells, producing selective killing 
of bacteria instead of mammalian cells. Cryo-electron microscopy 
(Cryo-EM) and all-atom molecular dynamics (MD) simulation showed 
that the peptide first self-assembled to form short nanofibres and then 
anchored on the cell membrane by anchor-navigated recognition. The 
formed short nanofibres penetrated the bacterial membrane to form 
long fibrous structures, which changed the permeability and poten-
tial of the membranes to induce MRSA death. Once the long nanofi-
bres formed on the membrane, the treated bacteria subsequently 
exerted antibacterial activity, then intensively triggered substantial 
bacterial death. Compared with vancomycin (Van), Magainin II24 and 
Ovispirin22, the nanofibres showed better antibacterial activity in vitro. 
The self-assembling nanofibres are recyclable and reusable, further 
increasing their utility for killing bacteria. Moreover, in vivo experi-
ments indicated that inhalable Bip-FK9 could combat MRSA-induced 
life-threatening lung infections in a mouse model by direct pulmonary 
deposition without causing acute toxicity or immune modulation.

Results and discussion
Construction of the Bip-FK9 and the transmembrane MD 
simulations of peptides
Membrane integrity disrupting strategies have proven efficient strate-
gies to minimize drug resistance25. Thus, we hypothesized that using 
appropriate membrane-targeting anchors could guide the whole 
system to selectively target bacteria and assist the assembly of pep-
tides on the membrane by an interface-induced self-assembly pro-
cess. Specifically, the rationale for the general molecular structure 
design is based on the following components (Fig. 1a): (i) a bacterial 
membrane-targeting anchor for efficient recognition of phospho-
lipid bilayers through hydrophobic interactions26; (ii) a minimalistic 
peptide derivative from AMPs of varied sources that promotes addi-
tional membrane binding and determines the efficiency of the whole 
system against MRSA4,27; (iii) a self-assembly linker for controlling the 
anchoring capability of the peptide and promoting the whole system’s 
self-assembly28–34. We chose the minimalistic peptides from existing 
peptide resources (including host defence peptides, AMPs under clini-
cal investigation and peptides shown in the APD3 Antimicrobial Peptide 
Database)35–37. These minimalistic peptides consisted of 6–10 amino 
acids and were characterized by a net positive charge ranging from 
+3 to +6, a high proportion of hydrophobic residues and the absence 
of acidic residues. We screened six capping groups (Fig. 1a) from the 
well-known hydrophobic self-assembly promoting motif (Nap, Ada 
and Oct) or the key segments of antimicrobial agents (Bip, Chl and 
Iso)38–41. First, to pick out the best N-terminal groups in six N-terminal 
groups, the antibacterial activity of FK9 modified with these N-terminal 
groups was tested (Fig. 1b). The anti-MRSA activity of Bip conjugation 
was much higher than that of the peptide itself and others. In addition, 
the fluorescence intensity of 1-(N-phenylamino)naphthalene (NPN), 
a lipophilic fluorescent dye, is greatly enhanced when the membrane 
is damaged42. The fluorescence intensity of NPN in the Bip-FK9 group 
was greater than in other groups (Fig. 1c), suggesting that Bip-FK9 
achieved the greatest destruction of bacterial membranes. These 
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activity, leading to substantial bacterial death. In another parallel exper-
iment, we extracted Bip-FK9 from the surface of the dead MRSA using 
water adjusted to pH 4, then neutralized the solution to pH 7.4. We 
co-incubated the treated MRSA, which no longer had Bip-FK9, with a 
new batch of MRSA (1 × 108 CFU ml−1) for 8 h (Extended Data Fig. 2e). The 
results showed that the treated MRSA could not kill MRSA. By contrast, 
when we co-incubated the recycled Bip-FK9 with a fresh batch of MRSA 

(1 × 108 CFU ml−1) for 8 h (Fig. 2k), nearly all bacteria (99.9998%) were 
killed by Bip-FK9, indicating that it retained its antibacterial properties 
after recycling. In addition, our findings demonstrated that Bip-FK9 can 
be cycled efficiently to kill MRSA up to six times (Extended Data Fig. 2f).

To evaluate the rapid antibacterial efficacy of Bip-FK9, we 
co-incubated MRSA (1 × 108 CFU ml−1) with the classical AMPs and 
Bip-FK9 for 120 min, respectively (Extended Data Fig. 2g). Bip-FK9 
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Fig. 1 | Modular design of Bip-FK9 for combating MRSA and MD simulation of 
FK9 and FK9 modified with different membrane anchors. a, Illustration of a 
design principle for Bip-FK9, which consists of a suitable membrane anchor at the 
N-terminal of peptides, a self-assembly promoting motif (FF) and a minimalistic 
peptide from the peptide library. The minimalistic peptides were selected and 
truncated from naturally available sources (host defence peptides, peptides in 
clinical trials and the peptides in the APD3 Antimicrobial Peptide Database). The 
illustration on the right shows the growing processes of fibrous structures that 
cross through bacterial membranes and elongate along the membrane surface. 
Once the nanofibres form on MRSA, the treated MRSA can kill a new batch of 
MRSA. b, The viability of MRSA after treatment with different anchor-modified 
peptides (8 μM) for 24 h. FK9, FFKIKKWLK; Chl-FK9, Chl-FFKIKKWLK; Ada-FK9,  
Ada-FFKIKKWLK; Nap-FK9, Nap-FFKIKKWLK; Oct-FK9, Oct-FFKIKKWLK; Iso-FK9,  

Iso-FFKIKKWLK. The data are presented as mean ± s.d. (n = 3). c, The membrane 
integrity of MRSA was measured via NPN uptake assay. The data are presented 
as mean ± s.d. (n = 6). d, Representative results of MD simulations to show 
the interactions between Bip-FK9, FK9 and Nap-FK9 with the lipid bilayer, 
respectively. Different time points indicate the beginning stage, the membrane 
approach, the membrane penetration and the equilibrium stage, respectively. 
The lipid bilayer was constructed by PC:PG (7:3). e, Calculated distance between 
the centroid of peptides and the lipid bilayer at an equilibrium stage in MD 
simulations. f, Representative configurations of peptides and the bilayer 
at an equilibrium stage in MD simulations. g, Cavity volume on lipid bilayer 
generated by the membrane insertion of peptides at an equilibrium stage in MD 
simulations. Statistical significance in b was determined using an unpaired,  
two-tailed Student’s t-test.
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Fig. 2 | Characterization of Bip-FK9 and its bactericidal activity in vitro. a, CD 
spectra of Bip-FF, K7 and Bip-FK9. b, The Cryo-EM image of Bip-FK9 (128 µM) in 
the PBS buffer. Scale bar, 100 nm. c, Time-dependent growth curves of MRSA 
treated with different peptides (32 μM). The data are presented as mean ± s.d. 
(n = 3). d, The viability of MRSA biofilm treated with the peptides for 4 h. e, The 
FE-SEM images of MRSA biofilm under the treatment of Bip-FF, K7 and Bip-FK9. 
Scale bar, 1 μm. f, The laser confocal fluorescence microscopy images of MRSA 
biofilm under the treatment of Bip-FF, K7 and Bip-FK9. Live bacteria are stained 
with SYTO9 (green), and dead bacteria are stained with PI (red). Scale bar, 160 μm.  
g, Resistance-acquisition studies of MRSA subjected to Bip-FK9 and Cip 
treatment at the concentration of sub-MIC (1/2×). h, Schematic illustration 
showing that Bip-FK9 could kill the MRSA, and the treated MRSA subsequently 
exerted antibacterial activity, then intensively triggered substantial bacterial 
death. Bip-FK9 could be recycled to kill a new batch of MRSA. Step 1, MRSA were 
mixed with Bip-FK9 solution (pH = 7.4) in a 1.5 ml EP tube; step 2, centrifuge the 
EP tube and remove the supernatant; step 3, a new batch of MRSA solution was 
added to the EP tube; step 4, resuspend MRSA precipitation with water (pH = 4) in 
a 1.5 ml EP tube for dissolving Bip-FK9 on the surface of MRSA; step 5,  

centrifuge the EP tube and collect the supernatant; step 6, adjust the pH of the 
supernatant to 7.4, and then live MRSA resuspended with the supernatant. i, The 
viability of planktonic MRSA (1 × 108 CFU ml−1) incubated with Bip-FK9 at the 
concentration of 128 μM. After the co-incubation, a 10 μl mixture was used for 
CFU quantification via the spread plate method. j, Viability of planktonic MRSA 
incubated with Bip-FK9-MRSA for 8 h. After Bip-FK9 killed the MRSA, the MRSA 
with Bip-FK9 nanofibres was named Bip-FK9-MRSA. The corresponding LB agar 
plates are shown on the right. Bip-FK9 nanofibres on the MRSA can kill a new 
batch of MRSA. k, Antibacterial studies of recyclable Bip-FK9. Bip-FK9-MRSA 
was dissolved in water (pH = 4) and centrifuged to remove MRSA. The pH of 
the supernatant was adjusted to 7.4. Next, the supernatant containing Bip-FK9 
was incubated with MRSA for 8 h, resulting in high antibacterial efficiency. The 
corresponding LB agar plates are shown on the right. l, Colony-forming units 
(CFU ml−1) of MRSA treated with Van or Bip-FK9 at different concentrations, 
respectively. The data are presented as mean ± s.d. (n = 3). Statistical significance 
in d and i–k was determined using an unpaired, two-tailed Student’s t-test, and 
individual data are presented as mean ± s.d. (n = 3).
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reduced the MRSA concentration to the limit of detection within 60 min, 
whereas Melittin required 5 min, OP-145 took 30 min, and Pexiganan 
acetate and Ovispirin each took 60 min to achieve the same reduction. 
Next, we evaluated the toxicity of these peptides against A549 cells. 
Bip-FK9 maintained over 90% cell viability, whereas Melittin and Ovispi-
rin exhibited less than 30% cell viability. Pexiganan acetate and OP-145 
showed intermediate cell viability, ranging between 50% and 80%. 
These results indicated that, while maintaining good biocompatibility, 
Bip-FK9 exhibited faster antibacterial activity than the classical AMPs. 
In addition, we also compared the antimicrobial activity of Bip-FK9 
and Van (bacteriostat). Bip-FK9 at a series of concentrations and Van 
at a series of concentrations were mixed with MRSA (1 × 108 CFU ml−1), 
respectively, and co-incubated for 18 h (Fig. 2l). Our results indicated 
that Bip-FK9 at a concentration of 128 μM reduced the MRSA concentra-
tion to the limit of detection, whereas Van required a concentration of 
512 μM to achieve the same reduction. The concentration of Bip-FK9 
was lower when it achieved the same antibacterial effect as Van. These 
results demonstrated that Bip-FK9 had excellent antibacterial activity.

The antibacterial mechanism of Bip-FK9
First, we used a cryo-electron microscope (Cryo-EM) to investigate 
the morphological changes in MRSA before and after incubation with 
Bip-FK9 (Fig. 3a,b). The untreated MRSA and the MRSA treated with 
two peptides (Bip-FF and K7) exhibited smooth surfaces. By contrast, 
Bip-FK9 formed tiny nanofibres on the surface of MRSA, which gradu-
ally became more numerous and elongated over time. This bacterial 
phenotype may suggest that short Bip-FK9 nanofibres can closely 
interact with the membrane through hydrophobic interactions and 
then self-assemble to form long nanofibres on the cell surface. The 
long Bip-FK9 nanofibres can also directly interact with the bacterial 
membrane. Next, we evaluated membrane integrity and the metabo-
lism of bacteria treated with peptides. We found that the PI fluores-
cence intensity of MRSA under the treatment of Bip-FK9 increased. 
The ATP level of MRSA treated with Bip-FK9 decreased (Fig. 3c and 
Extended Data Fig. 2h). We also evaluated the survival status of MRSA 
treated with the Bip-FK9 and found that 99.9998% of MRSA was killed 
by Bip-FK9 at 10 min (Extended Data Fig. 2i). These results suggested 
that the nanofibres on the cell surface could change the integrity of cell 
membrane, affect bacterial metabolism and contribute to MRSA death. 
In addition, we used the reactive oxygen species (ROS) probe DCFH-DA 
to assess ROS levels in MRSA (Extended Data Fig. 2j). Compared with 
the control group, the fluorescence intensity of the ROS probe in the 
Bip-FK9 group increased by approximately twofold, indicating that 
Bip-FK9 elevated ROS levels in MRSA, thereby further exacerbating 
bacterial membrane damage45.

Next, we focused on the efficacy of Bip-FK9 on the bacterial 
membrane. Membrane potential45 (Fig. 3d) measurement by DiSC3(5) 
showed that Bip-FK9 thoroughly depolarized the bacterial membrane 
after co-incubation with MRSA, suggesting that the nanofibres formed 
by Bip-FK9 affected the membrane potential. We also constructed 
simplified S. aureus membranes by formulating liposomal nanopar-
ticles (LNPs) to study the interactions between Bip-FK9 and bacterial 
membranes46,47 (Fig. 3e and Extended Data Fig. 3a). The zeta-potential 
results indicated that the interaction involved electrostatic interactions 
(Fig. 3f and Extended Data Fig. 3b). After the addition of Bip-FK9, the 
strong interaction between LNPs and Bip-FK9 resulted in dehydration, 
aggregation and precipitation of LNPs48 (Extended Data Fig. 3c,d), 
which caused the characteristic peaks of the CD spectrum in the 
LNPs + Bip-FK9 group to disappear (Fig. 3g). The transmission elec-
tron microscopy (TEM) images showed that the structure of LNPs was 
destroyed, clumped together and surrounded by Bip-FK9 nanofibres 
(Extended Data Fig. 3e). These results demonstrated that Bip-FK9 
could interact with LNPs.

The addition of bacterial wall components (lipoteichoic acid 
(LTA) and peptidoglycan (PepGly))49 did not abolish the activity of 

Bip-FK9 against MRSA (Fig. 3h), suggesting that the antibacterial activ-
ity of Bip-FK9 was not due to the interaction between Bip-FK9 and 
bacterial wall components. However, among the main components 
(lysylphosphatidylglycerol (Lysyl-PG), cardiolipin (CL), phosphatidic 
acid (PA) and PG) of the bacterial membrane50, the addition of PG nota-
bly improved the survival rate of bacteria as the treatment of Bip-FK9 
(Fig. 3i,j), suggesting that Bip-FK9 cannot bind to PG on the bacterial 
membrane after binding to free PG in solution, resulting in decreased 
antibacterial activity of Bip-FK9. PG was the main target of Bip-FK9. 
Isothermal titration calorimetry (ITC) experiments showed that the dis-
sociation constant (KD) of Bip-FK9 and PG was 8.49 × 10−2 µM (Fig. 3k), 
suggesting a high binding affinity between them.

To further demonstrate the interaction between Bip-FK9 and PG, 
NMR experiments were performed using fluoro-modified Bip-FK9 
(BipF-FK9). Transverse relaxation (T2) of peptide dropped from 
1788.12 ms to 74.32 ms in 19F spectrum in the presence of PG (Fig. 3l), 
indicating that BipF-FK9 binding to PG resulted in greater molecular 
weight and slower molecular movement. By comparing the intra
molecular 1H–1H NOESY correlation spectra of BipF-FK9 (Fig. 3m), 
several NOE cross-peaks correlating BipF-FK9 with PG can be observed 
(Fig. 3n). The increased intermolecular NOE signals support the prox-
imity of BipF-FK9 and PG molecules. Specifically, the proton neigh-
bouring alkenyl and CH2 protons in dioleoyl of PG had NOE effects with 
the biphenyl proton of BipF-FK9, suggesting the interaction between 
biphenyl of BipF-FK9 and dioleoyl of PG.

Dynamic insertion of the Bip-FK9 nanofibres on bacterial 
membrane
To deeply understand how Bip-FK9 could fiberize and embed into 
bacterial membrane, MD simulation was applied to elucidate the 
molecular interaction between nanofibres and lipid bilayer. First, 
the fast, stable assembling process of Bip-FK9 nanofibres was simu-
lated (Extended Data Fig. 4a–c). MD simulations showed that Bip-FK9 
self-assembled to form stable assemblies after 10 ns (Fig. 4a). The 
root-mean-square deviation (RMSD) of the system was stable at about 
4 nm and fluctuated in the range of 1 nm. The complex tended to be 
stable in the solvent system, which was consistent with the results 
of root-mean-square fluctuation (RMSF) analysis (Fig. 4b,c). Snap-
shots at different time points suggested that Bip-FK9 underwent 
structural adjustment, migration and gradual self-aggregation and 
reached a stable equilibrium state without dissociation (Supplemen-
tary Video 8). Bip-FK9 molecules assembled each other and formed 
nanofibres through hydrogen bond interactions and π–π stacking 
(Extended Data Fig. 4d). The conformational snapshots revealed the 
stability of nanofibres, which was consistent with the results of the 
two-dimensional (2D) density of the system during the kinetic simula-
tion (Supplementary Fig. 2). At 0 ns, Bip-FK9 molecules were dispersed 
in water, maintaining distance from one another. As the simulation 
progressed, the hydrophobic portion (Bip-FF) of Bip-FK9 repelled 
water molecules owing to hydrophobic interactions, causing the pep-
tides to move closer together. This led to the formation of hydrogen 
bonds between Bip-FK9 molecules, which gradually increased and 
ultimately stabilized (Fig. 4d). Conversely, the number of hydrogen 
bonds between Bip-FK9 and water molecules decreased over time, 
reflecting a reduced binding surface area for interaction with water as 
the peptides assembled into nanofibres (Fig. 4e). The solvent-accessible 
surface area (SASA) of the whole system gradually declined and finally 
reached a steady state (Fig. 4f). Bip-FK9 nanofibres formed and sta-
bilized. These kinetic simulation results indicated that assemblies of 
Bip-FK9 could form rapidly and remain stable in an aqueous solution.

Stepping on the findings above, we moved to the next stage 
of exploring the specific mechanism facilitating the interaction 
between nanofibres and bacterial membrane. The stable insertion 
process of the Bip-FK9 nanofibre into the membrane was simulated 
(Extended Data Fig. 4e–g). MD simulations showed that the nanofibres 
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of Bip-FK9 were gradually inserted into the membrane to maintain 
stable conformation without dissociation (Fig. 4g and Supplemen-
tary Video 9). After interacting with the membrane, the nanofibres 
underwent structural adjustment to reach a penetrating state (Fig. 4h). 

Figure 4i shows that the hydrogen bond interaction and hydrophobic 
interaction between the Bip-FK9 molecules in the nanofibres and PG 
molecules in phospholipid layers were formed in the Bip-FK9-BM 
system at 50 ns. During the simulation (Fig. 4j), the nanofibres were 
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f, Zeta potential of LNPs, Bip-FK9 and the mixture of LNPs and Bip-FK9. g, CD 

spectra of LNPs, Bip-FK9 and the mixture of LNPs and Bip-FK9. h,i, Changes 
in bacterial concentrations after the treatment of Bip-FK9 in the presence of 
different bacterial wall components (h) and bacterial membrane components 
(i). Individual data are presented as mean ± s.d. (n = 3). j, Changes in bacterial 
concentrations after the treatment of Bip-FK9 in the presence of PG at different 
concentrations. Individual data are presented as mean ± s.d. (n = 3). k, The ITC 
analysis of the interaction between Bip-FK9 and PG. The dissociation constant 
KD values of Bip-FK9 to PG was 8.49 × 10−8 M. l, 19F spectra of BipF-FK9 and BipF-
FK9-PG. m, The NOESY spectrum of BipF-FK9. n, The NOESY spectrum of BipF-
FK9-PG. Statistical analysis in c, d and h–j was determined using an unpaired, 
two-tailed Student’s t-test. NS, not significant.
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gradually inserted into one side of the phospholipid bilayer and 
remained stable until the distance between them approached 0.1 nm. 
The flexibility test demonstrated that the nanofibre formed a tight 
attachment to the phospholipid bilayer, as the final RMSF maintained 
a value smaller than 0.4 nm (Fig. 4k). The stabilization of the hydrogen 
bond quantity at approximately 50,000 ps supported the conclusion 
that the nanofibres exhibited strong hydrogen bond interactions with 
the membrane via gradual infiltration, thereby ensuring their stabil-
ity on the membrane surface (Fig. 4l). The SASA of the phospholipid 
bilayer and the Bip-FK9 nanofibres gradually decreased and eventu-
ally reached a steady state, producing similar results (Fig. 4m). These 

results suggested that the peptide nanofibres were unable to dissociate 
from the membrane.

In vitro biocompatibility of Bip-FK9 and the mechanism of 
action of Bip-FK9 on mammalian cell
Before investigating the antibacterial activity of Bip-FK9 in treating 
infections in animals, the cytotoxicity of Bip-FK9 towards two mamma-
lian cells was evaluated51 (Extended Data Fig. 5a). The results indicated 
that the peptides had no apparent cytotoxicity to A549 cells (lung carci-
noma epithelial cell line) or RAW 264.7 cells (mouse macrophages). Hae-
molysis tests (Extended Data Fig. 5b) showed that the haemolytic rate of 
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of hydrogen bonds between peptide molecules and water (e) are shown here. 

f, The SASA of Bip-FK9 in self-assembly processes. g, RMSD of the Bip-FK9-BM 
model to assess their stability in the MD simulation (50 ns) process. h, MD 
simulation results of the dynamic conformation changes of Bip-FK9 nanofibres 
on the bacterial membrane surface at 0 ns, 10 ns, 20 ns, 30 ns, 40 ns and 50 ns. 
i, Magnified view of the conformation of the interaction between the Bip-FK9 
nanofibre and the phospholipid bilayer in the Bip-FK9-BM system at 50 ns. 
Hydrophobic interaction (yellow dots); hydrogen bond interaction (purple dots); 
PG molecules (greyness). j, Distance between Bip-FK9 nanofibres and the lipid 
bilayer in the MD simulation. k, RMSF of residues of the Bip-FK9-BM system.  
l, Hydrogen bonds between Bip-FK9 nanofibres and the lipid bilayer. m, SASA of 
the Bip-FK9-BM system in the MD simulation.
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red blood cells induced by Bip-FK9 was less than 5% at the concentration 
of 320 μM, 40-fold larger than the MIC of MRSA. Next, to investigate 
the effects of Bip-FK9 on the A549 cell membrane, we used confocal 
laser scanning microscopes (CLSM) to observe the integrity of the cell 
membrane by staining the cell membrane with a commercial tracker 
(Extended Data Fig. 5c). Notably, the cells treated with 0.1% Triton X-100 
exhibited membrane damage, allowing BOBO 3-Iodide to enter the cells 
and stain nucleic acids. By contrast, A549 cells treated with Bip-FK9 
showed intact membranes, preventing BOBO 3-Iodide from entering 
and staining nucleic acids. The mammalian cell membrane is predomi-
nantly composed of cholesterol and phospholipids. The representative 
phospholipid components of the mammalian plasma membrane52 and 
the S. aureus membrane50 are shown in Extended Data Fig. 5d. We mixed 
these mammalian cell membrane components with MRSA, followed 
by the addition of Bip-FK9 (Extended Data Fig. 5e). The results showed 
that PS had no antibacterial activity. However, when PS was included 
in the mixture containing MRSA and Bip-FK9, the concentration of 
MRSA in the Bip-FK9 + PS group increased approximately 100-fold 
compared with the Bip-FK9-only treated group. PS could inhibit the 
antibacterial activity of Bip-FK9, which indicated that PS can interact 
with Bip-FK9. We measured the dissociation constants of Bip-FK9 for 
PS and PG using an ITC instrument (Fig. 3k, Extended Data Fig. 5f and 
Supplementary Fig. 3). The results indicated a stronger binding affinity 
of Bip-FK9 for PG compared with PS. Furthermore, PS is rarely present 
on the surface of mammalian cells, primarily residing in the inner leaflet 
of the plasma membrane53. In exceptional cases, such as apoptosis 
and internalization of the virus, PS was translocated from the inner 
leaflet of the plasma membranes to the outer leaflet of the plasma 
membranes and finally exposed to the surface of mammalian cells. 
Therefore, Bip-FK9 could not target the PS in the normal plasma mem-
branes. TEM was used to observe the morphology of A549 cells treated 
with Bip-FK9 (Extended Data Fig. 5g). The TEM images confirmed that 
Bip-FK9 did not destroy the integrity of the A549 cell membranes.

Biosafety in vivo and biodistribution
To test the biosafety of Bip-FK9 in mice, we treated the mice with 
Bip-FK9 twice a day by nebulization for 7 consecutive days. No notable 
body weight loss was observed (Fig. 5a). Bronchoalveolar lavage fluid 
(BALF) was extracted from mouse lungs to analyse cytokines and cell 
sorting (Fig. 5b,c and Extended Data Fig. 6a). There were no changes in 
the production of cytokines (tumour necrosis factor (TNF)-α, interleu-
kin (IL)-6, IL-12, IL-4 and IL-10) of BALF in the Bip-FK9 group compared 
with that in the 0.9% saline group. In vitro macrophage polarization 
assay also suggested that Bip-FK9 did not change the polarity of mac-
rophages (Extended Data Fig. 6b–d). In addition, we observed no 
increase in allergy markers (IgE and IgG) (Extended Data Fig. 6e,f), 
indicating that Bip-FK9 had low immunogenicity. Finally, haema-
toxylin and eosin (H&E) staining images of major organs (Fig. 5d and 

Extended Data Fig. 6g) also showed no abnormal or pathological signs 
in the heart, spleen, lung, liver or kidney after continuous inhalation 
of Bip-FK9.

First, we evaluated the stability of Bip-FK9 in mouse lung tissue 
and mouse plasma, respectively (Fig. 5e and Extended Data Fig. 6h). 
At 0.5 h post-administration, approximately 82.37% of the Bip-FK9 
was detected in the lungs. Even at 8 h after administration, 15.01% of 
Bip-FK9 remained in the lung tissue. At 1 h after Bip-FK9 was added to 
the plasma, approximately 87.77% of the Bip-FK9 was detected. Even 
at 8 h after the addition of Bip-FK9, 41.30% of Bip-FK9 remained in 
the plasma. These results indicated that Bip-FK9 had good stability 
in mouse lung tissue and mouse plasma. To investigate the distribu-
tion of Bip-FK9 in mouse lungs, Cy5.5 (Cyanine-5.5) labelled Bip-FK9 
(Bip-FK9-Cy5.5) was administered to the lung by nebulization for 
15 min. The results indicated that Bip-FK9-Cy5.5 specifically accumu-
lated in lung tissue for 1 h (Fig. 5f and Extended Data Fig. 6i). At 4 h after 
the nebulization, the red fluorescence of Bip-FK9-Cy5.5 in the lung was 
still observed, indicating that the residence time of Bip-FK9 in the lung 
was sufficient to kill bacteria. CLSM images of the lung tissue (Fig. 5g) 
showed that the Bip-FK9-Cy5.5 accumulated on airway epithelium and 
alveolar epithelium for at least 1 h after inhalation. Together, these 
results suggested that Bip-FK9 had good biocompatibility, good stabil-
ity and long residence in lung tissue, ensuring its further antibacterial 
activity without side effects.

In vivo anti-infective activity of Bip-FK9 on lethal MRSA 
infective model
To investigate the in vivo antibacterial activity of Bip-FK9, we estab-
lished a mouse model with lethal pneumonia infection and treated 
these mice with the peptides through nebulization54. Before this exper-
iment, we assessed the antibacterial activity of Bip-FK9 in artificial 
mucus in vitro and examined the morphology of nebulized Bip-FK9 
(Extended Data Fig. 7a,b). Compared with the control group, the con-
centration of MRSA in the Bip-FK9 group was reduced by approximately 
10,000 times, indicating that Bip-FK9 maintained strong antibacterial 
efficacy in artificial mucus. In addition, the Cryo-EM image revealed 
that Bip-FK9 retained its nanofibre morphology after nebulization. 
Figure 5h,i illustrates the processes of MRSA-induced pneumonia and 
the treatment with Bip-FK9. To evaluate the ability of Bip-FK9 to clear 
MRSA from mouse lungs, lung tissues were collected from the 0.9% 
saline, Bip-FF, K7, Van and Bip-FK9 groups on days 2, 4, and 6. The tissues 
were placed into 5 ml EP tubes containing 2 ml of 0.9% saline. Following 
homogenization, the diluted suspensions from each group were spread 
onto Luria-Bertani (LB) agar plates (Fig. 5j and Supplementary Figs. 4 
and 5). On day 2, the number of MRSA in the Bip-FK9 treatment group 
was approximately 1,600 times lower than that in the normal saline 
group, and roughly 50 times lower than that in the Van treatment group. 
By day 4, MRSA levels in the Bip-FK9 group decreased to the detection 

Fig. 5 | Biosafety evaluation of Bip-FK9 in vivo and anti-infective activity of 
Bip-FK9 on lethal MRSA infective model in vivo. a, Body weight changes of 
mice that received nebulization of Bip-FK9 twice daily for 7 consecutive days. 
Individual data are presented as mean ± s.d. (n = 6). b,c, Th1 (b) and Th2 (c) 
cytokines profile in the BALF from the healthy mice and the mice that received 
7-day consecutive Bip-FK9 nebulization. Individual data are presented as 
mean ± s.d. (n = 6). d, Representative H&E images of lung after treatment with 
Bip-FK9. Scale bar, 100 μm. e, The stability of Bip-FK9 in mouse lung tissue. 
Individual data are presented as mean ± s.d. (n = 5). f, Distribution of fluorescent 
Bip-FK9-Cy5.5 in different organs after nebulization for 1 h or 4 h (n = 4). From 
top to bottom: liver, spleen, heart, kidney and lung. g, Representative laser 
confocal scanning microscope images demonstrating pulmonary distribution 
mediated by Bip-FK9 labelled Cy-5.5 (red). Nuclei were stained with DAPI (blue). 
Scale bar, 100 μm. h, Schematic illustration of the nebulization therapy to treat 
MRSA-infected pneumonia. i, Timeline for antibacterial activity of peptides in 
the mouse model. j, The MRSA concentration in the lung tissues of the infected 
mice on day 2, day 4 and day 6, respectively. Individual data are presented as 

mean ± s.d. (n = 5). k, The survival curves of mice bearing pneumonia treated 
with Bip-FK9 or others. The 0.9% saline group (n = 10), the Bip-FF group (n = 11), 
the K7 group (n = 12), the Van group (n = 13) and the Bip-FK9 group (n = 12). l, H&E 
images of the mouse lungs to show the repair and deterioration of lung tissue 
over time (n = 9, representative images are shown). The healthy group, the 0.9% 
saline group on day 2 and day 4, the Van group on day 10 and the Bip-FK9 on day 
10 are shown here. Scale bar, 100 μm. Scale bar in the magnified view, 40 μm. 
m, Mean linear intercept quantification of the H&E images of the mouse lungs 
in the healthy group, the Van group on day 10 and the Bip-FK9 group on day 10. 
Each dot represents data from one 10× field. Individual data are presented as 
mean ± s.d. (n = 15). n, Quantification of CD68 positive macrophages from lung 
sections. The numbers of positive cells in alveolar sites were quantified from 9 
randomly chosen areas (10× field) per section using the software QuPath v0.2.0. 
At least one section per lung. Individual data are presented as mean ± s.d. (n = 3). 
Statistical analysis in b, c, m and n was performed using a two-tailed Student’s 
t-test. Statistical analysis in j was performed using the Mann–Whitney test.
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limit, whereas approximately 10,000 CFU ml−1 of MRSA remained in 
Van treatment groups. The survival rate of mice treated with Bip-FK9 
was 84% on day 10, whereas all mice treated with 0.9% saline and K7 had 
died by the same time point (Fig. 5k). In comparison, 46% of those in the 
Van treatment group remained alive on day 10. These results suggested 

that Bip-FK9 can eliminate MRSA in mouse lungs and reduce the degree 
of infection in treating fatal pneumonia.

Histopathological observation showed that a substantial number 
of inflammatory cells infiltrated the alveoli of the saline group (Fig. 5l 
and Extended Data Fig. 7c). The alveoli in the saline group began to fuse, 
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and the tracheal wall began to thicken on day 2. On day 4, there were 
almost no intact alveoli in the lung tissue of the mice, and the immune 
cells filled in the alveoli, eventually leading to the death of mice in 
the saline group. By contrast, the lungs of mice treated with Bip-FK9 
appeared to have few inflammatory cells infiltrating the alveoli on day 
4, indicating that the lung tissue was beginning to recover. On day 10, 
the Van group exhibited a slightly higher number of inflammatory cells 
in the lung stroma compared with the healthy group and the Bip-FK9 
group. By contrast, the Bip-FK9 group showed lung inflammatory cell 
levels comparable to those of the healthy group. The pulmonary mean 
linear intercept in the Bip-FK9 group was comparable to that of the 
healthy group (Fig. 5m). These findings indicated that the degree of 
recovery in mice treated with Bip-FK9 was greater than that observed 
in the Van group. To further evaluate the difference in the degree of 
lung recovery between the antibiotic (Van) and the Bip-FK9 groups, 
we labelled macrophages in lungs with CD68 antibody (Fig. 5n and 
Supplementary Fig. 6) and performed a quantitative analysis. For the 
Bip-FK9 group, we compared the infiltration of macrophages in lung 
tissue on different days. We found a substantial decrease in lung mac-
rophages on day 10 of Bip-FK9 treatment compared with that on day 
2 (P = 0.0001, n = 3). Compared with the Van group on day 10, the lung 
macrophages in the Bip-FK9 group were fewer on day 10 (P = 0.0045, 
n = 3). These results indicated that Bip-FK9 treatment enabled lung 
function in mice to return to normal levels rapidly.

Conclusion
By rationally designing the antimicrobial consisting of a membrane- 
anchor motif, a self-assembly linker and a cationic minimalistic peptide 
truncated from the natural reservoir, we demonstrated the universality 
of the design principles and verified its activity against a broad spec-
trum of bacteria (Table 1).

We report an antimicrobial, Bip-FK9, for combating multidrug- 
resistant bacteria without inducing acquired drug resistance. Cryo-EM 
and MD simulations revealed the formation of nanofibres on the cell 
surface to induce bacterial death. Haemolysis and in vivo biosafety 
experiments suggested that Bip-FK9 had a large therapeutic win-
dow to protect against bacterial infections. Moreover, the designed 
peptide in this work exhibited excellent antibacterial efficiency and 
improved mouse survival rates after MRSA-induced lung infection in 
a mouse model without causing notable toxicity to major organs. We 
acknowledge that the cell wall barrier of MRSA partially hinders Bip-FK9 
from binding to PG on the bacterial membrane, thereby reducing its 
antibacterial activity to some extent. Nevertheless, this study, includ-
ing in vitro and in vivo antibacterial experiments as well as biosafety 

assessments, demonstrates that Bip-FK9 still remains a promising 
candidate as an effective antibacterial agent. Bip-FK9 shows promise in 
killing bacterial populations, making it a candidate for treating condi-
tions such as suppurative arthritis, acute pneumonia and intervertebral  
infections.

Methods
Materials
NPN, Cip, 3,3-dipropylthiadicarbocyanine iodide DiSC3(5), trifluoro-
acetic acid (TFA), 1,2-distearoyl-sn-glycero-3-phosphate (sodium salt) 
(PA), CL and Van were bought from Aladdin. Rhodamine 6G and dieth-
ylenetriamine pentaacetic acid (DTPA) were purchased from Macklin. 
1,2-Dioleoyl-sn-glycero-3-phosphocholine (PC), 1,2-dioleoyl-sn-glycero-
3-phospho-(1′-rac-glycerol) (PG), sphingomyelin (SM), cholesterol 
(Cho), 1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine (PS) and 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine (PE) were obtained 
from AVT (Shanghai) Pharmaceutical Tech. Mucin was purchased 
from Leyan. N,N-diisopropylethylamine (DIPEA), LTA, PepGly and 
1,2-dioleoyl-sn-glycero-3-[phospho-rac-(3-lysyl(1-glycerol))] (Lysyl-PG) 
were obtained from Merck KGaA. Phosphatidylinositol (PI) was pur-
chased from Beijing Unique Biotechnology. Amino acids protected by 
Fmoc and O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 
hexafluophosphate (HBTU) were purchased from GL Biochem. 
2-Chlorotrityl chloride resin was provided by Tianjin Nankai Hecheng 
Sci&Tech. 3-Chlorophenylacetic acid (Chl), 4-biphenylacetic acid (Bip),  
2-naphthaleneacetic acid (Nap), 1-adamantaneacetic acid (Ada), 
n-octanoic acid (Oct) and 2-(4-isopropylphenyl)acetic acid (Iso) were 
bought from Aladdin. Peptides were synthesized by standard solid-phase 
peptide synthesis (SPPS)55,56. Magainin II (GIGKFLHSAKKFGKAFVGEIMNS), 
Melittin (GIGAVLKVLTTGLPALISWIKRKRQQ) and Ovispirin (KNLRRI-
IRKIIHIIKKYG) were purchased from the GL Biochem. Pexiganan acetate 
(GIGKFLKKAKKFGKAFVKILKK), Omiganan (ILRWPWWPWRRK), OP-145 
(IGKEFKRIVERIKRFLRELVRPLR) and Ghrelin (GSSFLSPEHQRVQQRKESK-
KPPAKLQPR) were purchased from the Nanjing TGpeptide.

Cryo-EM experiments of Bip-FK9
The morphology of the peptide was observed by Cryo-EM 
(CRYO-EM001, Thermo Fisher). The Bip-FK9 (128 μM), K7 (128 μM) 
and Bip-FF (128 μM) were prepared in PBS buffer (pH 7.4), respectively, 
and then rested for 12 h. Moreover, Bip-FK9 solution at a concentration 
of 128 μM was added to a mouse nebulizer (KW-DM-YWH, NJKEW Bio-
technology). Then, the nebulized solution was collected. These solu-
tions (5 μl) were transferred to electron microscopy grids. The grids 
were placed into a cryo-holder and visualized using a 200 kV Cryo-EM.

Table 1 | The antimicrobial activities of peptides designed based on this work principles

Sequence S. aureus S. aureus S. epidermidis E. coli E. coli P. aeruginosa K. pneumoniae E. cancerogenus S. typhimurium E. faecalis

USA 300 ATCC 
43300

ATCC 12228 ATCC 
25922

BNCC 
186732

ATCC 27835 ATCC 13883 ATCC 35317 BNCC 1344 ATCC 
29212

KIKKWLK >512 >512 >512 >512 >512 >512 >512 >512 >512 >512

Bip-FFKIKKWLK 8 8 8 16 16 8 64 32 8 32

KWKLFKK >512 >512 >512 >512 >512 >512 >512 >512 >512 >512

Bip-FFKWKLFKK 8 32 128 8 16 32 128 32 32 32

LKRVWKR >512 >512 >512 >512 >512 >512 >512 >512 >512 >512

Bip-FFLKRVWKR 32 16 16 16 16 64 32 32 128 128

RLKKWIQ >512 >512 >512 >512 >512 >512 >512 >512 >512 >512

Bip-FFRLKKWIQ 32 32 8 32 32 64 >128 32 32 32

KLLKRYWR >128 >128 >512 256 >128 256 >512 >512 256 >512

Bip-FFKLLKRYWR 8 8 4 8 8 16 16 8 8 16

The MIC (μM) values of these peptides against the different strains, including Staphylococcus aureus (S. aureus), Staphylococcus epidermidis (S. epidermidis), Escherichia coli (E. coli), 
Pseudomonas aeruginosa (P. aeruginosa), Enterobacter cancerogenus (E. cancerogenus), Klebsiella pneumoniae (K. pneumoniae), Salmonella typhimurium (S. typhimurium) and Enterococcus 
faecalis (E. faecalis) strain.

http://www.nature.com/natbiomedeng


Nature Biomedical Engineering

Article https://doi.org/10.1038/s41551-026-01680-0

Bacterial strains
Methicillin-resistant Staphylococcus aureus USA 300 (MRSA), Entero-
coccus faecalis ATCC 29212, methicillin-resistant Staphylococcus aureus 
ATCC 43300, Pseudomonas aeruginosa ATCC 27835, Escherichia coli 
ATCC 25922 and Klebsiella pneumoniae ATCC 13883 were provided 
by Hangzhou Biosci Biotechnology. Salmonella typhimurium BNCC 
1344, Staphylococcus epidermidis ATCC 12228, multidrug-resistant 
Escherichia coli BNCC 186732 and Enterobacter cancerogenus ATCC 
35317 were purchased from Beijing Beina Chuanglian Biotechnology 
Institute. Here methicillin-resistant Staphylococcus aureus USA 300 
(MRSA) was used for further analysis.

MIC and MBC determinations
According to the Clinical and Laboratory Standards Institute (CLSI) 
recommendations57,58, the standard broth micro-dilution was used 
to determine the MICs and MBCs of peptides. In brief, 100 μl of the 
mid-logarithmic growth-phase bacteria at the concentration of 
1 × 106 CFU ml−1 were added to the 96-well plates. Then, 100 μl of serial 
2-fold dilution of peptides at concentrations from 1,024 μM to 1 μM was 
added to the 96-well plates. The plates were placed into an incubator 
and incubated for 20 h. After the incubation, the MICs were obtained 
by observing the no visible growth in wells of the lowest peptide con-
centration group. In addition, 10 μl of cultures from each well were 
spread on solid LB agar plates after the incubation. Then, the plates 
were incubated at 37 °C for 24 h. MBCs were determined based on the 
plates of the lowest peptide concentration group without bacterial 
colony growth. The MIC and MBC experiments were performed three 
times independently.

In vitro antibacterial activity experiment
A mid-logarithmic growth-phase MRSA at 5 × 106 CFU ml−1 was prepared 
in LB medium and added to a 96-well plate at 180 μl well−1. Deionized 
water (20 μl) containing a serial concentration of Bip-FK9 (320 μM, 
160 μM, 80 μM and 40 μM) was added to the 96-well plate. The Bip-FF 
(320 μM) and K7 (320 μM) were also added to 96-well plates in the same 
method. The plates were incubated at 37 °C for 24 h, and the optical 
density of the plate at 600 nm (OD600) was measured by a Microplate 
Reader (Varioskan Lux, Thermo Fisher) every 2 h. At 8 h, 10 μl diluted 
solution from the control, Bip-FF (32 μM), K7 (32 μM) and Bip-FK9 
(32 μM) groups was spread on solid LB agar plates, and then the plates 
were incubated at 37 °C for 24 h. The number of colony-forming units 
(CFU) was considered to evaluate the viability of MRSA growth. The 
minimum detection was set as 100 CFU ml−1.

Antibacterial activity of Bip-FK9 compared with that of 
classical antibiotics (Van)
The stationary growth-phase MRSA at 1 × 108 CFU ml−1 in LB medium was 
added to a 96-well plate at 100 μl well−1. Serial 2-fold dilution (100 μl) of 
Van and Bip-FK9 at concentrations from 2,048 μM to 16 μM was added 
to the 96-well plates. The plates were placed into an incubator and 
incubated for 18 h. Diluted solution (10 μl) from each group was spread 
on solid LB agar plates, and the plates were placed in an incubator for 
24 h at 37 °C. The MRSA CFUs on the plates were counted to determine 
the bacterial concentration in each well.

Evaluation of the anti-biofilm ability of peptide
A mid-logarithmic growth-phase MRSA at 5 × 106 CFU ml−1 was pre-
pared in LB medium and added to a 96-well plate at 200 μl well−1. The 
plates were incubated at 37 °C for 48 h. The LB medium was changed 
every 12 h. After this process, the LB medium was aspirated from the 
96-well plate and washed with sterile PBS three times. The 96-well plate 
was added 200 μl of PBS containing Bip-FF (128 μM), K7 (128 μM) or 
Bip-FK9 (128 μM) and co-incubated at 37 °C for 4 h, respectively. The 
PBS contained nothing as the control group. A 10 μl pipette tip was used 
to scrape off the bacteria that formed the biofilm in the 96-well plate, 

and the plate was put in the ultrasonic machine for more than 1 min 
to distribute the bacteria in the solution. The 10 μl diluted solution of 
different groups was spread on solid LB agar plates, respectively. After 
co-incubation of MRSA biofilm and the peptides, the biofilm was fixed 
by 2.5% glutaraldehyde for 2 h and dehydrated with gradient ethanol 
solutions before being measured by an analytical field emission scan-
ning electron microscope (FE-SEM, GeminiSEM 450). After staining 
with a LIVE/DEAD BackLight bacterial viability kit (Invitrogen), CLSM 
(Zeiss LSM 800) detected the MRSA biofilm.

Resistance-acquisition experiment
Drug-resistance measurement of MRSA was tested by repeatedly treat-
ing MRSA with peptides and Cip at the sub-MIC concentration43,59, 
respectively. The MIC measurement of MRSA was conducted accord-
ing to instructions provided by the Clinical and Laboratory Standard 
Institute9,10. The next generation of MRSA was initiated by growing 
the MRSA suspension at a sub-MIC concentration, and another MIC 
measurement was conducted. After co-incubation for 20 h, the MRSA 
treated with a sub-MIC concentration of the Bip-FK9 or Cip was tested 
for MIC. The process will continue to reach 30 generations.

Rapid antimicrobial activity of Bip-FK9 compared with that of 
classical AMPs
The stationary growth-phase MRSA at 1 × 108 CFU ml−1 in PBS (360 μl) 
was added to 1.5 ml EP tubes. Deionized water (40 μl) containing Omi-
ganan (1.28 mM), Pexiganan acetate (1.28 mM), OP-145 (1.28 mM), 
Ghrelin (1.28 mM), Magainin II (1.28 mM), Ovispirin (1.28 mM), Melittin 
(1.28 mM) and Bip-FK9 (1.28 mM) were added into the tubes, respec-
tively. The tubes were put on a shaker at 37 °C for 2 h. At designated 
time points (1 min, 5 min, 10 min, 30 min, 60 min and 120 min), 10 μl 
diluted solution from each group was spread on solid LB agar plates, 
and the plates were placed in an incubator for 24 h at 37 °C. The MRSA 
CFUs on the plates were counted to determine the bacterial concentra-
tion in the tubes.

Cryo-EM experiments of MRSA treated with peptides  
(Bip-FF, K7 and Bip-FK9)
MRSA in the mid-logarithmic growth phase was washed with PBS  
3 times and diluted to 1 × 108 CFU ml−1. The bacterial suspension was 
co-cultured with the peptides for 8 h, and the final concentration of 
the peptide was 128 μM. During incubation, the bacterial mixtures 
were chosen to prepare Cryo-EM samples at 4 h and 8 h, respectively. 
The mixtures were fixed and transferred to electron microscopy grids. 
The grids were placed into a cryo-holder and visualized under a 200 kV 
Cryo-EM (CRYO-EM001, Thermo Fisher).

Propidium iodide (PI) staining of MRSA treated with peptides
PI, a red fluorescent dye that cannot penetrate intact cell membranes, 
can enter cells when their membrane is damaged, and stained them. 
MRSA in the mid-logarithmic growth phase was washed with PBS 3 times 
and diluted to 1 × 108 CFU ml−1. The bacterial suspension was co-cultured 
with Bip-FF, K7 and Bip-FK9 for 4 h and 8 h, respectively, and the final 
concentration of the peptides was 128 μM. Moreover, 1% Triton X-100 
was added to the bacterial suspension as the positive control. After 
the incubation, the PI dye was added to the bacterial suspension at the 
concentration of 2 μg ml−1. After the 20 min incubation, the PBS was used 
to wash the bacteria three times. Finally, the bacterial suspension was 
transferred to 96-well plates. The fluorescence intensity of PI (excitation 
wavelength (Ex), 535 nm; emission wavelength (Em), 620 nm) in each 
well was recorded using a microplate reader (Spark, Tecan).

Intracellular ATP level evaluation
The ATP level in bacteria was determined by the ATP Assay Kit (Beyo
time, catalogue number S0026). After MRSA was grown in the fresh  
LB media overnight, we used PBS to wash MRSA 3 times and diluted 
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it to a final concentration of 2 × 108 CFU ml−1. MRSA suspension 
(100 μl) was added to a 96-well plate including 100 μl peptides 
(256 μM) and co-incubated for 4 h. The mixture was washed with PBS 
three times. ATP levels in bacteria were measured according to the 
manufacturer’s instructions.

Dissociation constant measurement
The binding affinity of Bip-FK9 to PG and PS was evaluated by ITC 
(MicroCal PEAQ-ITC, Malvern Panalytical Limited), respectively. First, 
the lipids were made into liposomes using the extrusion techniques 
as previously reported. In brief, PS and PG were dissolved in chloro-
form (the total lipid concentration, 5 mM), respectively, and dried 
by N2 flows, followed by overnight lyophilization. The dry film was 
resuspended using HEPES (10 mM, pH 7.4) and homogenized through 
ultrasonication (15 min) to allow even dispersion. Subsequently, 
the suspension was extruded through a 0.1 µm pore polycarbonate 
membrane using an Avanti Mini Extruder (Alabaster) more than 20 
times. Bip-FK9 was dissolved in HEPES buffer (10 mM, pH 7.4) at a 
concentration of 50 μM, and PG was diluted in HEPES (10 mM, pH 7.4) 
to reach a concentration of 500 μM. Continuous injections of PG into 
the calorimetric cell filled with Bip-FK9 were repeated 19 times (equi-
libration intervals were 180 s). MicoCal PEAQ-ITC Analysis Software 
calculated thermodynamic parameters: the equilibrium dissociation 
constant (KD) = 84.9 nM. Moreover, Bip-FK9 was dissolved in HEPES 
buffer (10 mM, pH 7.4) at the concentration of 100 μM, and PS was 
diluted in HEPES (10 mM, pH 7.4) to reach a concentration of 500 μM. 
Continuous injections of PS into the calorimetric cell filled with Bip-FK9 
were repeated 19 times (equilibration intervals were 180 s). MicoCal 
PEAQ-ITC Analysis Software calculated thermodynamic parameters: 
the equilibrium dissociation constant (KD) = 415 nM.

NMR experiments
PG was dissolved in chloroform and dried by N2 flows, followed by 
overnight lyophilization. The dry film was resuspended using HEPES 
(10 mM, D2O). It was homogenated using an ultrasonic homogenizer 
( JY92-IIN, Ningbo Scientz Biotechnology) for 10 min under the power 
of 150 W to obtain a clear solution (2.56 mM). Bip-FK9 was dissolved in 
HEPES (10 mM, D2O) at a concentration of 2.56 mM. All spectra of the 
BipF-FK9 blended with PG were measured using a 600 MHz solution 
NMR spectrometer with cryo-probe (AVANCE NEO, Bruker BioSpin). 
For the 19F spectra, the 1H-decoupled 19F spectra were recorded with 128 
k data points, 1 s relaxation delay and 256 scans using the ‘zgig’ pulse 
sequence. Longitudinal relaxation time constants (T1) of 19F were meas-
ured using the standard ‘t1ir’ inversion recovery pulse sequence with 
16 delay times ranging from 0.0005 s to 16.384 s. Transverse relaxa-
tion time constants (T2) of 19F were measured using the conventional 
‘cpmg’ pulse sequence with a relaxation delay value of 7.5 s, an echo 
delay (τ) of 0.5 ms and 12 loop counter values varying from 5 to 10,000. 
Two-dimensional 1H–1H NOESY experiments were obtained by the 
‘noesyphpr’ pulse sequence with 150 ms mixing time. These 2D data 
were collected with 96 scans, 2,048 data points in the direct dimen-
sion and 256 increments in the indirect dimension. A relaxation delay 
of 1.5 s was used.

Cytocompatibility assay
About 104 human alveolar basal epithelial cells (A549) and mouse 
macrophages (RAW 264.7) were seeded in 96-well plates and incubated 
for 24 h, respectively. After discarding the medium, fresh medium 
containing different samples (128 μM) was added to the plates. After 
incubating for 72 h, we used an MTT assay to measure the cell viability.

TEM images of A549 cells under the treatment of Bip-FK9
First, A549 cells (1 × 106) were seeded in 6-well plates and incubated for 
24 h at 37 °C in a humidified atmosphere of 5% CO2. After incubation, 
the old medium was removed. The fresh medium containing Bip-FK9 

(128 μM) was added to the plates, respectively, and incubated for 4 h. 
The plates were washed with PBS three times. PBS (900 μl) mixed with 
100 μl of fetal bovine serum (FBS), which was added to the plates. 
Then, the A549 cells attached to the plates were gently scraped off and 
centrifuged. The supernatant was removed, and 2.5% glutaraldehyde 
was added to the plates. The cell suspension was transferred to 1.5 ml 
EP tubes. Under the guidelines of the Westlake Electron Microscopy 
Core Facility, the A549 cells were embedded and stained. A transmis-
sion electron microscope (Talos L120C G2) was used to observe the 
morphology of the treated cells.

Animals
All the animal experiments were performed under the guidelines of the 
Institutional Animal Care and Use Committee (IACUC) and the Westlake 
University Animal Care and Use Protocol (number 21-046-WHM) at 
Westlake University. Eight-week-old male BALB/c mice were purchased 
from Shanghai Slake Experimental Animal.

Biosafety evaluation in mice
To evaluate the potential pulmonary side effects caused by the Bip-FK9 
local treatment, 12 mice were randomly divided into 2 groups (n = 6), 
then subjected to nebulization (twice a day) with 0.9% saline or Bip-FK9 
(128 μM in 0.9% saline) for consecutive 7 days. The body weight was 
monitored daily. The BALF was extracted for cytokines analysis and 
leukocyte differentiation after 7 days of consecutive nebulization. The 
serum was collected from these mice. The specific mice enzyme-linked 
immunosorbent assay (ELISA) kits (Bioswamp) were used to deter-
mine the concentration of IgG and IgE in the collected serum. The 
lung was injected with 2 ml warm 1% agarose solution through the 
trachea, embedded in paraffin and then subjected to histological 
staining with H&E.

In vivo Bip-FK9 stability in mouse lungs
The healthy mice were anaesthetized by intraperitoneal injection 
of 2.5% Avertin (18–20 μl g−1) and immobilized on a surgery board 
tilted at 60 degrees. The oropharyngeal structures were magnified 
and illuminated by a laryngoscope purchased from Welch Allyn. A 
mouse-trachea-sized sterile polyethylene tube was guided by a laryn-
goscope and inserted into the mouse trachea. Then, a dose of Bip-FK9 
(50 μl, 128 μM) was delivered to the lungs through intratracheal instilla-
tion. At designated time points (30 min, 1 h, 2 h, 4 h, 8 h, 12 h and 24 h), 
the mice (n = 5) from each group were killed and their major organs 
were removed. Then, after cardiac perfusion with 10 ml of cold PBS, 
mouse lung tissues were collected and lyophilized. The tissues were 
crushed into powder and weighed. The solution consisting of metha-
nol/chloroform (volume ratio = 3:1) was used to resuspend the tissue 
powder. A bullet blender ( JXFSTPRP-II, Shanghai Jinxin) was used to 
grind the suspension with the help of steel grinding beads (⌀3.2 mm 
and ⌀5.2 mm). Next, the homogenized lung tissues were centrifuged 
(15,000 r.p.m., 5 min), and the supernatant was collected, followed by 
filtering by 0.22 μm filters. An Agilent 1260 Infinity Lab Liquid Chro-
matography system with an Infinity Lab Poroshell 120 EC-C18 column 
(4.5 × 50 mm, 2.7 μm, #699975-902, Agilent Technologies) was used to 
analyse the Bip-FK9 content in the supernatant.

Bip-FK9 stability in mouse plasma
Blood was collected from healthy mice using the posterior orbital 
venous plexus sampling method, and the collected blood was trans-
ferred to an anticoagulant tube containing heparin. The anticoagulant 
tube was centrifuged (5,000 r.p.m., 10 min), and the supernatant was 
collected. Next, the Bip-FK9 solution and the plasma were pre-warmed 
at 37 °C for 10 min. Plasma (180 μl) was added into 1.5 ml EP tubes con-
taining 20 μl of Bip-FK9 solution (1.28 mM). At designated time points 
(1 h, 2 h, 4 h, 8 h, 12 h and 24 h), 200 μl of stop solution (MeOH/ACN = 1:1) 
was added to the EP tubes to stop the reaction. Next, the tubes were 
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centrifuged (15,000 r.p.m., 5 min), and the supernatant was collected, 
followed by filtering by 0.22 μm filters. An Agilent 1260 Infinity Lab Liq-
uid Chromatography system with an Infinity Lab Poroshell 120 EC-C18 
column (4.5 × 50 mm, 2.7 μm, #699975-902, Agilent Technologies) was 
used to analyse the Bip-FK9 content in the supernatant.

Mouse infection model
To create a mouse model of bacterial pneumonia, the bacteria were 
administrated to mice through intratracheal injection. First, the 
MRSA was seeded into LB media and grown for 10 h. The cultures were 
centrifuged (7,500 r.p.m., 10 min) and washed three times with sterile 
phosphate-buffered saline (PBS). In brief, the mice were anaesthetized 
by intraperitoneal injection of 2.5% Avertin (18–20 μl g−1) and immo-
bilized on a surgery board tilted at 60 degrees. The oropharyngeal 
structures were magnified and illuminated by a laryngoscope pur-
chased from Welch Allyn. A mouse-trachea-sized sterile polyethylene 
tube was guided by a laryngoscope and inserted into the mouse tra-
chea. Then, a lethal dose of MRSA (1 × 108 CFU) was delivered to the 
lungs through intratracheal instillation. After 24 h of infection with 
MRSA, mice were administrated with Bip-FF (n = 11), K7 (n = 12) and 
Bip-FK9 (n = 12) at a concentration of 128 μM via a mouse nebulizer 
(KW-DM-YWH, NJKEW Biotechnology). Saline (0.9%) (n = 10) was cho-
sen as a control in nebulization. Moreover, the mice in the Van group 
(n = 12) received two times dosing of Van at a dosage of 10 mg kg−1 
through intravenous injection at 24 h and 96 h post-infection, respec-
tively. All the mice were observed to evaluate their health status  
for 10 days.

In vivo antibacterial assay
On day 2, day 4 and day 6, the lungs of mice from the 0.9% saline, Bip-FF, 
K7, Van and Bip-FK9 groups were collected and placed into 5 ml EP 
tubes containing 2 ml of 0.9% saline. Following homogenization, 10 μl 
diluted solution of each group was spread on solid LB agar plates, and 
the plates were placed in an incubator for 24 h at 37 °C.

Statistics and reproducibility
The data were processed based on GraphPad Prism 9 software, using a 
one-way classification of analysis of variance (ANOVA) and two-tailed 
heteroscedastic Student’s t-test. Differences were regarded as statisti-
cally significant, while P < 0.05. All experiments were repeated at least 
three times with similar results.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data that support the findings of this study are available within the 
paper and the Supplementary Files, or from the authors upon request. 
Source data are provided with this paper.
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Extended Data Fig. 1 | Molecular dynamics simulation of FK9 modified 
with these N-terminal groups transmembrane domain. a, Representative 
configurations of MD simulations of Chl-FK9, Oct-FK9, Ada-FK9, and Iso-
FK9 within 500 ns. The beginning state, membrane approach, membrane 
penetration, and equilibrium stage (500 ns) were shown from left to right. Lipid 
bilayers composition: PC: PG = 7: 3. b, c, Contact area (b) and energy  
(c) of peptides with phospholipid bilayers at equilibrium time of MD simulations. 

Chl-FK9 remained outside the bacterial membrane because the charged chlorine 
atom of Chl-FK9 enhanced the hydrophilicity of the whole system. Only the 
fat chain in the Oct-FK9 was wholly inserted into the membrane, yielding a low 
contact area and high energy scope. Because the Nap-FK9 was laid flat on the 
surface of phospholipid bilayers, the large contact area and low energy scope 
cannot induce membrane destruction.
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Extended Data Fig. 2 | In vitro antibacterial activity of Bip-FK9. a, The cryo-
electron microscope (Cryo-EM) images of Bip-FF and K7 in the PBS buffer. 
Scale bar, 100 nm. b, Growth curves of MRSA under the treatment of Bip-FK9 
at different concentrations from 4 to 32 μM. c, MRSA viability upon treatment 
with Bip-FK9 (32 μM) at 8 hours. The minimum detectable concentration of 
MRSA strains is 1 × 102 CFU mL−1. The data are presented as mean ± s.d. (n = 3). 
d, Fluorescence images of MRSA biofilm treated with Bip-FF, K7, and Bip-FK9. 
Live bacteria were stained with SYTO9 (green), and dead bacteria were stained 
with PI (red). Scale bar, 160 μm. e, The viability of MRSA under the treatment 
of the treated MRSA. f, The antibacterial efficiency of Bip-FK9 across multiple 
cycles of use. g, The viability of A549 cells was assessed following treatment with 
Omiganan, Pexiganan acetate, OP-145, Ghrelin, Magainin II, Ovispirin, Melittin, 
and Bip-FK9 for 24 hours. Additionally, the time required for Bip-FK9 and these 

classical antimicrobial peptides at a concentration of 128 μM to reduce bacterial 
counts from 1 × 108 CFU mL−1 to the detection limit was evaluated. ‘120 d time’ 
means greater than or equal to 120 mins. h, Dynamic curves of the fluorescence 
intensity of PI in the treated MRSA solution over time. The 1% Triton X-100 group 
serves as a positive control. Higher fluorescence signals indicate greater  
damage to the bacterial membrane. Data are presented as mean ± s.d. (n = 3).  
i, The antibacterial efficiency of Bip-FK9 in the MRSA suspension at different time 
points. Data are presented as mean ± s.d. (n = 3). j, The fluorescence intensity 
of the ROS probe DCFH-DA in MRSA treated with Bip-FF, K7, and Bip-FK9, 
respectively. A stronger fluorescence intensity means higher levels of ROS in 
MRSA. DCFH-DA, 2’,7’-dichlorodihydrofluorescein diacetate. Data are presented 
as mean ± s.d. (n = 3).
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Extended Data Fig. 3 | The interaction between Bip-FK9 and LNPs. a, Size 
distribution of LNPs measured by a dynamic light scattering (DLS) instrument. 
b, Zeta potential of MRSA, Bip-FK9, and the mixture of Bip-FK9 with MRSA. 
Individual data are presented as mean ± s.d. (n = 3). c, Turbidity measurements at 
600 nm for liposome nanoparticle (LNPs) solution with or without the treatment 

of Bip-FK9. d, Optical images of the different groups in c. e, Transmission electron 
microscope (TEM) images of LNPs, Bip-FK9, and LNPs mixed with Bip-FK9, 
respectively. Scale bar in the LNPs image, 100 nm; Scale bar in the Bip-FK9 image, 
100 nm; Scale bar in the LNPs + Bip-FK9 image, 200 nm; Scale bar in the enlarged 
LNPs + Bip-FK9 image, 100 nm. The red arrows indicated Bip-FK9 nanofibers.
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Extended Data Fig. 4 | Molecular dynamics simulation of the Bip-FK9 
nanofiber. a-c, Changes in the physical properties of Bip-FK9 assembly over 
time. (a) Temperature, (b) pressure, and (c) total energy of the system. The 
representative diagram of Bip-FK9 molecular interaction in the Bip-FK9 

nanofiber. d, The representative diagram of Bip-FK9 molecular interaction  
in the Bip-FK9 nanofiber. e-g, Changes in the physical properties of the  
Bip-FK9-BM system over time. (e) temperature, (f) pressure, and (g) total  
energy of the system.
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Extended Data Fig. 5 | The cytotoxicity of Bip-FK9 and the mechanism of 
action of Bip-FK9 on mammalian cell membranes. a, Cell viability of two 
cell lines (A549 and RAW 264.7) in the presence of Bip-FK9, Bip-FF, and K7, 
respectively. Data are presented as mean ± s.d. (n = 6). b, Haemolytic activity 
of Bip-FK9 (320 μM), Bip-FF (320 μM), and K7 (320 μM), respectively. Data are 
presented as mean ± s.d. (n = 3). c, The CLSM images of A549 cells treated with 
0.1% Triton X-100 (the positive control), Bip-FF, K7, and Bip-FK9, respectively. 
Scale bar, 10 μm. Blue represents the nucleus and purple is cell membrane, 
respectively. BOBO 3-Iodide (green), a fluorescent dye, cannot penetrate 
intact cell membranes but can enter cells when membranes are damaged, 
allowing it to stain nucleic acids. d, A representative diagram illustrating lipid 

compositions of S. aureus membrane and mammalian plasma membrane (% of 
total phospholipids). ND, not determined. e, Changes in bacterial concentrations 
after the treatment of Bip-FK9 in the presence of mammalian plasma membrane 
components. Data are presented as mean ± s.d. (n = 3). f, The statistical analysis 
of the dissociation constants KD between Bip-FK9 and lipids (PG and PS). g, The 
TEM images of A549 cells without or with the treatment of Bip-FK9. Scale bar 
in the image of the Control group, 2 μm; Scale bar in the enlarged image of the 
Control group, 1 μm. Scale bar in the image of the Bip-FK9 group, 5 μm; Scale bar 
in the enlarged image of the Bip-FK9 group, 1 μm. Statistical analysis in e and f was 
performed using an unpaired, two-tailed Student’s t-test.
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Extended Data Fig. 6 | In vivo biosafety of Bip-FK9. a, Quantification of 
cellularity in the BALF from the mice treated with 0.9% saline or Bip-FK9. The 
percentage of lymphocytes (left), macrophages (middle), and neutrophils 
(right) were quantified through Giemsa staining. Individual data are presented 
as mean ± s.d. (n = 6). b-d, qPCR quantification of mRNA level of proteins related 
to Macrophage M1/M2 polarization. RAW264.7 cells were co-incubated with LPS 
(positive control) or IL-4 (positive control) peptides for 24 hours. Untreated cells 
were set as a negative control. Then, cells were collected for RNA extraction, 
cDNA synthesis, and quantification of the mRNA expression level of Arg-1  
(b), IL-1β (c), and iNOS (d). Individual data are presented as mean ± s.d. (n = 3).  

e, f, The concentration of IgE (e), and IgG (f) in the serum from mice that received 
consecutive 7 days of Bip-FK9 nebulization. Data are presented as mean ± s.d. 
(n = 6). g, Representative histological images of major organs. Scale bar, 100 μm. 
h, The stability of Bip-FK9 in mouse plasma. Individual data are presented as 
mean ± s.d. (n = 3). i, Quantification of the total flux of each organ in the mice 
was administered with Bip-FK9-Cy5.5 via nebulization to the lungs. The Cy5.5 
fluorescence was measured in total photon flux (ph s−1). Individual data are 
presented as mean ± s.d. (n = 4). Statistical analysis of data in a, e, f, and i was 
performed using a two-tailed Student’s t-test.
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Extended Data Fig. 7 | Evaluation of the in vivo anti-infective activity of Bip-
FK9. a, Colony forming unit (CFU) concentration of MRSA under the treatment 
of Bip-FF (128 μM), K7 (128 μM), and Bip-FK9 (128 μM) in artificial mucus in vitro. 
Individual data are presented as mean ± s.d. (n = 3). b, The Cryo-EM image  
of Bip-FK9 solution obtained from a mouse nebulizer. Scale bar, 100 nm.  

c, Representative histological images (H&E staining) of lung sections. Lung 
tissues were harvested from mice treated with the peptide groups and the 0.9% 
saline group on days 2, 4, and 10. Untreated mice (healthy) were set as a negative 
control. Scale bar, 100 μm.
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