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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 amembrane-anchoring
biphenyl group, adiphenylalanine 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 amouse 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 infections'>. Antimicrobial peptides
(AMPs)—secreted by organisms in nature—may combat antimicrobial
resistance pathogens*, in addition to other strategies (antimicrobial
metals, antimicrobial nanoparticles and antimicrobial polymers)* 5.
Unlike conventional antibiotics, cationic AMPs kill bacteria through
membrane lysis rather thanacting on specific intracellular targets™,
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 preparation™"?, (ii) limited stability in vivo™' and (iii)
non-specific membrane binding affinity towards mammalian cells'>*,
Cyclization can mitigate these limitations and improve the stability
of AMPs in vivo". 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 AMPs™*2°, Unfortunately, the systemic
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toxicity of these modifications may cause more damage than the
infection itself*' >,

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 insixanchorsisadistinct
N-terminal cap named Bip. Then, the minimalistic peptides of AMPs
were conjugated to the Bip through a self-assembly promoting motif
(FF), resulting inthe creation of Bip-FK9 with a minimum inhibitory con-
centration (MIC) of 8 uM and a minimum bactericidal concentration
(MBC) of 8 uM against MRSA. Our results indicated that the designed
peptide can interact with the phosphatidylglycerol (PG), a phospho-
lipid widely found onthe bacterial membrane and rarely distributedin
the plasmamembrane 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 onthe cellmembrane 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 II** and
Ovispirin®, 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 inamouse model by direct pulmonary
deposition without causing acute toxicity orimmune 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 resistance®. 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 interactions®; (i) a minimalistic
peptide derivative from AMPs of varied sources that promotes addi-
tional membrane binding and determines the efficiency of the whole
system against MRSA*?; (iii) a self-assembly linker for controlling the
anchoring capability of the peptide and promoting the whole system’s
self-assembly***, We chose the minimalistic peptides from existing
peptide resources (including host defence peptides, AMPs under clini-
calinvestigation and peptides shown in the APD3 Antimicrobial Peptide
Database)* . These minimalistic peptides consisted of 6-10 amino
acids and were characterized by a net positive charge ranging from
+3to +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
Is0)*** 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 itselfand others. Inaddition,
the fluorescence intensity of 1-(NV-phenylamino)naphthalene (NPN),
alipophilic fluorescent dye, is greatly enhanced when the membrane
is damaged*’. 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

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 peptides*** (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 themembranein MD simulations (Fig. 1d and Extended DataFig.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 alarger contact areawith 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
thebacterial membrane for killing bacteria.

Characterization of Bip-FK9 and its antibacterial activity
invitro

Circular dichroism (CD) spectra (Fig. 2a) showed that Bip-FK9 formed a
B-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-EMimagesindicated 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-
entkillingexperiments to evaluate the long-term antibacterial effects of
Bip-FK9 and whether the bacteriaregenerated after Bip-FK9 treatment.
Theresults (Fig. 2cand Extended Data Fig. 2b) indicated that Bip-FK9 at
the concentration of 32 pM 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 seenin 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 experimentsillustratedin Fig. 2h. MRSA (1 x 108 CFU mI™)
was mixed with Bip-FK9 (128 pM) and co-incubated for 4 h. The
results showed (Fig. 2i) that MRSA (1 x 108 CFU ml™) 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),
couldkill 98.32% of anew fresh batch of MRSA (Fig. 2j). The presence of
Bip-FK9 nanofibres on the dead MRSA exhibited notable antibacterial
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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, peptidesin
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 pM) for 24 h. FK9, FFKIKKWLK; Chl-FK9, Chl-FFKIKKWLK; Ada-FK9,
Ada-FFKIKKWLK; Nap-FK9, Nap-FFKIKKWLK; Oct-FK9, Oct-FFKIKKWLK; Iso-FK9,
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Iso-FFKIKKWLK. The data are presented as mean + s.d. (n = 3). ¢, The membrane
integrity of MRSA was measured via NPN uptake assay. The data are presented
asmean ts.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.
Thelipid 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
atanequilibrium 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 ¢-test.

activity, leading to substantial bacterial death. Inanother 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 x 10® CFU mI™) for 8 h (Extended DataFig. 2e). The
results showed that the treated MRSA could not kill MRSA. By contrast,
when we co-incubated therecycled Bip-FK9 with afresh batch of MRSA

(1x108 CFU ml™) for 8 h (Fig. 2k), nearly all bacteria (99.9998%) were
killed by Bip-FK9, indicating thatit retained its antibacterial properties
afterrecycling. Inaddition, 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 x 108 CFU m1™) with the classical AMPs and
Bip-FK9 for 120 min, respectively (Extended Data Fig. 2g). Bip-FK9
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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 uM) in
the PBS buffer. Scale bar,100 nm. ¢, Time-dependent growth curves of MRSA
treated with different peptides (32 pM). 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.
Scalebar,1pum.f, The laser confocal fluorescence microscopy images of MRSA
biofilm under the treatment of Bip-FF, K7 and Bip-FK9. Live bacteria are stained
withSYTO9 (green), and dead bacteria are stained with PI (red). Scale bar, 160 pm.
g, Resistance-acquisition studies of MRSA subjected to Bip-FK9 and Cip
treatment at the concentration of sub-MIC (1/2x). h, Schematicillustration
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 anew batch of MRSA. Step 1, MRSA were
mixed with Bip-FK9 solution (pH = 7.4) ina 1.5 ml EP tube; step 2, centrifuge the
EP tube and remove the supernatant; step 3, anew batch of MRSA solution was
added to the EP tube; step 4, resuspend MRSA precipitation with water (pH=4) in
al.5mlEP tube for dissolving Bip-FK9 on the surface of MRSA; step 5,
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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 x 10® CFU mI™) incubated with Bip-FK9 at the
concentration of 128 uM. After the co-incubation, a10 pl 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 theright. I, Colony-forming units
(CFU ml™) of MRSA treated with Van or Bip-FK9 at different concentrations,
respectively. The data are presented as mean + s.d. (n = 3). Statistical significance
ind andi-k was determined using an unpaired, two-tailed Student’s ¢-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 eachtook 60 minto achieve the samereduction.
Next, we evaluated the toxicity of these peptides against A549 cells.
Bip-FK9 maintained over 90% cell viability, whereas Melittin and Ovispi-
rinexhibited 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
ataseries of concentrations were mixed with MRSA (1 x 108 CFU ml™),
respectively, and co-incubated for 18 h (Fig. 2I). Our results indicated
that Bip-FK9 ata concentration of 128 pM reduced the MRSA concentra-
tion to the limit of detection, whereas Van required a concentration of
512 pM 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 Pl 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.
Inaddition, 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 damage®.

Next, we focused on the efficacy of Bip-FK9 on the bacterial
membrane. Membrane potential* (Fig. 3d) measurement by DiSC,(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
membranes*®* (Fig. 3e and Extended Data Fig. 3a). The zeta-potential
resultsindicated that the interactioninvolved electrostaticinteractions
(Fig. 3f and Extended Data Fig. 3b). After the addition of Bip-FK9, the
stronginteraction between LNPs and Bip-FK9 resulted in dehydration,
aggregation and precipitation of LNPs*® (Extended Data Fig. 3¢,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
couldinteract with LNPs.

The addition of bacterial wall components (lipoteichoic acid
(LTA) and peptidoglycan (PepGly))* 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 membrane®, 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.
Isothermaltitration calorimetry (ITC) experiments showed that the dis-
sociation constant (Kp) of Bip-FK9 and PG was 8.49 x 10 pM (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 *°F spectrum in the presence of PG (Fig. 3),
indicating that BipF-FK9 binding to PG resulted in greater molecular
weight and slower molecular movement. By comparing the intra-
molecular 'H-"H NOESY correlation spectra of BipF-FK9 (Fig. 3m),
several NOE cross-peaks correlating BipF-FK9 with PG can be observed
(Fig.3n). Theincreased intermolecular NOE signals support the prox-
imity of BipF-FK9 and PG molecules. Specifically, the proton neigh-
bouringalkenyland CH, protonsin 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 -1t 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 O 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 hydrophobicinteractions, 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 areduced binding surface area for interaction with water as
the peptides assembledinto 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 formrapidly and remain stable in anaqueous 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 DataFig. 4e-g). MD simulations showed that the nanofibres

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

Article

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

Self-assembly

Bip-FK9  ——>

. Short nanofibres

Control

Bip-FF

Bip-FK9

ver lipids 4 Short nanofibres interacted with PG
Otbher lipids "

PG ©

Cell
membrane
c d e
110,000 60
3 P <0.0001 3 - Control - K7
= 70000 3 ~ Bip-FF - Bip-FK9
FTIAR | ]
o = 3
S 30,000 F51 Ss B
8 = N
g 4000 B 20 o
E 2000 g S
3" 8 2
0 0 : :
& &0 e o 10 20 30
00“ N <$\Q’ Time (min)
h o
1 o Bip-FK9 (-) 4 Bip-FK9 (+)
P=0.00863 P=0.033
10° P=0.00636 10° P=0.021 ~ P=0.019 NS
< - & 8 T - B s P b
E 1o | E o
2 2
o % © + +
10° 4 4 a 10° + as T i
i X .
A N
10° 10° . . . - - -
> \sl S N
P &«o K & er (\co f('@ th520 > &L
[é) ) < © é\Q dfo
L m
T1=1.49s sk, ppm
BipF-FK9 v -
T2=1,788.12 ms B )
-
: e
T1=0.78s .
BipF-FK9-PG Le
T2=74.32 m;\’/\k
T T T 1 T T T T T T 8
-115 -116 -17 ppm 6 5 4 3 2 1 ppm

Fig. 3| The antibacterial mechanism of Bip-FK9. a, lllustration of the interaction
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200 nm. b, Cryo-EM images of MRSA exposed to different peptides for 4 hand

8 h.Scalebar, 200 nm. Scale bar in the magnified image, 400 nm. ¢, Intracellular
levels of ATP from the MRSA with the treatment of peptides. Individual data

are presented as mean * s.d. (n=5).d, Bacterial membrane depolarization
effects of peptides towards MRSA. Individual data are presented as mean + s.d.
(n=3).e, Cryo-EM images of LNPs consisting of PC:PG = 7:3. Scale bar, 200 nm.
f, Zeta potential of LNPs, Bip-FK9 and the mixture of LNPs and Bip-FK9.g, CD
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spectra of LNPs, Bip-FK9 and the mixture of LNPs and Bip-FK9. h,i, Changes
inbacterial 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
K values of Bip-FK9 to PG was 8.49 x 10 M. 1, °F 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 ¢, d and h-j was determined using an unpaired,
two-tailed Student’s ¢-test. NS, not significant.

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
underwentstructural adjustment to reach apenetrating 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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Fig. 4| Dynamicinsertion of the Bip-FK9 nanofibres into the bacterial
membrane (BM). a, The RMSD of the Bip-FK9 self-assembly model to assess
their stability in processes of MD simulation (100 ns). In this process, the
equilibrium time point was determined by RMSD as its value stabled at near 4 nm
after 10 ns, within1 nm fluctuation, indicating that a steady state was reached.
b, Representative configurations of Bip-FK9 self-assembly processes in MD
simulationat O ns, 25 ns, 50 ns, 75 ns and 100 ns. ¢, The RMSF of residues of the
Bip-FK9 self-assembly model over the time to characterize the degree of change
inthestructure of matter. d,e, The changes in hydrogen bonds of the system.
Theintermolecular hydrogen bonds in Bip-FK9 nanofibres (d) and the number
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
onthe bacterial membrane surfaceat 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.

1, Hydrogen bonds between Bip-FK9 nanofibres and the lipid bilayer. m, SASA of
the Bip-FK9-BM systemin the MD simulation.

gradually inserted into one side of the phospholipid bilayer and
remained stable until the distance betweenthemapproached 0.1 nm.
The flexibility test demonstrated that the nanofibre formed a tight
attachment to the phospholipid bilayer, as the final RMSF maintained
avaluesmaller 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. 41). 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
fromthe membrane.

Invitro 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
infectionsinanimals, the cytotoxicity of Bip-FK9 towards two mamma-
lian cells was evaluated® (Extended Data Fig. 5a). The resultsindicated
that the peptides had no apparent cytotoxicity to A549 cells (lung carci-
nomaepithelial 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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redblood cellsinduced by Bip-FK9 was less than 5% at the concentration
of 320 pM, 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-lodide to enter the cells
and stain nucleic acids. By contrast, A549 cells treated with Bip-FK9
showed intact membranes, preventing BOBO 3-lodide from entering
and staining nucleicacids. The mammalian cellmembrane is predomi-
nantly composed of cholesterol and phospholipids. The representative
phospholipid components of the mammalian plasma membrane*? and
theS. aureus membrane®® are shown in Extended DataFig. 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). Theresultsindicated astronger binding affinity
of Bip-FK9 for PG compared with PS. Furthermore, PSisrarely present
onthe surface of mammalian cells, primarily residing in the inner leaflet
of the plasma membrane®. 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 PSin the normal plasma mem-
branes. TEM was used to observe the morphology of A549 cells treated
with Bip-FK9 (Extended DataFig. 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-FK9twice 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)-a, 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 (Igk 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 DataFig. 6g) also showed no abnormal or pathological signs
in the heart, spleen, lung, liver or kidney after continuous inhalation
of Bip-FKO.

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 inlungtissue for 1 h (Fig. 5fand Extended Data Fig. 6i). At 4 hafter
the nebulization, the red fluorescence of Bip-FK9-CyS5.5 in the lung was
stillobserved, 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-Cy5.5accumulated 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-
ityandlongresidenceinlungtissue, ensuringits 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 nebulization®*. 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 DataFig. 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,iillustrates the processes of MRSA-induced pneumoniaand
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, Vanand Bip-FK9 groups on days 2, 4, and 6. The tissues
were placedinto 5 mlEP 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). Onday 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 thatin the Van treatment group.
By day 4, MRSA levelsin 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 dataare presented as mean + s.d. (n=6).b,c, Thl (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 pm. 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 for1hor 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 pm. h, Schematicillustration of the nebulization therapy to treat
MRSA-infected pneumonia. i, Timeline for antibacterial activity of peptidesin
the mouse model. j, The MRSA concentration in the lung tissues of the infected
miceon day 2, day 4 and day 6, respectively. Individual data are presented as

mean ts.d. (n=5).k, Thesurvival 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).1, 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 pm. Scale bar in the magnified view, 40 pm.

m, Mean linear intercept quantification of the H&E images of the mouse lungs
inthe healthy group, the Van group on day 10 and the Bip-FK9 group on day 10.
Each dot represents data from one 10x 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 (10x field) per section using the software QuPath v0.2.0.
Atleast one section per lung. Individual data are presented as mean + s.d. (n =3).
Statistical analysisin b, c, m and n was performed using a two-tailed Student’s
t-test. Statistical analysis in jwas performed using the Mann-Whitney test.
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limit, whereas approximately 10,000 CFU ml™ 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). Incomparison, 46% of thosein the
Van treatment group remained alive onday 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. 51
and Extended DataFig. 7c). Thealveoliin the saline group beganto fuse,
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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 ATCC12228 ATCC BNCC ATCC27835 ATCC13883 ATCC 35317 BNCC 1344 ATCC
43300 25922 186732 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 (uM) 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.

and the tracheal wall began to thicken on day 2. On day 4, there were
almost nointactalveoliinthe lungtissue of the mice, and theimmune
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 Vangroup exhibited aslightly 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 withthe Vangroup onday 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
functionin mice to return to normal levels rapidly.

Conclusion

By rationally designing the antimicrobial consisting of a membrane-
anchor motif, aself-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 bacteriawithoutinducingacquired drugresistance. 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
amouse 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 promisein
killing bacterial populations, making it a candidate for treating condi-
tionssuch as suppurative arthritis, acute pneumonia and intervertebral
infections.

Methods

Materials

NPN, Cip, 3,3-dipropylthiadicarbocyanine iodide DiSC;(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
peptidesynthesis (SPPS)*>**.Magainin Il (GIGKFLHSAKKFGKAFVGEIMNS),
Melittin (GIGAVLKVLTTGLPALISWIKRKRQQ) and Ovispirin (KNLRRI-
IRKITHIIKKYG) 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-EMOOL1, Thermo Fisher). The Bip-FK9 (128 uM), K7 (128 uM)
and Bip-FF (128 pM) were prepared in PBS buffer (pH 7.4), respectively,
and thenrested for 12 h. Moreover, Bip-FK9 solution at a concentration
of 128 pM was added to amouse nebulizer (KW-DM-YWH, NJKEW Bio-
technology). Then, the nebulized solution was collected. These solu-
tions (5 pl) were transferred to electron microscopy grids. The grids
were placed into acryo-holder and visualized usinga200 kV Cryo-EM.
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Bacterial strains

Methicillin-resistant Staphylococcus aureus USA 300 (MRSA), Entero-
coccusfaecalis 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)
recommendations®, the standard broth micro-dilution was used
to determine the MICs and MBCs of peptides. In brief, 100 pl of the
mid-logarithmic growth-phase bacteria at the concentration of
1x10° CFU mI" were added to the 96-well plates. Then, 100 pl of serial
2-fold dilution of peptides at concentrations from 1,024 pMto1 puM 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 pl of cultures from each well were
spread on solid LB agar plates after the incubation. Then, the plates
wereincubated 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
timesindependently.

Invitro antibacterial activity experiment

Amid-logarithmic growth-phase MRSA at 5 x 10 CFU ml™ was prepared
in LB medium and added to a 96-well plate at 180 pl well™. Deionized
water (20 pl) containing a serial concentration of Bip-FK9 (320 uM,
160 pM, 80 pM and 40 pM) was added to the 96-well plate. The Bip-FF
(320 pM) and K7 (320 pM) 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 (OD,,) was measured by a Microplate
Reader (Varioskan Lux, Thermo Fisher) every 2 h. At 8 h, 10 pl diluted
solution from the control, Bip-FF (32 pM), K7 (32 pM) and Bip-FK9
(32 pM) 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™.

Antibacterial activity of Bip-FK9 compared with that of
classical antibiotics (Van)

Thestationary growth-phase MRSA at1x 108 CFU ml*in LB medium was
added to a96-well plate at 100 plwell™. Serial 2-fold dilution (100 pl) of
Vanand Bip-FK9 at concentrations from 2,048 pM to 16 pM was added
to the 96-well plates. The plates were placed into an incubator and
incubated for 18 h. Diluted solution (10 pul) from each group was spread
onsolid LB agar plates, and the plates were placed in an incubator for
24 hat37°C.The MRSA CFUs on the plates were counted to determine
the bacterial concentrationin each well.

Evaluation of the anti-biofilm ability of peptide

A mid-logarithmic growth-phase MRSA at 5 x 10° CFU mI™ was pre-
pared in LB medium and added to a 96-well plate at 200 pl well™. 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 pl of PBS containing Bip-FF (128 puM), K7 (128 pM) or
Bip-FK9 (128 uM) and co-incubated at 37 °C for 4 h, respectively. The
PBS contained nothing as the control group. A10 pl 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 bacteriain the solution. The 10 pl diluted solution of
differentgroups was spread onsolid 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 concentration***’,
respectively. The MIC measurement of MRSA was conducted accord-
ing to instructions provided by the Clinical and Laboratory Standard
Institute®’°. 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 asub-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 x 108 CFU mI™in PBS (360 pl)
was added to1.5 mI EP tubes. Deionized water (40 pl) containing Omi-
ganan (1.28 mM), Pexiganan acetate (1.28 mM), OP-145 (1.28 mM),
Ghrelin (1.28 mM), Magainin Il (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 (I min, 5 min, 10 min, 30 min, 60 min and 120 min), 10 pl
diluted solution from each group was spread on solid LB agar plates,
andthe plates were placedinanincubator for24 hat 37 °C. The MRSA
CFUsonthe plates were counted to determine the bacterial concentra-
tionin 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 x 10® CFU ml™. The bacterial suspension was
co-cultured with the peptides for 8 h, and the final concentration of
the peptide was 128 uM. 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.
Thegridswere placed intoacryo-holder and visualized under a200 kV
Cryo-EM (CRYO-EMOO1, Thermo Fisher).

Propidiumiodide (PI) staining of MRSA treated with peptides
Pl, ared 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
anddiluted to1x 10® CFU ml™. 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 pM. Moreover, 1% Triton X-100
was added to the bacterial suspension as the positive control. After
theincubation, the Pldye was added to the bacterial suspension at the
concentration of 2 pg ml™. After the 20 minincubation, the PBSwas used
to wash the bacteria three times. Finally, the bacterial suspension was
transferred to 96-well plates. The fluorescence intensity of Pl (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 x 108 CFU ml™. MRSA suspension
(100 pl) was added to a 96-well plate including 100 pl peptides
(256 uM) and co-incubated for 4 h. The mixture was washed with PBS
three times. ATP levels in bacteria were measured according to the
manufacturer’sinstructions.

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 N, 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 um 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 pM, and PG was diluted in HEPES (10 mM, pH 7.4)
toreach aconcentration of 500 pM. Continuousinjections 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 (Kp) = 84.9 nM. Moreover, Bip-FK9 was dissolved in HEPES
buffer (10 mM, pH 7.4) at the concentration of 100 uM, and PS was
diluted in HEPES (10 mM, pH 7.4) to reach a concentration of 500 pM.
Continuousinjections of PSinto 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 (K;) = 415 nM.

NMR experiments

PG was dissolved in chloroform and dried by N, flows, followed by
overnight lyophilization. The dry film was resuspended using HEPES
(10 mM, D,0). It was homogenated using an ultrasonic homogenizer
(JY92-1IN, Ningbo Scientz Biotechnology) for 10 min under the power
of150 Wto obtaina clear solution (2.56 mM). Bip-FK9 was dissolvedin
HEPES (10 mM, D,0) 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).
Forthe®F spectra, the'H-decoupled °F spectrawere recorded with 128
k data points, 1s relaxation delay and 256 scans using the ‘zgig’ pulse
sequence. Longitudinal relaxation time constants (T1) of F were meas-
ured using the standard ‘tlir’ inversion recovery pulse sequence with
16 delay times ranging from 0.0005 s to 16.384 s. Transverse relaxa-
tion time constants (T2) of ’F were measured using the conventional
‘cpmg’ pulse sequence with a relaxation delay value of 7.5 s, an echo
delay (1) of 0.5 msand 12 loop counter values varying from 5t010,000.
Two-dimensional 'H-'"H 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-
sionand 256 increments in the indirect dimension. A relaxation delay
of1.5swasused.

Cytocompatibility assay

About 10* 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 pM) 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 x 10°) were seeded in 6-well plates and incubated for
24 hat 37 °Cin a humidified atmosphere of 5% CO,. After incubation,
the old medium was removed. The fresh medium containing Bip-FK9

(128 pM) was added to the plates, respectively, and incubated for 4 h.
The plates were washed with PBS three times. PBS (900 pl) mixed with
100 pl 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

Allthe 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

Toevaluate the potential pulmonary side effects caused by the Bip-FK9
local treatment, 12 mice were randomly divided into 2 groups (n = 6),
thensubjected to nebulization (twice a day) with 0.9% saline or Bip-FK9
(128 uM 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
serumwas 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.

Invivo Bip-FK9 stability in mouse lungs

The healthy mice were anaesthetized by intraperitoneal injection
of 2.5% Avertin (18-20 pl g™') 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 alaryn-
goscope andinserted into the mouse trachea. Then, adose of Bip-FK9
(50 pl,128 pM) was delivered to the lungs throughintratracheal instilla-
tion. At designated time points (30 min,1h,2h,4 h,8 h,12hand 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 (23.2 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 pm filters. An Agilent 1260 Infinity Lab Liquid Chro-
matography system with an Infinity Lab Poroshell 120 EC-C18 column
(4.5x50 mm, 2.7 um, #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 ananticoagulant 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
at37 °Cfor 10 min. Plasma (180 pl) wasadded into 1.5 ml EP tubes con-
taining 20 pl of Bip-FK9 solution (1.28 mM). At designated time points
(1h,2h,4h,8h,12hand24 h),200 pl 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 pmfilters. An Agilent 1260 Infinity Lab Liq-
uid Chromatography system with an Infinity Lab Poroshell 120 EC-C18
column (4.5 x 50 mm, 2.7 um, #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 mediaand 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 pl g™) 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, alethal dose of MRSA (1 x 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 pM via a mouse nebulizer
(KW-DM-YWH, NJKEW Biotechnology). Saline (0.9%) (n = 10) was cho-
senasacontrolinnebulization. Moreover, the mice in the Van group
(n=12) received two times dosing of Van at a dosage of 10 mg kg™
throughintravenousinjectionat24 hand 96 h post-infection, respec-
tively. All the mice were observed to evaluate their health status
for10 days.

Invivo antibacterial assay

Onday2,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 pl
diluted solution of each group was spread on solid LB agar plates, and
the plates were placed in an incubator for 24 hat 37 °C.

Statistics and reproducibility

The datawere 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. Allexperiments 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

Alldatathat 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, ¢, Contact area (b) and energy

(c) of peptides with phospholipid bilayers at equilibrium time of MD simulations.
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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 chainin the Oct-FK9 was wholly inserted into the membrane, yielding a low
contact areaand high energy scope. Because the Nap-FK9 was laid flat on the
surface of phospholipid bilayers, the large contact area and low energy scope
cannotinduce membrane destruction.
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Extended DataFig. 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 pM. ¢, MRSA viability upon treatment
with Bip-FK9 (32 pM) at 8 hours. The minimum detectable concentration of
MRSA strainsis1x10? CFU mL™. The dataare presented asmean +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 Pl (red).Scale bar,160 um. e, The viability of MRSA under the treatment
ofthe 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 uM to reduce bacterial
counts from1x10® CFU mL™ 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 Plin 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 asmean +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
asmeanzs.d.(n=3).
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Extended DataFig. 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 dataare presented as mean £ s.d. (n = 3). ¢, Turbidity measurements at

600 nm for liposome nanoparticle (LNPs) solution with or without the treatment
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LNPs + Bip-FK9

of Bip-FK9. d, Optical images of the different groupsin 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
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nanofiber. d, The representative diagram of Bip-FK9 molecular interaction
inthe 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
celllines (A549 and RAW 264.7) in the presence of Bip-FK9, Bip-FF, and K7,
respectively. Dataare presented as mean +s.d. (n = 6). b, Haemolytic activity
of Bip-FK9 (320 uM), Bip-FF (320 uM), and K7 (320 uM), respectively. Data are
presented as mean *s.d. (n = 3). ¢, 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 pm. Blue represents the nucleus and purpleis cell membrane,
respectively. BOBO 3-lodide (green), a fluorescent dye, cannot penetrate
intact cellmembranes but can enter cells when membranes are damaged,
allowingit to stain nucleic acids. d, A representative diagramillustrating 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 K, between Bip-FK9 and lipids (PG and PS). g, The
TEMimages of A549 cells without or with the treatment of Bip-FK9. Scale bar
inthe image of the Control group, 2 pm; Scale bar in the enlarged image of the
Control group, 1 pm. Scale bar in the image of the Bip-FK9 group, 5 pm; Scale bar
inthe enlarged image of the Bip-FK9 group, 1 um. Statistical analysis in e and fwas
performed using an unpaired, two-tailed Student’s t-test.
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Extended DataFig. 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
asmean =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-1B (¢), and iNOS (d). Individual dataare presented asmean £ 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 um.
h, The stability of Bip-FK9 in mouse plasma. Individual data are presented as
mean ts.d. (n=3).1i, Quantification of the total flux of each organin the mice
was administered with Bip-FK9-CyS5.5 via nebulization to the lungs. The Cy5.5
fluorescence was measured in total photon flux (phs™). Individual data are
presented as mean +s.d. (n = 4). Statistical analysis of datain 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- ¢, Representative histological images (H&E staining) of lung sections. Lung

FK9. a, Colony forming unit (CFU) concentration of MRSA under the treatment tissues were harvested from mice treated with the peptide groups and the 0.9%
of Bip-FF (128 uM), K7 (128 pM), and Bip-FK9 (128 uM) in artificial mucus in vitro. saline group on days 2, 4, and 10. Untreated mice (healthy) were set as a negative
Individual dataare presented asmean £ s.d. (n =3).b, The Cryo-EM image control. Scale bar,100 pm.

of Bip-FK9 solution obtained from a mouse nebulizer. Scale bar, 100 nm.

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

nature portfolio

Corresponding author(s): Wei Tao, Huaimin Wang

Last updated by author(s): Jan 29, 2026

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

D

X

XXX [ [0 XX ]I

oo

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection

Data analysis

The fluorescent intensity of NPN (Aex = 350 nm, Aem = 420 nm) and the membrane-potential-sensitive dye DiSC3(5) was monitored by
Spectrofluorometer (Edinburgh, F55). Molecular dynamic simulations were performed in Gromacs 2018.3. The maximum absorption
wavelength (Amax) of Rhodamine 6G was measured by Microplate Reader (Varioskan Lux, ThermoFisher, USA). The morphology of the
peptides and bacteria was observed by cryo-electron microscopy (Cyro-EM, CRYO-EMO0O01, Thermo Fisher). Zeta potential was measured by a
Zeta Nanosizer (LHA19110041, Brookhaven). The CD data was collected using spectrometer V100 (Rudolph Autopol IV-T). ITC (MicroCal PEAQ-
ITC, Malvern Panalytical Limited) was used to evaluate the binding affinity between DOPG and Bip-FK9. All spectra of the BipF-FK9 blended
with DOPG were measured using 600 MHz solution NMR spectrometer with cryo-probe (AVANCE NEO, Bruker BioSpin). The morphology of
cells was visualized by fluorescence microscopy (Evos FL Auto 2, Invitrogen by Thermo Fisher Scientific). gPCR was performed subsequently on
a Step One Plue Real-Time PCR system (Applied Biosystems) using SYBR Premix Ex Tag™ (TAKARA). The confocal images were collected using
confocal laser scanning microscopy (CLSM 800, Zeiss, Germany).

Graphpad Prism 9 was used for statistical analysis. Phospholipid bilayer model was constructed using CHARMM-GUI. The ITC data was
analysed by MicroCal PEAQ-ITC, Malvern Panalytical Limited. NMR data was analysized by the MestReNova 14.2 sofeware.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

>
Q
Q
c
@
O
]
=
o
=
—
®
©O
]
=
S
(e}
wv
c
3
3
Q
<




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The main data supporting the results in this study are available within the paper and its Supplementary Information flies.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or | Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
(for example, race or ethnicity should not be used as a proxy for socioeconomic status).

groupings ) . .

Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)

Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|Z| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes for the animal studies were based on prior work, without using additional statistical estimations.
Data exclusions  No data were excluded.

Replication All experiments were independently repeated at least three times with similar results. The number of repetitions for each experiment is
shown in its own legend.

Randomization  The animals were randomly allocated to different experimental groups.

Blinding No blinding measures were performed, and all data were processed by authors.

Reporting for specific materials, systems and methods

>
Q
L
C
=
(D
5,
o)
=
o
=
-
@
S,
o)
=
>
@
wv
e
3
=
QO
=
A




We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

MXXOX[X &
OO00OXOXO

Plants

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) A549 and RAW 264.7 cells were purchased from the American Type Culture collection (ATCC).
Authentication None of the cell lines were authenticated.
Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified lines were used in this study.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals BALB/C were male and 8 weeks old.
Wild animals The study did not involve wild animals.
Reporting on sex All animals were male.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight The Institutional Animal Care and Use Committee (IACUC) and the Westlake University Animal Care, Westlake University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied- i
Authentication Describe-any-atithentication-procedtres for-each seed stock-tised-or-novel-genotype generated—Describe-any-experiments-tsed-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

>
Q
L
C
=
(D
5,
o)
=
o
=
-
@
S,
o)
=
>
@
wv
e
3
=
QO
=
A




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

	Results and discussion

	Construction of the Bip-FK9 and the transmembrane MD simulations of peptides

	Characterization of Bip-FK9 and its antibacterial activity in vitro

	The superiority of Bip-FK9 for killing substantial MRSA over antibiotics (Van) and classical AMPs

	The antibacterial mechanism of Bip-FK9

	Dynamic insertion of the Bip-FK9 nanofibres on bacterial membrane

	In vitro biocompatibility of Bip-FK9 and the mechanism of action of Bip-FK9 on mammalian cell

	Biosafety in vivo and biodistribution

	In vivo anti-infective activity of Bip-FK9 on lethal MRSA infective model


	Conclusion

	Methods

	Materials

	Cryo-EM experiments of Bip-FK9

	Bacterial strains

	MIC and MBC determinations

	In vitro antibacterial activity experiment

	Antibacterial activity of Bip-FK9 compared with that of classical antibiotics (Van)

	Evaluation of the anti-biofilm ability of peptide

	Resistance-acquisition experiment

	Rapid antimicrobial activity of Bip-FK9 compared with that of classical AMPs

	Cryo-EM experiments of MRSA treated with peptides (Bip-FF, K7 and Bip-FK9)

	Propidium iodide (PI) staining of MRSA treated with peptides

	Intracellular ATP level evaluation

	Dissociation constant measurement

	NMR experiments

	Cytocompatibility assay

	TEM images of A549 cells under the treatment of Bip-FK9

	Animals

	Biosafety evaluation in mice

	In vivo Bip-FK9 stability in mouse lungs

	Bip-FK9 stability in mouse plasma

	Mouse infection model

	In vivo antibacterial assay

	Statistics and reproducibility

	Reporting summary


	Acknowledgements

	Fig. 1 Modular design of Bip-FK9 for combating MRSA and MD simulation of FK9 and FK9 modified with different membrane anchors.
	Fig. 2 Characterization of Bip-FK9 and its bactericidal activity in vitro.
	Fig. 3 The antibacterial mechanism of Bip-FK9.
	Fig. 4 Dynamic insertion of the Bip-FK9 nanofibres into the bacterial membrane (BM).
	Fig. 5 Biosafety evaluation of Bip-FK9 in vivo and anti-infective activity of Bip-FK9 on lethal MRSA infective model in vivo.
	Extended Data Fig. 1 Molecular dynamics simulation of FK9 modified with these N-terminal groups transmembrane domain.
	Extended Data Fig. 2 In vitro antibacterial activity of Bip-FK9.
	Extended Data Fig. 3 The interaction between Bip-FK9 and LNPs.
	Extended Data Fig. 4 Molecular dynamics simulation of the Bip-FK9 nanofiber.
	Extended Data Fig. 5 The cytotoxicity of Bip-FK9 and the mechanism of action of Bip-FK9 on mammalian cell membranes.
	Extended Data Fig. 6 In vivo biosafety of Bip-FK9.
	Extended Data Fig. 7 Evaluation of the in vivo anti-infective activity of Bip-FK9.
	Table 1 The antimicrobial activities of peptides designed based on this work principles.




