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Abstract
Incorporating enzyme-resistant peptide sequences into self-assembled nanosystems is a promising strategy to enhance the 
stability and versatility of peptide-based antibacterial drugs, aiming to replace ineffective antibiotics. By combining newly 
designed enzymatic-resistant sequences with synthetically derived compounds bearing single, double, triple, or quadruple 
aromatic rings. A series of nanoscale antimicrobial self-assembled short peptides for the purpose of combating bacterial 
infections are generated. Nap* (Nap–DNal–Nal–Dab–Dab–NH2, where Nap represents the 1-naphthylacetyl group) possesses 
the greatest clinical potential (GMSI = 23.96) among the peptides in this series. At high concentrations in an aqueous envi-
ronment, Nap* spontaneously generates nanofibers to capture bacteria and prevent their evasion, exhibiting broad-spectrum 
antimicrobial effects and exceptional biocompatibility. In the presence of physiological salt ions and serum, the antimicrobial 
agent exhibits strong effectiveness and retains impressive resistance even when exposed to high levels of proteases (trypsin, 
chymotrypsin, pepsin). Nap* exhibits negligible in vivo toxicity and effectively alleviates systemic bacterial infections in 
mice. Mechanistically, Nap* initially captures bacteria and induces bacterial cell death primarily through membrane dis-
solution, achieved by multiple synergistic mechanisms. In summary, these advances have the potential to greatly expedite 
the clinical evolution of nanomaterials based on short peptides combined with naphthyl groups and foster the development 
of peptides integrated with self-assembled systems in this domain.
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Introduction

Microbial infections are important factors in worldwide 
mortality patterns. The rise of microorganisms termed “red-
alert” pathogens poses an additional risk to the efficacy of 
frequently employed antibiotics [1–6]. Creating antimicro-
bial agents that are more resistant than traditional antibiotics 
to evolutionary resistance mechanisms is a difficult chal-
lenge. Antibacterial peptides (AMPs) work by disrupting the 

cell membranes of bacteria, modulating immune reactions, 
and governing inflammation [7–10]. These small-molecule 
active substances are not prone to developing drug resist-
ance, so they are at the forefront of initiatives aimed at 
replacing antibiotics that are losing effectiveness. Despite 
the considerable benefits of AMPs in fighting drug-resistant 
bacteria, their progress into the clinical phase remains lim-
ited. The proteolytic and physiological instability that pri-
marily hampers their effectiveness [11–14]. One important 
approach to overcoming these limitations is to create analogs 
for AMPs, which can include D-amino acids, the covalent 
conjugation of protease inhibitors, chemical modifications 
at the N- and C-termini, cyclization, and PEGylation [8, 12, 
15–21]. Nevertheless, although these methods can increase 
protease resistance, they often fail to meet practical in vivo 
application standards. Specifically, they demonstrate limited 
protease resistance and are highly susceptible to inactivation 
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when exposed to the protease concentrations typically found 
in gastrointestinal fluids [21]. Therefore, the development of 
highly stable antimicrobial drugs that satisfy clinical needs 
is an urgent, high-priority goal.

In recent years, considerable advances have been achieved 
in the fields of nanoscience and technology and in the under-
standing of nano-biomaterials [22–27]. Significant progress 
has been made in the creation of nanoscale peptide-based 
antimicrobial agents, increasing their effectiveness and bio-
availability and controlling the drug distribution [28, 29]. 
This approach effectively addresses the issue of multidrug 
resistance [30–32]. Self-assembled short peptides with 
natural potential antimicrobial properties have also been 
developed as replacements for synthetic compounds. The 
development of self-assembling short peptides with anti-
microbial activity has gained increasing attention, primar-
ily due to the preference for small organic building blocks 
instead of naturally occurring, complex AMPs [7, 33, 34]. 
This characteristic positions self-assembling short peptides 
as novel entities for bacterial therapy. Nevertheless, most 
research on self-assembling short peptides concentrates 
on altering their morphological, structural, and functional 
characteristics. Despite their potential as antibacterial bio-
materials, the physiological stability, in vivo applicability, 
and systematic characterization of the mechanism of action 
of self-assembling short peptides have been minimally 
explored [35]. Small cationic peptides offer an advantage 
over high-molecular-weight peptides because they can evade 
recognition by proteolytic enzymes, thereby avoiding hydro-
lytic degradation [36]. Moreover, self-assembly increases 
the stability against proteolytic degradation under physiolog-
ical conditions by protecting the cleavage site and decreasing 
the binding affinity for proteases [11, 13, 29]. Hence, we 
speculated that combining strategies, such as supramolecu-
lar self-assembly and optimization of the sequence of short 
peptide chains for resistance to enzymatic hydrolysis, has 
the potential to increase the bioavailability and therapeutic 
efficacy of peptide-based antimicrobial drugs.

Herein, self-assembled short peptide nanofibers were 
designed to treat bacterial infections. The peptide design 
concept to confer resistance to protease hydrolysis con-
sists of three parts: (i) Anti-enzymolysis sequences are 
constructed from unnatural amino acids. 1-naphthylala-
nine (Nal, phenylalanine variant) was chosen to increase 
the affinity of the peptide affinity for the membrane, and 
2,4-diaminobutanoic acid (Dab, a lysine variant) was intro-
duced to impart a positive charge to the peptide, ensuring 
electrostatic interaction with the cell membrane. Our previ-
ous studies demonstrated the robust enzymatic hydrolysis 
resistance of Nal and Dab [18, 19]. (ii) The short peptide 
sequence consists of only four amino acids, aiming to mini-
mize synthesis costs and optimize the synthesis process. (iii) 
The selection of a hydrophobic scaffold comprising a single 

benzene ring, double benzene rings, triple benzene rings, or 
quadruple benzene rings covalently linked to the N-terminus 
of the anti-enzymatic hydrolysis sequence to serve as the 
driving force for peptide self-assembly. In this proof-of-
concept study, our objective was to design a short peptide 
to serve as the anti-enzymatic sequence and to explore the 
feasibility of varying the number of benzene rings in the 
hydrophobic scaffold as a means to optimize the relationship 
between the biocompatibility, biological efficacy, and physi-
ological stability of the self-assembling system. We further 
aimed to investigate the dual effects of using a benzene ring-
based self-assembling system and short peptide anti-enzyme 
sequences to prepare the next generation of antimicrobial 
agents. Here, we demonstrated that a short peptide sequence 
(Nap*) with naphthalene as the hydrophobic scaffold could 
spontaneously self-assemble into nanofibers in aqueous 
medium. Nap* nanofibers exhibited excellent low-toxicity 
antibacterial activity both in vitro and in vivo. Most impor-
tantly, Nap* displayed unparalleled stability and killing effi-
cacy after incubation with salt ions, serum, and proteolytic 
enzymes (effective concentrations in simulated gastric fluid 
and simulated intestinal fluid, 10 mg/mL). Nap* demon-
strated dual effects, achieving bacterial capture through the 
formation of nanofibers to prevent pathogen escape (restrain-
ing pathogen spread) and exhibiting significant bactericidal 
activity. Both the primary membrane penetration mechanism 
and non-membrane penetration mechanisms (including 
DNA binding and the generation of excess ROS) that result 
in pathogen death have undergone comprehensive analysis. 
This study offers insights into the design of minimal anti-
enzyme short peptide nanofiber templates. The highly stable, 
multifunctional self-assembling short peptide Nap* has the 
potential for successful clinical translation (Scheme 1).

Experimental Section

Bacterial Strain Source

Bacterial strains were acquired from frozen stock at the Col-
lege of Animal Science and Technology of Northeast Agri-
cultural University, with subsequent testing confirming the 
absence of mycoplasma contamination.

Synthesis and Characterization of Engineered 
Peptides

Peptides utilized in this work were produced by GL Bio-
chem Ltd. (Shanghai, China). Their molecular weights were 
determined using matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry (MALDI-TOF MS; Linear 
Scientific Inc.). Peptide purity (> 95%) and retention time 
were evaluated using RP-HPLC with a GS-120-5-C18-BIO 
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4.6 × 250 mm2 column at 220  nm. The mobile phase 
included a non-linear gradient of water and acetonitrile with 
0.1% trifluoroacetic acid, a sample volume of 5 μL, and a 
flow rate of 1.0 mL/min.

Critical Aggregation Concentration (CAC) Assay

The CAC value was determined using 1-anilino-8-naphtha-
lene sulfonate (ANS) as a fluorescent probe in a fluorescence 
test. Different peptide concentrations dissolved in deionized 
water were added to 1 μL of ANS (1 mmol/L) dissolved in 
N,N-dimethylformamide (DMF). Afterward, the blend was 
transferred to an incubator set at 37 °C for 15 min. After 
the incubation period, the samples were moved to a 96-well 
plate and analyzed utilizing a fluorescence spectropho-
tometer (Hitachi, Japan) with an excitation wavelength of 
369 nm. The fluorescence emission spectrum was recorded 
in the range of 420–550 nm.

Antimicrobial Assay

The minimum inhibitory concentrations (MICs) and mini-
mum bactericidal concentrations (MBCs) of the engineered 

peptides were established following the same procedure 
outlined in a previous study [20]. The MIC was determined 
by inoculating bacterial strains stored at − 80 °C into MHB 
medium and diluting them to reach a concentration of 
1 × 105 CFU/mL. Afterward, the peptides at varying con-
centrations were mixed with the bacterial solutions and left 
to incubate at 37 °C for 24 h. MHB without any bacteria was 
utilized as a control. Following the period of incubation, the 
cloudiness of every well was evaluated using a spectropho-
tometer set at a wavelength of 492 nm. The MIC was estab-
lished by identifying the peptide concentration at which the 
well remained transparent and free of cloudiness.

The MBC was determined by placing 10 µL of each clear 
well solution on MHA agar plates and incubating them at 
37 °C for 24 h, followed by counting the resulting colonies. 
The MBC was then the drug dose that successfully eradi-
cated 99.9% of the bacterial population. Each treatment was 
replicated three times, with the experiment being repeated 
independently three times.

Kill Kinetics Assay: E. coli K99 was diluted in PBS (pH 
7.4) at a concentration of 1 × 105 CFU/mL. Nap* (1 × MBC) 
was chosen for therapy, and the blend was tested within 

Scheme 1   Illustration of the stability, potential bactericidal mechanisms, and in vivo efficacy of Nap* nanofibers
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0–1 h to determine the time–kill curves. The experiment 
was conducted independently on three separate occasions.

Hemolysis Assay

For the preparation of a 1% (v/v) erythrocyte dilution, 
human red blood cells (HRBCs) were centrifuged at 
1000 × g for 10 min and subsequently mixed with 1 mL of 
PBS. Peptides were diluted sequentially in 96-well plates 
before being combined with HRBCs suspension in equal 
amounts. HRBCs treated with 0.1% Triton X-100 served as 
the positive controls, while the negative controls consisted 
of untreated HRBCs. Following kept at 37 °C for 60 min, 
the solutions were spun at 1000 × g for a period of 10 min. 
The liquid above the sediment was transferred to a fresh 
96-well dish, and the amount of hemoglobin released was 
determined by a microplate reader (570 nm, Tecan Infinite 
200 Pro, China). The percentage of hemolysis was deter-
mined by Eq. (1):

Cytotoxicity Assay

The peptides' cytotoxic effects on two cell lines, specifically 
murine macrophages (RAW 264.7) and human embryonic 
kidney cells (HEK 293 T), were evaluated through a col-
orimetric MTT assay [8]. In summary, 250,000 cells were 
seeded into individual wells of 96-well plates and exposed 
to varying peptide levels for 18–24 h at 37 °C in a 5% CO2 
environment. Following the incubation time, 50 μL of MTT 
solution with a concentration of 0.5 mg/mL was introduced 
into each well and left for another 4 h. The formazan crystals 
were then dissolved by adding 100 μL of DMSO removing 
the liquid on top. The positive controls were cells that were 
not treated with peptides, and complete culture medium was 
used as a negative control.

Thioflavin T (THT) Fluorescence Assay

The ThT working solution was prepared by dissolving 2 mg/
mL ThT in deionized water and then filtrating it through 
a 0.2-μm syringe filter. Afterward, the prepared ThT fluo-
rescence probe was combined with an equivalent amount 
of Nap* in a 96-well plate and left to incubate at 37 °C for 
20 min. The fluorescence emission spectra were measured 

(1)

Hemolysis%

=
(sample treated with peptide − negative control)

(positive control − negative control)
× 100.

at a wavelength of 482 nm using an excitation wavelength 
of 450 nm.

CD Spectroscopy

Nap* was mixed with deionized water to create a solution 
with a concentration of 64 μmol/L. SDS (30 mmol/L) and 
TFE (50%, v/v) were also employed. The Chirascan spec-
trometer from the U.K. was used to calculate the results, 
with Shao's method being utilized for the calculations [37].

Fourier Transform Infrared (FTIR) Spectroscopy

The Nicolet Avatar 370DTGS spectrophotometer from 
Thermo Fisher Scientific in the USA was utilized to gather 
FTIR spectra of the samples within the 4000–400 cm−1 
range. The OMNIC 8.2 software was used to analyze the 
molecular structure of the infrared spectra.

Peptide Self‑Assembly Observations

To perform transmission electron microscopy (TEM), Nap* 
was thinned with deionized water to reach a concentration of 
CAC-256 μmol/L (originally at 2.56 mmol/L). The solution 
was thinned and left to sit at room temperature for a day. 
Next, the samples were put on a copper-coated carbon grid 
and stained with 1% phosphotungstic acid for half a minute. 
Finally, observation was done using a Hitachi H-7800 TEM 
(Hitachi, Japan) at 100 kV. To perform scanning electron 
microscopy (SEM), 10 μL of Nap* was applied onto cov-
erslips as a thin layer, allowed to air dry on a sterile work 
surface, and then examined using a Hitachi S-4800 SEM 
(Hitachi, Japan). The final concentration of the peptide was 
256 μmol/L, 32 μmol/L and CAC. To perform atomic force 
microscopy (AFM), 10 μL of the same peptide sample was 
evenly spread on a mica sheet, allowed to dry completely 
in air and then examined using a Bruker Dimension Icon 
(Bruker AXS, U.S.).

Dynamic Light Scattering (DLS) and ζ‑Potential 
Assay

A Zetasizer Nano Z90 (Malvern Instruments, Worcester-
shire, U.K.) was utilized to determine the hydrodynamic size 
and ζ-potential of Nap* in water. The solutions (4 μmol/L, 
CAC, and 256 μmol/L) were placed in disposable plastic 
cuvettes. Pure water was used to set the viscosity, proteins 
were chosen as the solute for the refractive index, and the 
temperature remained steady at 25 °C. Each sample under-
went three measurements.
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Molecular Dynamics (MD) Simulation

GROMACS 2019.6 software was utilized to perform MD 
simulations. The simulation box was resized to ensure that 
there is at least a 1.0-nm gap between each protein atom and 
the box. The box was filled with water molecules until it 
reached a density of 1. To achieve electrical neutrality, water 
molecules were replaced by Cl− and Na+ ions. To eliminate 
unreasonable contacts or atom overlaps, the system's energy 
was minimized using a steepest descent technique involv-
ing 5.0 × 104 iterations. Following energy minimization, the 
system's temperature was stabilized through a 100 ps equi-
libration utilizing the NVT ensemble at 300 K during the 
initial stage. A second-phase equilibration was simulated 
using the NPT ensemble for 100 ps at a pressure of 1 atmos-
phere. The primary goal was to enhance the communication 
between the target protein, the surrounding solution, and 
ions to ensure thorough pre-equilibration of the simulation 
system. MD simulations were performed for 100 ns using 
an isothermal–isostatic ensemble at 300 K and 1 atm pres-
sure. Temperature was regulated using the V-rescale method, 
and pressure was controlled using the Parrinello–Rahman 
method. The correlation coefficients for heat and force were 
0.1 ps and 0.5 ps, in that order. The van der Waals forces 
were calculated by the Lennard-Jones function using a non-
bond truncation distance of 1.4 nm. The LINCS algorithm 
constrained the bond lengths of every atom. The particle 
mesh Ewald method was utilized to calculate long-distance 
electrostatic interactions, with a Fourier spacing of 0.16 nm. 
Visual Molecular Dynamics (VMD) was utilized to analyze 
the MD trajectory.

Protease Stability Assay

Protease stability assays were performed using MIC analy-
sis, 16.5% tricine–SDS–PAGE, and RP-HPLC [12]. Peptide 
solutions (2.56 mmol/L) were treated with trypsin, chymo-
trypsin, and pepsin (20, 10, 5, or 2.5 mg/mL) in the MIC 
method at 37 °C for 1 h, then their MICs were measured. 
For the preparation of multi-enzyme coexisting solutions, 
the three enzymes were mixed in deionized water while 
maintaining the initial concentration of each enzyme at 20, 
10, 5, or 2.5 mg/mL. Subsequently, equal volumes of Nap* 
and the coexisting enzyme solution were mixed, followed 
by incubation at 37 °C for 1, 24, and 48 h before determin-
ing the MIC values. The impact of incubation time on the 
Nap* was assessed using the tricine–SDS–PAGE technique, 
which involved incubating the peptides for 1, 2, 3, and 4 h 
in the presence of 10 mg/mL proteases. The RP-HPLC 
method required mixing peptide solutions (2.56 mg/mL) 
and protease solutions (20 mg/mL) in equal amounts and 
then allowing them to incubate at 37 °C. Each specimen 

was diluted with deionized water at specific time points (0, 
1, 2, and 4 h) to a peptide concentration of 0.5 mg/mL in 
order to avoid further degradation. The samples were sub-
sequently placed in boiling water and incubated for 10 min. 
Afterward, the samples were analyzed using an Agilent 1260 
Series HPLC System (Agilent) equipped with an Agilent 
ZORBAX 300SB-C18 column (4.6 mm × 250 mm, 5 μm) at 
a flow rate of 1.0 mL/min. The mobile phase was composed 
of water with 0.1% trifluoroacetic acid and 95% acetonitrile 
with 0.1% trifluoroacetic acid.

Salt and Serum Assay

In these assays, E. coli ETEC K99 was used as a repre-
sentative Gram-negative bacterium. Evaluating the stability 
of Nap* MIC in the presence of salt involved measuring 
the fold-change after dissolving salt powder in a solu-
tion with 0.2% BSA. The tested salt concentrations at the 
end were 150 mmol/L NaCl, 4.5 mmol/L KCl, 6 μmol/L 
NH4Cl, 2 mmol/L CaCl2, 8 μmol/L ZnCl2, 1 mmol/L MgCl2, 
and 4 μmol/L FeCl3. For the serum sensitivity test, Nap* 
(2.56 mmol/L) was combined with 25%, 50%, and 100% 
serum in 0.2% BSA in equal amounts, followed by incubated 
for 4 h.

CLSM Assay

The bacteriostatic process was examined for the localization 
of Nap* through the use of FITC-labeling and propidium 
iodide (PI) dye. E. coli ETEC K99, with an optical density 
of approximately 0.3 at 600 nm, was grown with FITC-
labeled peptides (1 × MIC) in PBS (pH 7.4, 10 mmol/L) for 
60 min at 37 °C. Next, PI at a concentration of 10 µg/mL 
was introduced, and the combination was left to incubate 
for another 30 min. The unattached FITC-labeled substance 
and dye were rinsed with PBS (1000 × g, 10 min). The speci-
men that was suspended was moved to a glass slide, where 
pictures were taken using a confocal laser scanning micro-
scope (CLSM, Leica TCS SP8, Germany) that emitted light 
at 488 nm for FITC and 535 nm for PI.

LPS Binding Assay

A BODIPY-TR-cadaverine (BC) probe was used to assess 
the binding strengths of Nap* to LPS from E. coli O111 B4. 
BC and LPS were mixed in Tris buffer (pH 7.4) at concen-
trations of 5 µg/mL and 50 µg/mL, respectively, then left to 
incubate for 4 h without light. Following this, the LPS–BC 
mixture was added to all wells of the 96-well plates, with 
one group serving as a control without any treatment (100 
μL of LPS–BC mixture) and another group treated with 
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polymyxin B (20 µg/mL). The fluorescence intensity was 
measured using a Tecan Infinite 200 PRO spectrophotometer 
from China, with an excitation wavelength of 580 nm and 
an emission wavelength of 620 nm. The test was conducted 
independently on three separate occasions. The percentage 
change in F(AU) was determined by Eq. (2):

LPS and PG Competitive Inhibition Assay

E. coli O111 B4 LPS (50 μL) and Nap* (50 μL, 4 × MIC) 
were combined in a 96-well plate and incubated at 37 °C 
for 1 h. Bacterial solutions containing 1 × 105 CFU/mL 
were then added to the LPS-derivative mixtures in 1.5 mL 
nonenzyme EP tubes and further incubated at 37 °C for 
60 min. The concentration of LPS ranged from 2 to 1024 µg/
mL, while the peptide concentration remained constant at 
1 × MIC. After the incubation period, 50 μL of the mixture 
was transferred to MHA agar plates and cultured overnight. 
The following day, the number of colonies was counted. The 
trial was carried out three times, with two duplicates in every 
category. In the PG competition experiment, following an 
identical process, the final levels of POPC and POPG were 
2–512 µg/mL.

Membrane Fluidity Assay

Following Kim's et al. [38] and Yang’s et al. [39] report, a 
culture of E. coli ETEC K99 was grown overnight until it 
reached an OD600 of 0.4. Afterward, the culture was thinned 
to a density of 4 × 105 CFU/mL using HEPES buffer. Sub-
sequently, it was mixed with Laurdan GP (2.5 mmol/L) and 
incubated in the dark at 37 °C for 60 min. Next, different 
amounts of Nap* (50 μL) were introduced and combined 
in a 96-well plate, and benzyl alcohol (3 mmol/L) served 
as the reference sample. The fluorescence intensities of 
Laurdan were determined by utilizing an F-4500 fluores-
cence spectrophotometer (manufactured by Hitachi, Japan) 
with an excitation wavelength of 492 nm and an emission 
wavelength of 435 nm. The temperature was kept constant 
at 37 °C during the measurement. The Laurdan generalized 
polarization (GP) was determined by utilizing Eq. (3):

where I435 and I490 represent instantaneous fluorescence 
intensity at this wavelength, respectively.

(2)

F(AU) =
Sample treated with peptide − negative control

Positive control − negative control
× 100.

(3)GP =
(I435 − I490)

(I435 + I490)
.

Outer Membrane (OM) Permeabilization Assay

As described in Wang's et al. [17] report. In the OM per-
meabilization test, the N-phenyl-1-naphthylamine (NPN, 
Sigma‒Aldrich) fluorescent probe was employed. E. coli 
ETEC K99, a Gram-negative bacterium, was chosen as the 
test sample. The background fluorescence was measured 
using an F-4500 fluorescence spectrophotometer (Hitachi, 
Japan) equipped with a 350-nm excitation wavelength and a 
420-nm emission wavelength.

Respiratory Chain Dehydrogenase Viability Assay

The 2,3,5-triphenyltetrazolium chloride (TTC, Aladdin, 
1 mg/mL) was used to evaluate the viability of E. coli ETEC 
K99 respiratory chain dehydrogenase. A solution contain-
ing Tris–HCl (50 mmol/L, pH 8.6), glucose (100 mmol/L), 
and TTC (1 mg/mL) was prepared, and 50 μL was placed in 
each well of a 96-well plate. Afterward, varying amounts of 
Nap* were introduced into every well, and then fresh bac-
terial solution (OD600 = 0.2) was added. The 96-well plate 
was incubated for 1.5 h at 37 °C, and the absorbance was 
assessed at 492 nm utilizing a microplate reader from Tecan 
GENios F129004, located in Austria.

CM Potential Assay

Changes in the electrical potential of the CM were observed 
by using the fluorescent dye diSC3-5, which is responsive 
to membrane potential. E. coli ETEC K99 was grown until 
reaching the logarithmic growth phase, followed by dilu-
tion in HEPES buffer to reach an optical density of 0.05 at 
600 nm. Under lightproof conditions, the resuspended cells 
were exposed to the diSC3-5 probe for 60 min. Afterward, 
a mixture of peptide-diSC3-5 (2 mL) was introduced into 
every well of a clean 24-well plate, and the fluorescence 
intensity was promptly assessed for 40  min (excitation 
λ = 620 nm, emission λ = 670 nm) after deducting the initial 
reading.

Inner Membrane (IM) Permeabilization Assay

To evaluate the permeability of the IM, we employed a syn-
thetic o-nitrophenyl-β-D-galactopyranoside (ONPG) probe. 
E. coli ETEC K99 was cultured to the logarithmic growth 
phase in MHB medium supplemented with 2% lactose. The 
culture was then collected and diluted in PBS (10 mmol/L, 
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pH 7.4) to achieve an OD600 of 0.05. Next, the peptides were 
diluted using 50 μL of PBS, 50 μL of ONPG (6 mmol/L), 
and 100 μL of bacterial suspension. These mixtures were 
subsequently introduced into every well of the sterile 
96-well plates. The absorbance was monitored by cyclical 
recording at OD420 for 100 min.

Fluorescence Microscopy Assay

To analyze the quality of membrane integrity, we used a flu-
orescence microscope (EVOS FL Auto, USA) in combina-
tion with a live/dead BacLight kit to evaluate the viability of 
bacterial. E. coli ETEC K99 in the mid-logarithmic growth 
phase was harvested through centrifugation at 5000 × g for 
5 min and then diluted in PBS to obtain an optical density 
of 0.3 at OD600. Various concentrations of Nap* were mixed 
with the bacteria for 1 h at 37 °C, and then the dyes were 
added and incubated for an extra 15 min. By utilizing the 
nucleic acid dyes SYTO 9 and PI, which possess varying 
capacities to infiltrate bacterial cells, a background of two-
color fluorescence was attained.

Bacterial Agglutination Assay

The bacterial agglutination test involved culturing the E. coli 
cells until they reached the mid-log phase. Afterward, the 
specimens were spun at 3000 rpm for 5 min and then washed 
three times with HEPES buffer. To achieve an OD600 value 
of 0.3, the bacteria that were collected were suspended again 
in HEPES buffer. Various concentrations of the peptide were 
mixed with the bacterial solution in a cuvette sanitized with 
EtOH and incubated at room temperature for 8 h.

SEM and TEM Characterization

SEM and TEM were conducted after the peptides (1 × MIC) 
were incubated with E. coli cells. The cells were diluted 
to OD600 = 0.3 in 1 × PBS, and the plates were incubated 
at 37 °C for 60 min. The bacteria were collected and then 
treated with glutaraldehyde (2.5%, w/v) for 12 h to fix them. 
We observed morphological and ultrastructural alterations in 
the E. coli cells using a Hitachi Su-8010 SEM and a Hitachi 
H-7650 TEM, as detailed in our prior publications [40, 41].

Negative Staining TEM

E. coli ETEC K99 cells were mixed with Nap* nanofibers 
at a concentration of 8 μmol/L in HEPES buffer after being 
diluted to OD600 = 0.2 and incubated at 37 °C. Samples were 

gathered at various time points (t = 0, 2, 5, and 15 min) and 
thinned to a concentration lower than the MIC. Untreated E. 
coli cells served as controls at t = 0 min. Afterward, 10 μL of 
the diluted mixture was absorbed onto a carbon grid coated 
with 300-mesh copper for 2 min, and any extra solution was 
removed by blotting with filter paper. Following that, the 
cells were treated with 0.1% phosphotungstic acid for 10 s 
and dried naturally at room temperature for over 16 h. The 
Hitachi H-7650 transmission electron microscope (Hitachi, 
Japan) was used to analyze the structure of the E. coli micro-
organisms, with an acceleration voltage of 100 kV.

DNA Binding Assay

As described in Lai’s et al. [40] report, total genomic DNA 
was extracted using a DNA isolation kit from Tiangen Bio-
tech Co. Ltd., Beijing. In brief, the peptide samples were 
mixed with total genomic DNA extracted from E. coli 
ETEC K99 in a blend of binding buffer made up of 8 μL, 
1 mmol/L EDTA, 10 mmol/L Tris–HCl (pH 8.0), 1 mmol/L 
dithiothreitol, 5% glycerol, 20 mmol/L KCl, and 50 mg/mL 
BSA. Afterward, the reaction mixtures were incubated at 
37 °C for 1 h. Subsequently, native DNA loading buffer was 
introduced, and the samples underwent 1% agarose gel elec-
trophoresis in 0.5 × TFE buffer.

ROS Generation Assay

E. coli cells were centrifuged at 5000 × g for 5 min and sub-
sequently mixed with HEPES buffer at pH 7.4 until OD600 
nm reached 0.4. Afterward, the bacterial solution was com-
bined with varying amounts of Nap* and incubated for 
50 min. Subsequently, a DCFH-DA probe (10 μmol/L) was 
introduced into the mixture of peptides and bacteria, fol-
lowed by an hour of incubation. The intensity of fluores-
cence was evaluated by utilizing a 488 nm excitation wave-
length and a 525 nm emission wavelength.

ATP Determination

Extracellular ATP concentrations of E. coli ETEC K99 were 
measured with an Enhanced ATP Assay Kit (Beyotime, 
catalog no. S0027). For the assay, mid-log-phase E. coli 
ETEC K99 cells were collected and thinned to OD600 = 0.4. 
Next, the bacterial cells underwent treatment with varying 
amounts of Nap* nanofibers, were then incubated for 60 min 
at 37 °C, and finally centrifuged at 12,000 rpm for 5 min at 
4 °C. The bacterial precipitates were lysed using lysozyme 
(15 mg/mL), and the lysates were further centrifuged to 
obtain the intracellular ATP. The luminescence of the sam-
ples was measured using a spectrofluorophotometer (Tecan 
Infinite 200 Pro, China).
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Fig. 1   The design principles of peptides, analysis of antimicrobial 
activity, and biocompatibility. a The chemical structure of the hydro-
phobic scaffold for attaching short peptide sequences. b Chemi-
cal structures of 1-naphthylalanine (Nal) and 2,4-diaminobutanoic 
acid (Dab). c Self-assembled antiproteolytic short peptide template. 

d MICs of self-assembled peptides. A value of 128 indicated the 
absence of detectable antimicrobial activity under the test conditions. 
e Hemolytic activity and cytotoxicity of self-assembling peptides to f 
RAW264.7 and g HEK 293 T cells
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Intracellular pH Assay

E. coli ETEC K99 cells were washed, resuspended in 
HEPES buffer, and then diluted to OD600 = 0.3. Afterward, 
the medium was supplemented with the fluorescent dye 
BCECF-AM, reaching a concentration of 20 μmol/L. After 
the fluorescence was stabilized, various concentrations of 
Nap* were introduced. The 488 nm excitation wavelength 
and 522 nm emission wavelength were selected.

RNA Isolation and Transcriptome Analysis

The RNA was extracted and the transcriptome of E. coli 
ETEC K99 was analyzed by seeding the bacteria in MHB 
and allowing them to grow overnight at 37 °C. Next, the 
cells were thinned with new MHB and grown until they 
reached the middle logarithmic phase. Following three 
washes with HEPES, the E. coli cells were then centrifu-
gation at 2000 × g for 10 min and resuspended in HEPES 
buffer at a concentration of around 4 × 108 CFU/mL. After 
the cells were resuspended, they were incubated at 37 °C 
for 1 h in the presence of Nap* nanofibers (8 μmol/L) or 
HEPES. After incubation, total RNA was extracted from E. 
coli using the TRIzol technique following the manufacturer's 
instructions. Meige Gene Technology Co., Ltd. (Shenzhen, 
China) assessed the quality of the total RNA, then conducted 
RNA sequencing and data analysis. To eliminate ribosomal 
RNA, the Epicenter Ribo-Zero rRNA Removal Kit was used, 
while the NEB Next ® Ultra II ™ Directional RNA Library 

Prep Kit for Illumina was used to generate strand-specific 
libraries. Each group underwent three separate assays. The 
DESeq2 package was utilized for statistical analysis, with 
a corrected P value < 0.05 and |log2(fold-change)|> 1 serv-
ing as the criteria for significant differential expression. To 
conduct enrichment analysis using GO and KEGG, a hyper-
geometric distribution was utilized along with a correction 
for the false discovery rate [42].

Non‑targeted Metabolomic Analysis

Control group and Nap*-treated group samples were pro-
cessed as described for the metabolomic analysis. 25 mg of 
sample was weighed and then 500 μL of extraction solvent, 
which consisted of a mixture of methanol, acetonitrile, and 
water in a ratio of 2:2:1 (v/v) with an isotopically labeled 
internal standard mixture, was added. The blend was evenly 
mixed at a frequency of 35 Hz for a duration of 4 min and 
then subjected to sonication for 5 min while placed in an ice-
water bath. The steps were repeated a total of three times. 
The specimen was left at a temperature of − 40 °C for 1 h 
before being spun at 12,000 rpm at 4 °C for 15 min. The 
supernatant was transferred to an injection vial for analysis. 
The target compounds were chromatographically separated 
using a Vanquish ultrahigh-performance liquid chromatog-
raphy system from Thermo Fisher Scientific equipped with 
a Waters ACQUITY UPLC BEH Amide column measuring 
2.1 mm in diameter and 50 mm in length with a particle 

Table 1   Therapeutic potential of the peptides

a GMMIC: geometric mean of the MIC values for the 20 bacteria tested
b HC10: lowest peptide concentration that induces 10% hemolysis
c IC20: minimum peptide concentration that causes 20% mammalian cell death
d SI: selectivity index = HC10 or IC20/GMMIC. When neither ≥ 10% hemolysis nor ≥ 20% cell death was detected at > 256 μmol/L, a concentration 
of 512 μmol/L was used to calculate the SI
e GMSI: the geometric mean of the SI values of the engineered peptides against tested hRBCs, RAW 264.7 cells, and HEK 293 T cells was calcu-
lated

Peptide GMMIC
a HC10

b IC20
c SId GMSI

e

hRBCs RAW264.7 HEK293T hRBCs RAW264.7 HEK293T

Nal–Dab 128 > 256 128 128 4 1 1 1.59
F* 128 > 256 256 256 4 2 2 2.52
FF* 11.71 128 128 64 10.93 10.93 5.47 8.68
Fmoc* 68.59 128 256 64 1.87 3.73 0.93 1.87
Dip* 93.70 > 256 256 256 5.46 2.73 2.73 3.44
Nap* 6.73 256 256 64 38.04 38.04 9.51 23.96
Bip* 128 > 256  > 256 256 4 4 2 3.17
FFF* 14.42 128 128 64 8.88 8.88 4.44 7.05
Nat* 128 128 128 64 1 1 0.5 0.79
FFFF* 107.63 128 128 64 1.19 1.19 0.59 0.94
Pyr* 128 128 128 64 1 1 0.5 0.79
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size of 1.7 μm. The Orbitrap Exploris 120 mass spectrom-
eter acquired first- and second-level mass spectrometry 
data under the control of Xcalibur software (version: 4.4, 
Thermo). The original data were transformed into mzXML 
format through the use of ProteoWizard software, followed 
by peak identification, extraction, alignment, and integration 
using a custom R package that utilizes XCMS as its central 
component. Data analysis was performed by Meige Gene 
Technology Co., Ltd. (Shenzhen, China).

In Vivo Toxicity Assay

24 female ICR mice, all healthy and weighing 20.26 ± 2.49 g, 
were acquired from Liaoning Changsheng Biotechnology 
Company in Benxi, China. The mice, aged 6–8 weeks, were 
divided into four cages, each containing 6 mice. The mice 
were given standard commercial diets and deionized water at 
the correct temperature, then given 3 days to adjust. Control 
group mice were given intraperitoneal saline, whereas the 
remaining three groups were injected with Nap* nanofibers 
intraperitoneally at 5, 10, and 20 mg/kg doses for three days 
in a row. Body weight changes were monitored during the 
entire experiment. On the fourth day, mild ether anesthesia 
was administered for euthanasia. Blood samples were col-
lected from the orbital veins of the mice for the evaluation 
of serum biochemical levels. The liver, spleen, and kidney 
were extracted and measured to calculate their respective 
organ weights in relation to body weight. Tissue samples for 
morphological studies were fixed in 4% paraformaldehyde 
and then underwent H&E staining. Equation (4) for calculat-
ing the organ index was as follows:

In Vivo Peritonitis–Sepsis Model

The procedures for raising mice and collecting organs were 
carried out using identical protocols to those used for the 
in vivo toxicity experiments. Twenty-four female ICR mice, 
between 6 and 8 weeks old and weighing 20.31 ± 1.26 g, 
were divided into three groups randomly, each containing 8 
mice. The groups received a 100 µL intraperitoneal injection 
of an E. coli ETEC K99 suspension in saline, containing an 
OD600 = 0.3. This concentration effectively ensured the sur-
vival of mice. Subsequently, the mice that were challenged 
received treatment with either saline (100 µL), Nap* (10 mg/
kg), or gentamicin (3 mg/kg) via intraperitoneal injection at 
0.5 h and 2 h after infection. The three animal groups were 
euthanized after 8 h. Blood samples were collected to assess 

(4)Organ index (%) =
Organ weight (g)

Mouse weight (g)
× 100.

the serum cytokine levels. The liver, kidney, and spleen 
were divided into sections for H&E staining, with the rest 
of the organs being weighed, rinsed in saline, and homog-
enized promptly with a homogenizer [43]. Subsequently, 
the homogenized mixture was diluted as needed, plated on 
prepared MHA, and incubated overnight at 37 °C, with the 
count of colonies per gram of tissue being calculated.

Checkerboard Assay

The combined impact of Nap* and antibiotics was evalu-
ated through checkerboard assays based on established pro-
cedures [18, 44]. A 96-well plate was prepared with BSA 
solution (50 μL) in each well. Nap* and antibiotics were 
diluted along the vertical and horizontal axes, respectively. 
Subsequently, 50 μL of E. coli cells at a final concentration 
of 1 × 105 CFU/mL was introduced into every well. FIC val-
ues were calculated by assessing the absorbance at 492 nm 
after 18–24 h of incubation at 37 °C. The FIC index was then 
calculated using Eq. (5):

The resulting FIC indices were used to classify the inter-
actions as synergistic (FIC index ≤ 0.5), additive (0.5 < FIC 
index < 1), no interaction (1 ≤ FIC index ≤ 4), or antagonistic 
(FIC index > 4) effects.

Anti‑biofilm Activity Assays

The ability of Nap* to inhibit biofilm formation was evalu-
ated in 96-well plates (Corning Inc., NY) through a crystal 
violet staining assay. To summarize, cultures of P. aeruginosa 
ATCC 27853 were grown in TSB medium until they reached 
the mid-logarithmic phase and then diluted 100 times with 
fresh TSB medium. Afterward, 100 μL of the diluted bacterial 
mixture and different amounts of Nap* were introduced into 
individual wells of a 96-well plate. To allow biofilm develop-
ment, the plate was incubated at 37 °C for 24 h. Following the 
removal of the TSB medium, the wells were washed with PBS 
to remove any free-floating bacteria. Afterward, the adherent 
biofilms were stained with a 0.1% (w/v) solution of crystal 
violet (100 μL) for 10 min at ambient temperature and then 
washed with PBS to eliminate any excess dye. To dissolve 
the dye, 200 μL of a 70% ethanol solution was added to each 
well following the drying process. The biofilm biomass was 
determined by measuring the absorbance at 595 nm using a 
microplate reader (Tecan GENios F129004, Austria) for three 
separate experiments performed in triplicate.

(5)

FIC =
MIC Nap ∗ in combination

MIC Nap ∗
+

MIC antibiotic in combination

MIC antibiotic
.
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Disruption of Preformed Biofilms

To disrupt biofilms that had already formed, cultures of P. 
aeruginosa ATCC 27853 in the mid-log phase were diluted by 
a factor of 100 in TSB medium. Then, 100 μL of this diluted 
culture was added to each well. Afterward, the plates were 
placed in an incubator at 37 °C for 24 h to promote biofilm 
development. Following biofilm formation, PBS was used to 
wash each well, and then 100 μL of Nap* at different con-
centrations was added. After exposure to Nap* for 4 h, the 
wells were once again rinsed with PBS. Biofilm viability was 
then assessed then conducted using the crystal violet staining 
assay following the aforementioned procedure. Every trial was 
performed in triplicate and replicated independently on three 
occasions.

Ethics Statement

Northeast Agricultural University's Institutional Animal Care 
and Use Committee approved the procedures for this research. 
The care and handling of animals followed the guidelines out-
lined in the 2016 revision of the “Regulations for the Man-
agement of Laboratory Animals” in Heilongjiang Province, 
China.

Statistical Analysis

Quantitative data are presented as the mean ± standard 
deviation (SD) and were analyzed using GraphPad software 
(GraphPad Prism 9, for Windows). Statistical significance was 
determined using one-way ANOVA with Duncan's multiple 
range test. Statistical significance is denoted as *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001 (comparing 
the mean of each group with the mean of a control group). A 
P value less than 0.05 was considered to indicate statistical sig-
nificance. Significant differences between groups are indicated 
by different lowercase letters (a, b, and c) for P values < 0.05 
and (A, B, and C) for P values < 0.01 (comparing the mean of 
each group with the mean of every group).

Results and Discussion

Engineered Peptide Library Screening 
and Bioactivity Analysis

Generally, achieving enhanced antimicrobial activity relies 
on an amphiphilic substance that enables the disruption of 
bacterial membranes [45]. The inclusion of hydrophilic cati-
onic charges and hydrophobic residues in the amphiphilic 
structure initiates electrostatic interactions with negatively 
charged bacterial membranes [8, 29], facilitating the pen-
etration of antibacterial agents into the lipophilic domain of 

the bacterial membrane. Therefore, to incorporate hydropho-
bic groups, a series of polycyclic compounds were employed 
to construct nanoscaffolds, including single (phenylalanine, 
F), double (FF, Fmoc, 3-biphenylcarboxyl, diphenylacetyl 
and naphthyl), triple (FFF, 9-anthracenecarboxyl) and quad-
ruple (FFFF, 1-pyrenebutanoyl) benzene rings (Fig. 1a). 
Our strategies are as follows: (i) we explored the potential 
relationships between various benzene ring numbers and 
short peptide sequences in terms of antibacterial activity, 
cytotoxicity, and self-assembly properties. (ii) Due to their 
considerably larger cross-sectional areas compared to those 
of linear alkyl chains, which are conducive to self-assembly, 
we subjectively excluded aliphatic hydrophobic stents. (iii) 
They are resistant to hydrolysis by proteases. Among the 
hydrophobic amino acids, Phe is considered to increase the 
affinity of peptides for membrane interfaces and thus further 
enhance their assembly capacity [46]. Therefore, the mutant 
of Phe (Nal) was chosen to increase the resistance to enzy-
molysis (Fig. 1b). Among the hydrophilic amino acids, the 
mutant of lysine (Dab) conferred a positive charge on the 
peptide sequence, and the mutant of arginine (Arg) was not 
chosen because the guanidine side chain might cause unnec-
essary loss of biocompatibility. In addition, Arg residues 
are known to be more readily recognized by trypsin, which 
would compromise the peptide stability [17, 20]. The pres-
ence of long side chains in the amino acid mutants of Arg 
might inadvertently result in undesirably decreased resist-
ance to enzymatic hydrolysis. The final self-assembled short 
peptide template was X–DNal–Nal–Dab–Dab–NH2, where X 
represents the nanoscaffold (Fig. 1c). A surfactant structure 
model was used for the template, and the benzene ring side 
chains of the first chiral Nal and the second Nal were situated 
in the same plane to increase the intermolecular π–π stacking 
interactions, facilitating self-assembly of the peptide [47]. 
The charge and stability of the peptide were both further 
achieved by amidation of the C-terminus. Characteriza-
tion was performed using reverse-phase high-performance 
liquid chromatography (RP-HPLC) and matrix-assisted 
laser desorption/ionization time-of-flight mass spectrom-
etry (MALDI-TOF–MS) during the synthesis process. The 
measured relative molecular masses of the peptides closely 
matched their theoretical values, indicating successful syn-
thesis. Furthermore, the peptides exhibited purity of more 
than 95%, thus validating their exceptional quality (Figs. S1 
and S2). The first three letters of the nanoscaffolds were used 
to name the corresponding peptides. The chemical structures 
of all the engineered peptides are presented in Fig. S3.

The critical aggregation concentration (CAC) determines 
the self-assembly characteristics of engineered peptides. 
Hence, the self-assembly capability and CAC of the engi-
neered peptides were examined using 1-anilino-8-naphtha-
lene sulfonate (ANS) fluorescence for analysis in aqueous 
medium [12]. As shown in Figs. S4 and S5, with increasing 
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Fig. 2   Fabrication and characterization of Nap* nanofibers. a The 
chemical structure of Nap*. b Concentration-dependent self-assembly 
of Nap* in aqueous solution and its CAC. c ThT fluorescence analysis 
of Nap*. The values represent the mean ± standard deviation, with a 
sample size of n = 6. Groups distinguished by distinct superscripted let-
ters (a, b) indicate a significant difference (P < 0.05). d CD spectra of 
Nap* (64 μmol/L) in aqueous solution or SDS (30 mmol/L) and 50% 

TFE. e Fitting of the amide I band in the FTIR spectrum of Nap* using 
OMNIC 8.2 software. f TEM, SEM and AFM images of Nap* at con-
centrations of 256, 32 and 7.78 μmol/L in aqueous solution. g The size 
distribution of Nap* was measured by dynamic light scattering, and h 
the zeta potential. i Molecular dynamics simulation images of Nap* 
within 100 ns
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concentration, the amphiphilic molecules with double, tri-
ple and quadruple benzene rings showed a significantly 
increased in ANS fluorescence intensity, indicating that the 
multiring hydrophobic groups play a crucial role in driving 
the formation of self-assembled structures in short peptides. 
However, the initial short peptide sequence (Nal–Dab), the 
single benzene ring peptide (F*) and the double benzene 
ring peptide (Dip*) did not exhibit a significant redshift in 
ANS fluorescence intensity. These findings suggested that 
the hydrophobicity of a single Phe residue alone was not suf-
ficient to drive the formation of self-assembled structures by 
the short peptide sequence. Moreover, the excessive rigidity 
of the diphenylacetyl group might affect the transformation 
of the peptide chain into an ordered secondary structure, 
leading to the disruption of self-assembled structures [47]. 
Next, the antimicrobial effectiveness of the engineered pep-
tides was assessed using MIC and MBC assays (Figs. 1d and 
S6), which included studies in Gram-negative and Gram-
positive bacteria, respectively. To assess the antimicrobial 
activity of the peptides more intuitively, the geometric mean 
(GM) was used to calculate the MIC of the peptides. The ini-
tial short peptide sequence (Nal–Dab) and F* did not exhibit 
any antimicrobial activity (MIC > 128  μmol/L). How-
ever, F*, FF*, FFF*, and FFFF* exhibited a trend toward 
increased antibacterial activity, which then decrease with an 
increase in the number of hydrophobic amino acid repeats in 
the engineered peptides, suggesting that a specific number of 
hydrophobic amino acid residues is necessary for the peptide 
activity. A crucial threshold for the hydrophobicity of the 
peptides also exists, above which the efficacy of the pep-
tides ceases to increase, or the peptides can even lose their 
biological activity [18]. Among the nanoscaffold peptides 
composed of polycyclic compounds, bicyclic compounds 
exhibited better antibacterial activity, while tricyclic and tet-
racyclic compounds did not show significant antibacterial 
effects under the test conditions, which further confirmed the 
threshold number of hydrophobic groups. However, engi-
neered peptides with bicyclic structures showed significantly 
different antibacterial activities, indicating that spatial posi-
tioning is an important factor influencing the antibacterial 
activity of the peptides, even when the number of benzene 
rings is the same [12, 48]. Among them, Nap* exhibited the 
greatest biological activity against both Gram-negative and 
Gram-positive bacteria (GMMIC = 6.73) (Table 1).

Another challenge for the systematic management of 
AMP biomaterials is their potential cytotoxicity to mam-
malian cells; consequently, the hemolytic activity and cyto-
toxicity of the engineered peptide were assessed for compat-
ibility with various cell types, including human embryonic 
kidney (HEK 293 T) cells, mouse macrophage (RAW 264.7) 
cells, and human red blood cells (hRBCs). As shown in 
Fig. 1e–g all engineered peptides exhibited negligible cyto-
toxicity at concentrations below 64 μmol/L. However, when 

the concentration exceeded 64 μmol/L, the hemolytic activ-
ity and cytotoxicity of the engineered peptides increased in 
a dose-dependent manner, with stronger toxicity observed as 
the number of benzene rings increased. Strong hydrophobic 
interactions might directly regulate the depth of amphiphilic 
molecule insertion into the eukaryotic lipid membrane and 
thus the ability to induce lysis of the eukaryotic cell mem-
brane [29]. To identify the most promising engineered pep-
tides, the baseline for hemolysis was set at 10% hRBC, and 
the baseline for mammalian cell toxicity was set at 80% cell 
viability. The results indicated that naphthyl might be the 
most suitable for incorporation into short peptide sequences, 
as it exhibited the optimal balance of between peptide self-
assembly, cytotoxicity, and antimicrobial activity in our 
tests. Because Nap*(GMSI = 23.96), FF* (GMSI = 8.68) and 
FFF* (GMSI = 7.05) were in subordinate positions (Table 1). 
Due to the optimal engineered peptide Nap* exhibited the 
highest geometric mean selectivity index, Nap* was selected 
for the investigation of a series of subsequent indicators.

Characterization of the Self‑Assembling Short 
Peptide Nap*

Theoretically, Nap* should penetrate into the cell interior 
by means of a surfactant structure, effectively incorporating 
hydrophobic residues and causing the formation of micel-
lar structures by exposing water molecules. However, the 
naphthyl, DNal, and Nal residues contribute to the lateral 
extension of micellar molecules along the main axis through 
stable π–π stacking. The stable aggregation ability of the 
molecular framework (Fig. 2a) was potentially facilitated 
by the cation–π interactions and hydrophobic aggregation 
resulting from the interaction between Dab and the aromatic 
system, as well as the cross-interaction induced by the struc-
ture of the surfactant. This combination enabled the self-
assembly process to drive the formation of amyloid-like fiber 
structures in their lowest energy conformation. The ANS 
assay revealed a rapid increase in the fluorescence intensity 
of Nap* with increasing concentration (Fig. 2b). The fluores-
cence intensity values of ANS at 485 nm for different pep-
tide concentrations were fitted with two straight lines, indi-
cating that Nap* started to form oligomers at a concentration 
of 7.78 μmol/L. Thioflavin T (ThT) fluorescence analysis 
initially confirmed the presence of amyloid-like fiber struc-
tures in Nap* (Fig. 2c). The dye specifically interacted with 
the amyloid-like protein structures, inducing changes in their 
spectral characteristics that serve as indicators of the pres-
ence of amyloid-like protein conformations [49]. ThT mole-
cules are speculated to align parallel to the original fiber axis 
when interacting with the fiber molecules, and upon binding 
with Nap*, the fluorescence intensity exhibited a redshift 
due to an expanded π-conjugation resulting from interac-
tion with the β-sheet structure [50]. Therefore, to reveal 
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the potential self-assembly mechanism of Nap*, we further 
investigated the conformational trends of Nap* in various 
simulated environments to provide further insights into the 
secondary structures supporting amyloid-like fibers. Ordered 
secondary structures have been acknowledged in numerous 
studies as a prerequisite for nanostructure formation [8, 11, 
12, 51]. Therefore, circular dichroism (CD) was employed to 
investigate the secondary conformations of Nap* in various 
settings (Fig. 2d). In the water and 50% TFE (hydrophobic 
environment) environment, Nap* showed negative peaks 
near 205–210 nm and positive peaks at ≈ 220 nm, indicating 
that Nap* was primarily characterized by a β-sheet tendency. 
A faint β-turn signal was also observed, manifested as a pos-
itive peak at approximately 230 nm. In SDS (a simulated 
negatively charged membrane), the faint signal of β-turns 
disappeared, possibly due to the integration of β-strands into 
more advanced structures [8]. However, CD only exhibited 
spectral data primarily dominated by β-sheets, and Fourier 
transform infrared spectroscopy (FTIR) was further analyzed 
to explore all the secondary structural parameters of Nap* 
(Fig. 2e). The results indicated that the anti-parallel β-sheets 
peak at approximately 1670 cm−1–1690 cm−1 dominated at a 
percentage of 31.6%. α-Helix signals were also observed at 
1650 cm−1–1660 cm−1 (26.3%), suggesting that Dab induced 
partial helical structures. The next structural categories are 
parallel β-sheets (14.5%), β-turns (14%) and random coils 
(13.6%). This indicated that Nap* first forms distinct second-
ary structures in aqueous solution and then collaboratively 
drives the formation of higher-level self-assemblies.

Next, the Nap* nanomorphology in aqueous solution 
was directly observed via transmission electron micros-
copy (TEM), scanning electron microscopy (SEM), and 
atomic force microscopy (AFM) (Fig.  2f). First, Nap* 
(2.56 mmol/L) was subjected to overnight aging and diluted 
to 7.78 μmol/L (CAC), 32 μmol/L and 256 μmol/L, after 
which it was allowed to rest for 24 h. At 7.78 μmol/L of 
Nap*, TEM revealed only short and thin nanofibers. In addi-
tion, small amounts of spherical micelles were observed by 
SEM and AFM, indicating that in the early stage of Nap* 
self-assembly, β-sheet and α-helical structures promoted 
the formation of nanofibers and spherical micelles, respec-
tively. As the concentration increased to 32 μmol/L and 
256 μmol/L, Nap* further self-assembled into supramolecu-
lar nanostructures. Antiparallel β-sheets predominated and 
drove Nap* to form twisted and compact fibrous structures, 
indicating the concentration-driven self-assembly of Nap*. 
The distribution of nanoparticles in solution was measured 
by dynamic light scattering (DLS), which revealed their 
evenness (Fig. 2g), including the water layer surrounding 
the nanoparticles within the calculation range [52]. With 
increasing concentration (4, CAC, 256 μmol/L), the dynamic 
diameter of the spherical micelles formed by Nap* did not 
significantly increase remained approximately 500 nm. This 

further indicates that the spherical micelles were not the pri-
mary self-assembled entities, and nanofibers were the main 
mode of Nap*. The zeta potential findings indicated that 
Nap* nanofibers possess multiple positive surface charges, 
which are necessary for AMPs to achieve systemic effec-
tiveness by maintaining electrostatic attraction to anionic 
microbial membranes (Fig. 2h).

Finally, molecular simulation programs were used to 
describe the details of the internal molecular motion of Nap* 
in aqueous solution at the microscale (Fig. 2i). According to the 
results of the GROMACS simulations, the root mean square 
deviation (RMSD) was used to represent the consistency of 
the structures before and after the simulation (Fig. S7). The 
conformational perturbation of the assembly occurred only at 
≈ 1000 ps and stabilized at ≈ 10,000 ps, indicating that Nap* 
reached the desired stability rapidly. The number of intermo-
lecular hydrogen bonds showed a stable increasing trend dur-
ing the testing time (Fig. S8). The gyration radius (Rg) and 
solvent-accessible surface area (SASA) were used to evaluate 
the compactness of the peptide structure (Figs. S9 and S10). A 
decrease in their number signifies an increase in intermolecular 
cohesion between peptides, suggesting molecular aggregation.

In Vitro Barrier Penetration of Nap* Nanofibers 
Under Physiological Conditions

As the main goal of this study, we initially assessed the pro-
tease resistance of Nap* nanofibers. To align with the in vivo 
application of antimicrobial agents, we selected trypsin, 
chymotrypsin, and pepsin as the test proteases. Trypsin is 
reported to cleave preferentially at the C-terminus of argi-
nine and lysine, chymotrypsin prefers to cleave at the C-ter-
minus of phenylalanine and tryptophan, and pepsin exhibits 
specific cleavage activity toward aromatic amino acids [13, 
17, 20]. Thus, FF* and FFF* were chosen as controls since 
they are theoretically sensitive to chymotrypsin and pepsin. 
We incubated the tested peptide (1.28 mmol/L) with pro-
tease (at final concentrations of 10, 5, 2.5 and 1.25 mg/mL) 
for 1 h, and the antibacterial activity of the Nap* nanofibers 
against E. coli ETEC K99 remained essentially unchanged 
(Fig. 3a). In the presence of moderate to high concentrations 
of chymotrypsin (≥ 2.5 mg/mL), FF* exhibited a partial loss 
of antimicrobial activity, while FFF* exhibited complete loss 
of its antimicrobial activity (Fig. S11). This may indicate 
that the efficiency of aromatic amino acid cleavage by pro-
teases depends on the quantity of aromatic amino acids pre-
sent. However, FF* and FFF* were able to resist the effects 
of low to moderate concentrations (chymotrypsin ≤ 1.25 mg/
mL, pepsin ≤ 2.5 mg/mL). This may be attributed to the self-
assembled system that partially shields the cleavage sites of 
the proteases, thereby retaining partial antimicrobial activ-
ity of the peptides [12, 13, 49, 53, 54]. Nap* nanofibers 
combined the advantages of enzymatic resistance sequences 
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Fig. 3   Analysis of the enzyme resistance of Nap* nanofibers in vitro. 
a MIC of Nap* against E. coli ETEC K99 after incubation for 1  h 
with different concentrations of trypsin, chymotrypsin and pepsin. 
The control group results were obtained from the MIC assay. The 
values are presented as the mean ± standard deviation (SD), n = 6. b 
Cleavage of Nap* by trypsin, chymotrypsin and pepsin. The peptides 

were incubated with 10 mg/mL protease for 1, 2, 3 and 4 h at 37 °C, 
and the molecular weights of the protein markers from top to bot-
tom were 31, 20.1, 14.4, 6.5 and 3.3 kDa. c RP-HPLC analysis of the 
Nap* nanofibers after incubation with 10 mg/mL trypsin, d chymot-
rypsin, or e pepsin for 0, 1, 2 and 4 h
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with a self-assembled system, achieving complete resistance 
against the tested proteases. Even under the condition of 
coexistence of three enzymes, the antimicrobial efficacy of 
Nap* was minimally affected, as evidenced by variations in 
MIC values of only up to twofold after incubation for 48 h 
at the highest combined enzyme concentration (10 mg/mL) 
(Fig. S12). Subsequently, the retention of Nap* nanofibers 
after protease treatment was determined using 16.5% tri-
cine–SDS–polyacrylamide gel electrophoresis (PAGE). The 
concentrations of proteases used were very close to the lev-
els found in simulated intestinal and gastric fluids (10 mg/
mL) [19, 29]. Figure 3b shows that Nap* nanofibers exhib-
ited protein bands similar to those of the control after incu-
bation with 10 mg/mL protease for 1–4 h. Similarly, the RP-
HPLC profile showed that Nap* nanofibers exhibited high 
retention under trypsin and chymotrypsin treatment, with a 
single peak area accounting for more than 85% (Fig. 3c, d). 
However, after 4 h of treatment with pepsin, additional peaks 
appeared, indicating slight cleavage of Nap* (Fig. 3e). The 
analysis of the bactericidal kinetics of Nap* against E. coli 
ETEC K99 revealed the elimination of all bacteria within 
15 min at a concentration of 1 × MBC, which was signifi-
cantly faster than the rate of Nap* nanofiber cleavage by 
pepsin, indicating that it may possess clinical potential (Fig. 
S13).

Different concentrations of physiological salts and serum 
were utilized to assess the suitability of the Nap* nanofibers 
(Fig. S14). Among the seven physiological salts examined, 
only Ca2+ had a significant impact on Nap*, increasing its 
MIC against E. coli ETEC K99 by fourfold. This may be 
attributed to the competitive binding of Ca2+ to lipopolysac-
charides (LPS) on the microbial membrane surface, which 
increases membrane rigidity and ultimately decreases the 
antibacterial efficacy [55]. Subsequently, we examined the 
stability of the Nap* nanofibers after exposure to 100%, 50% 
and 25% human serum. Even after incubation in 100% pure 
human serum for 4 h, the Nap* nanofibers retained signifi-
cant antibacterial activity, indicating that the enzymes pre-
sent in the serum were insufficient to degrade Nap*.

In summary, the Nap* nanofibers exhibited high stabil-
ity against proteases, physiological salt ions, and serum. 
Advances in the combination of short peptide protease-
resistant sequences with self-assembly systems would boost 
the therapeutic capacity of these systems and expedite their 
clinical translation.

Proposed Overall Antimicrobial Mechanisms of Nap* 
Nanofibers

Based on the substantial surface charge of the nanofibers, it 
was proposed that Nap* exhibits similar membrane action 
to AMPs. To examine the logical consistency and credibility 
of the mechanism, a comprehensive membrane operation 

system was devised by integrating nanofibers. Different 
manipulations of E. coli ETEC K99 membranes have been 
described, encompassing external to internal aspects, quan-
titative to qualitative analyses, and investigations of features 
from molecular components to morphology. FITC-labeled 
Nap* nanofibers and propidium iodide (PI) were employed 
to initially examine the location of action of Nap* nanofib-
ers via confocal laser scanning microscopy (CLSM). The 
results showed that Nap* nanofibers labeled with FITC were 
decentralized on the E. coli ETEC K99 surface (Fig. 4a).

To confirm whether the initial binding sites of the Nap* 
nanofibers were located on the outer membrane surface, 
LPS was initially chosen for examination. LPS binding 
ratios exceeding 80% at elevated nanofiber concentra-
tions (≥ 16 μmol/L) indicated that Nap* was oriented on 
the Gram-negative membrane occurred via electrostatic 
attraction. With decreasing Nap* concentration and probe 
displacement, noticeable or progressive transmutation was 
observed (Fig. 4b). To evaluate the impact of LPS on antimi-
crobial efficacy, a combination of LPS and Nap* was incu-
bated for 1 h, followed by the introduction of E. coli ETEC 
K99. The bactericidal effects of the Nap* nanofibers were 
completely hindered when the concentration of dissociated 
LPS reached 512 µg/mL, providing further evidence that 
Nap* initially attaches to LPS (Fig. S15). Phosphatidylg-
lycerol (PG) is another crucial component of bacterial cell 
membranes and plays a vital role in stabilizing the bacterial 
membrane [56]. In the presence of free PG, the antimicro-
bial activity of Nap* decreased, suggesting that PG may 
serve as another binding site or target for Nap* (Fig. S16). 
In contrast, neutral phosphatidylcholine (PC) did not exhibit 
a similar effect. The combination of nanofibers with nega-
tively charged LPS and PG is likely to disrupt the fluidity 
and permeability of lipid bilayers or alter the lipid packing 
density [57, 58]. The fluorescence intensity was significantly 
higher in the presence of Laurdan GP, a dye sensitive to 
membrane fluidity, indicating that Nap* reduced membrane 
fluidity in E. coli ETEC K99 (Fig. 4c). This decrease in 
fluidity could contribute to passive membrane permeabiliza-
tion, structural destabilization, and dysregulated ion medium 
activity [38, 59].

Subsequently, we investigated the disruptive impacts 
of nanofibers on bilayer lipid membranes by perturbing 
membrane fluidity. Compared with Gram-positive bacteria, 
Gram-negative bacteria possess an outer membrane (OM) 
that provides superior protection [60, 61]. The fluorescence 
intensity of the N-phenyl-1-naphthylamine (NPN) probe 
increased in a dose-dependent manner with the concentra-
tion of Nap*, indicating the formation of fiber aggregates 
on the OM surface. At a concentration of 16 μmol/L, the 
permeability of the OM reached over 90% (Fig. 4d). The 
observed reduction in the activity of respiratory chain 
dehydrogenases provides further evidence of membrane 
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Fig. 4   Nap* nanofibers induce bacterial death through membrane dis-
ruption. a CLSM observations. Green signal: FITC-label, red signal: 
PI. b The LPS binding affinities of Nap*. The data are presented as 
the mean ± standard deviation (SD), n = 3. Differences among groups 
exposed to different concentrations of Nap* were assessed using one-
way ANOVA, followed by Tukey's post hoc analysis; (a, b…) indicate 
a significant difference (P < 0.05). c Effect of Nap* on the membrane 
fluidity of E. coli ETEC K99. The data points were collected from 
three biologically independent experiments. The error bars indicate 
the mean ± SD. Statistical analysis was performed using one-way 
ANOVA followed by multiple comparisons to determine the signifi-
cance of differences between the control and Nap* treatment groups 
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). d Outer 

membrane permeability induced by Nap*. e The inhibitory effect of 
Nap* on the activity of respiratory chain dehydrogenases in E. coli 
cells. f Cytoplasmic membrane depolarization induced by the Nap* 
nanofibers. g Inner membrane permeability induced by Nap* nanofib-
ers. h Live/dead fluorescence image and bacterial agglutination assay 
of E. coli ETEC K99 treated with Nap*. Scale bar: 200 μm. i SEM 
and TEM images of E. coli ETEC K99 after treatment with Nap* 
nanofibers at 37 °C for 1 h. The control (left) was incubated at 37 °C 
for 1 h without the addition of Nap*. j Negative-stained TEM images 
of E. coli ETEC K99 after exposure to Nap* nanofibers for vary-
ing durations are presented. Images at time points ranging from 0 to 
15 min were obtained
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disruption. As the respiratory chain of E. coli ETEC K99 is 
located on the plasma membrane [62], the direct targeting 
of the plasma membrane by Nap* inhibits respiratory chain 
dehydrogenase activity (Fig. 4e). Due to the aggregation 
of these nanofibers, the cytoplasmic membrane potential is 
vulnerable to instability. Next, the Nap* nanofibers perme-
ated the inner membrane (IM) layer, resulting in significant 
and rapid depolarization of the cytoplasmic membrane in 
E. coli ETEC K99 cells. This depolarization was contingent 
on both time and dose, leading to uncontrolled ion flux, loss 
of membrane potential, and eventual impairment of the IM 
(Fig. 4f, g) [63, 64].

To explore the mechanistic correlation in more detail, 
we employed a series of microscopic imaging techniques to 
investigate the deeper alterations in the internal and external 
morphology of E. coli cells following treatment with Nap*. 
The LIVE/DEAD assay showed that upon the addition of 
SYTO 9, the nanofiber-induced membrane damage led to a 
gradual merging of SYTO 9's staining with the red signal of 
PI. The simultaneous presence of the two stains led to the 
emergence of a chartreuse color (Fig. 4h). In addition, when 
the concentration of Nap* reached 32 μmol/L, the E. coli 
cells underwent bacterial aggregation, indicating the pos-
sible activation of an alternative antibacterial mechanism, 
in which the entrapment and killing of bacteria by a high 
concentration of nanofiber network prevented their escape 
[10, 19, 49, 65]. The bacterial aggregation test conducted in 
an EtOH-sterilized cuvette corroborated this observation, 
as E. coli cells treated with 32 μmol/L Nap* displayed vis-
ible bacterial clustering, while the groups treated without 
Nap* or with 8 μmol/L Nap* did not exhibit this phenom-
enon. In the TEM micrographs, the bacterial membranes and 
cytoplasm of all the E. coli ETEC K99 cells were distinctly 
visible, and the SEM micrographs revealed the smooth 
surface of the cells. Upon treatment with Nap*, the TEM 
images revealed cytoplasmic content leakage, the forma-
tion of blebs, vacuolization, and the presence of broken E. 
coli cells. Similarly, SEM revealed crumpled cells and frag-
ments. These observations unequivocally confirmed that the 
Nap* nanofibers induced membrane disruption (Fig. 4i). The 
negative staining TEM images of E. coli following treatment 
with Nap* nanofibers at various time intervals provided a 
comprehensive understanding of the temporal dynamics and 
underlying mechanisms of action (Fig. 4j). During 2-min 
and 5-min incubation periods, we observed the adhesion of 
Nap* nanofibers to the surface of the E. coli cells, with a sig-
nificant number of Nap* nanofibers successfully penetrating 
the OM and entering the cell interior. Ultimately, at 15 min, 
significant cytoplasmic shrinkage and disrupted E. coli cells 
were evident.

The membrane damage enables us to intrude into the 
cell to investigate signals associated with cell death. Once 
nanofibers enter the interior of E. coli cells, they first bind 

to DNA (Fig. S17), preventing its migration; subsequently, 
Nap* triggers oxidative stress and inflicts damage upon the 
bacteria by disrupting their respiratory processes, leading to 
the overproduction of reactive oxygen species (ROS) (Fig. 
S18) and ultimately increasing the internal pH of E. coli 
cells (Fig. S19), inducing ATP leakage (Fig. S20). In previ-
ous studies, AMPs and bio-nanomaterials have been found to 
potentially disrupt genetic-level interactions, thereby affect-
ing biological processes [29, 66–69]. To further elucidate 
the intracellular disruptive effect of Nap* nanofibers, we 
performed transcriptomic and metabolomic analyses on E. 
coli ETEC K99 treated with Nap*(1 × MIC). The results 
indicated that E. coli cells exhibited 276 significantly dif-
ferentially expressed genes (a total of 3875 genes identified) 
following treatment with Nap* nanofibers (P values < 0.05, 
FDR ≤ 0.05 and fold-change (FC) ≥ 2) (Figs. 5a and S21). 
Among these genes, 161 genes were upregulated, and 115 
genes were downregulated (Fig. S22). Moreover, Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analyses (Fig. S23) con-
firmed that the differentially expressed genes affected by 
Nap* nanofibers were most enriched in the plasma mem-
brane and involved in interfering with the expression of 
membrane protein and inner membrane protein genes (ybjM, 
ybhL, yohK, yohj, nlpA, ydjZ, yidD, ybaN, yhiD, yjiG), and 
the genes encoding ABC transporters and proteins associ-
ated with transmembrane transport were significantly inhib-
ited, which confirmed that Nap* directly targets mechanisms 
associated with the E. coli cell membrane (Fig. S24). In 
addition to the confirmed the disruption of the cytoplasmic 
membrane, Nap*-induced differential gene expression was 
found to originate from pathways related to sulfur metabo-
lism, nitrogen metabolism, nucleotide metabolism, biotin 
metabolism, amino acid metabolism, carbohydrate metabo-
lism, and energy metabolism (Figs. S25 and S26). Nap* sig-
nificantly downregulated the pyruvate dehydrogenase gene 
and the E2 subunit (aceF), thereby attenuating the irrevers-
ible oxidative decarboxylation of pyruvate to acetyl-CoA. 
Consequently, an increase in the expression levels of suc-
cinate dehydrogenase complex flavoprotein subunits (sdhD, 
sdhA, and sdhC) forced the bacteria to perform glycolysis 
and oxidative phosphorylation to compensate for the loss 
of the tricarboxylic acid (TCA) cycle (Fig. S27), which is 
consistent with our previous finding that Nap* induces ATP 
leakage. Furthermore, numerous genes involved in DNA 
replication and transcription exhibited differential expres-
sion in E. coli following Nap* treatment (Figs. S25 and 
S26). These genes are associated with transcription factors 
as well as purine, pyrimidine, and amino acid metabolism, 
indicating that Nap* also interferes with transcription and 
translation functions. In the nontargeted metabolomics anal-
ysis, 71 differentially abundant metabolites were enriched 
(Fig. 5b), revealing changes in intracellular amino acids, 
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glycerol phospholipids, nucleosides, and organic acids in E. 
coli following Nap* treatment (Figs. S28–S32). The down-
regulation of amino acid and nucleoside metabolites con-
firmed the findings from the transcriptomic investigation.

In summary, Nap* targets the LPS and PG on the bacte-
rial membrane, electrostatically adsorbs to the OM surface 
and further disrupts the OM, causing strong fluctuations in 
the membrane potential of E. coli cells and inducing IM 
damage. At high concentrations, the nanofiber network cap-
tures bacteria, preventing their escape. When Nap* enters 
the intracellular environment, it first binds to negatively 
charged DNA, then induces the accumulation of ROS and 
triggers ATP leakage and pH elevation. At the genetic level, 

Nap* can elicit comprehensive responses in processes such 
as transcription, translation, energy production, and trans-
membrane transport. These findings suggested that Nap* 
promotes apoptosis in E. coli cells through multiple syner-
gistic modes of action (Fig. 5c).

Evaluation of In Vivo Biocompatibility 
and Treatment of Systemic Bacterial Infection

The successful in  vitro efficacy of the Nap* nanofib-
ers prompted us to transition to in vivo investigations to 
explore their therapeutic potential in peritonitic–septicemic 
mice infected with E. coli ETEC K99. Prior to that, Nap* 

Fig. 5   Whole-transcriptome RNA sequencing and nontargeted metab-
olome sequencing revealed that Nap* nanofibers disrupted normal 
bacterial cellular activities. a Volcano plots of differentially expressed 
genes between E. coli cells treated with Nap* and control cells. The 
blue dots and rose-red dots represent downregulated and upregulated 
differentially expressed genes, respectively; the white dots represent 

genes without significantly differential expression. The horizontal 
axis represents the log 2 of the fold-change values, while the vertical 
axis represents the negative log 10 of the P values. b Volcano plots of 
differentially expressed metabolites. c Schematic diagram illustrating 
the multimodal synergistic mechanism of E. coli cell death induced 
by Nap*
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Fig. 6   Nap* nanofibers exhibit excellent in  vivo biocompatibility 
and therapeutic potential in peritonitis–sepsis models. a Schematic 
illustration of the in  vivo biocompatibility measurement protocol. b 
Changes in the weight curve and c relative organ index (mean ± SD, 
n = 6, P > 0.05). d Liver, kidney, and spleen function parameters of 
mice injected with 5, 10, or 20  mg/kg of the substance and saline 
for 4  days were assessed and expressed as the mean ± SD (n = 6). 
There were no statistically significant differences between the groups 
(P > 0.05). e Schematic illustration of the experimental protocol for 

measuring efficacy. f Bacterial load of E. coli cells in the liver, kid-
ney, spleen and peritoneum after infection with E. coli cells and treat-
ment with saline, Nap* nanofibers and gentamicin. A and B indicate 
significant differences (P < 0.01). g Effects on the IL-6, IL-1β, and 
TNF-α levels in mouse serum. The data are shown as the mean ± SD 
(n = 8). h Histopathological H&E staining of the liver, kidney and 
spleen. Significant differences between groups are denoted by distinct 
lowercase letters (a, b, and c) for P values < 0.05 and uppercase letters 
(A, B, and C) for P values < 0.01
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nanofibers were administered via intraperitoneal injection to 
ICR female mice to assess their in vivo safety (Fig. 6a). Fol-
lowing the injection, the mice were carefully observed for 
indications of pain and any alterations in weight. Two mice 
that received injections of 20 mg/kg Nap* displayed differ-
ent levels of hind limb movement sluggishness, listlessness, 
and decreased mobility within 1 h, suggesting that systemic 
stimulation of the mice by Nap* at a high dose (20 mg/kg) 
was transient, with only a brief duration (Fig. S33). Further-
more, following three days of uninterrupted administration 
of Nap*, the body weight of the mice exhibited a consistent 
upward trend (Fig. 6b), with no notable significant differ-
ences in the organ (liver, kidney or spleen) index or weight 
changes between the control group (saline) and the injected 
group (P > 0.05) (Fig. 6c). Subsequently, blood biochemi-
cal markers reflecting the health status of the spleen, kidney, 
and liver were analyzed to assess in vivo biocompatibility. 
The levels of blood urea nitrogen (BUN), creatinine (CREA), 
alanine aminotransferase (ALT), alkaline phosphatase (ALP), 
and total bilirubin (TBIL) in the serum exhibited no signifi-
cant differences (P > 0.05), indicating that the administra-
tion of Nap* did not induce hepatotoxicity or nephrotoxicity 
(Fig. 6d). In contrast to those in the control group (saline), 
the liver, kidney, and spleen tissues treated with 5, 10, and 
20 mg/kg Nap* nanofibers exhibited no pathological altera-
tions. The tissues displayed clear visibility of the hepatic por-
tal vein and hepatic stroma, intact renal tubules and collecting 
ducts, and distinct splenic sinus tissue, indicating the marked 
biocompatibility of Nap* nanofibers (Fig. S34).

Given the inconsequential in  vivo toxicity of Nap* 
nanofibers, their potential biomedical application was further 
evaluated by assessing their effectiveness in a mouse model 
of peritonitic–septicemic infection. As shown in Fig. 6e, at 
0 h, E. coli ETEC K99 at an infectious dose (OD600 = 0.35, 
100 μL was injected into the abdominal cavity of each 
mouse, and at 0.5 h and 2 h, the mice were administered 
different treatments (control group: E. coli + saline; Nap* 
group: E. coli + 10 mg/kg; gentamicin group: 3 mg/kg). 
After a period of 8 h, the mice were euthanized, and their 
livers, kidneys and spleens were extracted, homogenized, 
diluted, and subjected to culture. The plate culture results 
demonstrated a notable reduction in the bacterial load within 
the liver, kidney, spleen and peritoneum of the treated mice, 
but no significant difference was observed compared with 
that in the group treated with gentamicin (P > 0.01) (Fig. 6f).

Nap* may exhibit dual properties, initially capturing bacte-
ria within the peritoneal cavity to prevent their extensive spread 
and invasion. Subsequently, Nap* directly kills the escaped E. 
coli cells located on the surfaces of organs or within tissues. 
The levels of proinflammatory cytokines (including IL-6, 
IL-1β, and TNF-α) in the serum were significantly lower in 
the Nap* nanofiber-treated group than in the group treated with 
saline (Fig. 6g). According to the histological analysis results, 

mice treated with saline exhibited extensive tissue damage, 
including symptoms of hepatic cell congestion, inflammatory 
cell infiltration, proliferation of splenic sinus connective tis-
sue, abnormal morphology of the renal tubules and collecting 
ducts, and atrophy of the renal glomeruli. In contrast, Nap* 
nanofiber treatment alleviated this tissue damage (Fig. 6h). 
Therefore, the findings from the peritonitic–septicemic infec-
tion model underscore the potential of Nap* nanofibers as a 
treatment option for bacterial infections in vivo.

Future Research on Nap* Nanofibers

In previous studies, peptides have been used in combina-
tion with antibiotics to reduce the dosage of antibiotics 
and prevent the emergence of multidrug-resistant bacteria 
[18, 63, 70]. Therefore, we tested the combination of Nap* 
nanofibers with clinically available antibiotics against Gram-
negative bacteria. The results indicated that Nap* nanofibers 
exhibited an additive effect when combined with peptide-
based antibiotics, penicillins, certain aminoglycosides, 
and macrolides (Table S1). However, no interactions were 
observed with cephalosporins, tetracyclines, or quinolones. 
Therefore, future research will focus on exploring the bac-
tericidal mechanisms and in vivo application potential of 
Nap* nanofibers in combination with commercially avail-
able antibiotics. The aim is to reduce the antibiotic dosage 
and align it with clinical usage. Furthermore, we discovered 
that Nap* could inhibit and eradicate the biofilm produced 
by P. aeruginosa ATCC 27853 (Fig. S35). This has sparked 
interest in exploring the ability of Nap* to inhibit higher-
level bacterial community effects. Future challenges will 
focus on addressing treatment dilemmas in community hos-
pitals and animal husbandry.

Conclusions

In summary, we identified the versatile Nap* nanofibers 
in a screen of self-assembled systems based on different 
numbers of benzene rings combined with enzyme-resistant 
sequences composed of nonnatural amino acids. We system-
atically investigated the nanoscale characteristics, in vitro and 
in vivo antimicrobial activities, biocompatibility, and bacteri-
cidal mechanisms of Nap*. Furthermore, the Nap* nanofib-
ers showed strong tolerance to physiological conditions and 
protease invasion, demonstrating their potential applica-
tion in treating systemic infections. The mechanistic results 
indicated that Nap* nanofibers can capture and aggregate 
bacteria, preventing their dispersion and evasion. Moreover, 
membrane disruption, ATP leakage and ROS accumula-
tion were all extensively induced inside E. coli cells. These 
processes also interfere with transcription, translation, and 
energy metabolism, exhibiting a multimodal synergistic 
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mechanism to drive cell death. In conclusion, the combina-
tion of self-assembled systems with short peptide sequences 
provides a novel approach that could offer a theoretical basis 
for peptide-based nanomaterials and present promising can-
didate materials for addressing clinical challenges.
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