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Abstract 

The wide-spreading of multidrug resistance poses a significant threat to human and animal health. Although antimi-
crobial peptides (AMPs) show great potential application, their instability has severely limited their clinical application. 
Here, self-assembled AMPs composed of multiple modules based on the principle of associating natural marine pep-
tide N6 with ß-sheet-forming peptide were designed. It is noteworthy that one of the designed peptides, FFN could 
self-assemble into nanoparticles at 35.46 µM and achieve a dynamic transformation from nanoparticles to nanofibers 
in the presence of bacteria, resulting in a significant increase in stability in trypsin and tissues by 1.72–57.5 times com-
pared to that of N6. Additionally, FFN exhibits a broad spectrum of antibacterial activity against multidrug-resistant 
(MDR) gram-positive  (G+) and gram-negative  (G−) bacteria with Minimum inhibitory concentrations (MICs) as low 
as 2 µM by membrane destruction and complemented by nanofiber capture. In vivo mouse mastitis infection model 
further confirmed the therapeutic potential and promising biosafety of the self-assembled peptide FFN, which can 
effectively alleviate mastitis caused by MDR Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus), and elimi-
nate pathogenic bacteria. In conclusion, the design of peptide-based nanomaterials presents a novel approach 
for the delivery and clinical translation of AMPs, promoting their application in medicine and animal husbandry.
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Graphical Abstract

Introduction
Antimicrobial resistance (AMR), as a "silent global pan-
demic", poses a significant peril to both human health 
and animal husbandry [1]. According to statistics, bac-
terial AMR was associated with 4.95 million deaths and 
directly caused 1.27 million deaths in 2019. Unfortu-
nately, it is estimated that AMR could be accountable 
for approximately 10 million deaths by 2050 if no effec-
tive measures are taken [2]. It is worth noting that the 
widespread dissemination of AMR genes has resulted in 
the emergence of multidrug-resistant (MDR) bacteria, 
particularly Escherichia coli (E. coli) and Staphylococ-
cus (S. aureus). The prevalence of AMR of S. aureus to 
clindamycin isolates from bovine mastitis increased 246-
fold in 20142020 compared with 19992003 [3], and the 
prevalence of extended-spectrum ß-lactamase enzyme 
(ESBL) E. coli isolates has ranged from 0.4% to 25.4% [4, 
5]. These two MDR bacteria have been included in the 
priority ESKAPE pathogens (Enterococcus faecium, S. 
aureus, Klebsiella pneumoniae, Acinetobacter bauman-
nii, Pseudomonas aeruginosa, and Enterobacter species) 
list, which urgently need for a novel antibiotic to be dis-
covered by the World Health Organization (WHO) since 
2017 [6, 7]. Therefore, developing novel antimicrobial 
agents to overcome MDR bacteria may become impera-
tive for global security in the near future.

Antimicrobial peptides (AMPs), an integral part of the 
natural immune system, have attracted increasing atten-
tion due to their high antibacterial activity and low drug 
resistance [8, 9]. Most importantly, unlike traditional 
antibiotics focusing on bacterial protein receptors to 
disrupt metabolism and cell growth, AMPs mainly inter-
act with negatively-charged bacterial cell membranes 
due to their positive-charge and hydrophobicity. Con-
sequently, it is highly challenging to compel microbes 
to modify their membrane components to resist AMPs 
[10, 11]. Therefore, the development of AMPs repre-
sents an effective direction to solve the problem of tra-
ditional antibiotic resistance. However, only a few AMPs 
(like Dalbavancin, Daptomycin, and Nisin) have been 
put into practical application and marketing [12]. Stud-
ies have shown that one of the major obstacles hindering 
the clinical application of AMP is the stability problem. 
Typically, AMPs are cleared from the blood by enzymatic 
degradation, renal filtration, and uptake by the reticu-
loendothelial system [13, 14].

Hence, techniques are urgently required to enhance 
the stability and prolong the half-life of AMPs [15]. As 
one of the most promising approaches, nanotechnology 
has been recognized as the last push toward the clini-
cal use of AMPs [16, 17]. Among various delivery sys-
tems, the self-assembly strategy represents one of the 
most effective and appealing methods for alleviating 
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the short half-life in  vivo of AMPs and enhancing their 
bioavailability [1821]. Self-assembled AMPs can exert 
their functions on various microstructures (nanoparti-
cles, nanofibers, nanotubes, or hydrogels). Nanoparti-
cles exhibit enhanced penetration and retention (EPR) 
effects, and nanofibers can further enhance the accu-
mulation and retention at target sites based on assembly 
induced retention (AIR) effect [22]. As previously stated, 
Qi et  al. designed in  situ self-assembled antimicrobial 
peptide CPC-1 with a fourfold prolongation of the half-
life at the site of infection in comparison to self-assem-
bled nanoparticles CPC-2 (Table  1) [23]. Meanwhile, 
the formed nanofibers could also trap bacteria, such as 
the peptide HDMP (Table 1) [24, 25], exhibiting a dual-
action antibacterial mechanism. The marine peptide 
N6, previously investigated in our laboratory, exhibited 
excellent antibacterial activity. However, it was poorly 
resistant to enzymatic degradation, especially trypsin, 
showing a short half-life in vivo [26]. Self-assembly tech-
nology has been widely verified to improve the stability 
of AMPs [12]. By self-assembly technology, Chen et  al. 
increased the stability of AMP PTP-7 in serum from 2 h 
to more than 5 h [27] (Table 1). Han et al. designed the 

self-assembled peptide A-10 compared to the parent pep-
tide, whose peptide retention in proteinase K and serum 
was significantly increased to 43% and 56%, respectively 
[28]. So it is logical to propose that combining multiple 
strategies, including in  vitro pre-assembly and in  vivo 
self-assembly, could effectively improve the bioavailabil-
ity and therapeutic effect of N6.

Here, we designed self-assembled AMPs to treat MDR 
bacterial infections according to the principles of pre-
cise module design and the structureactivity relationship 
of AMPs [11, 29]. AMPs are designed using the follow-
ing specific modules: (i) the hydrophobic module, flu-
orenylmethy (Fmoc), is a commonly used hydrophobic 
motif that facilitates the assembly process by providing 
hydrophobic forces to form nanoparticles [30]; (ii) the 
hydrogen bond module: KFFK, which originates from 
the core sequence of Alzheimer’s disease protein Aß40 
(KLVFFAE), provides hydrogen bonding forces and � - �
stacking forces for the transformation of nanofibers [31, 
32]; (iii) the antibacterial module: N6, exhibits strong 
antibacterial activity and acts as a hydrophilic terminal 
to regulate the hydrophilic/lipophilic balance (HLB) of 
self-assembled peptides [26]. Based on the above design 

Table 1 Summary of the design, structure and property of self-assembled peptide discussed in this study

Peptide Design Structure Improvements Ref

W-4 wkwkwNGwkwkw-NH2 Nanofibers Reduce toxicity and increase stability 14

CPC-1 Chitosan-GPLGVRGC-PEG2000- 
CGGG(KLAKLAK)2

Nanoparticle to nanofiber transition 
induced by enzyme

Improve the stability and prolong 
the half-retention time

23

HDMP BP-KLVFF -RLYLRIGRR Nanoparticle to nanofiber transition 
induced by LTA

LTA-induced in situ self-assembling 
nanofibers trap bacteria

24

PTP-7 FLGALFRALSRLL Nanofiber Dramatically alter activity and stability 
in comparison with single molecule 
CL-1

27

BET BP-KFFVLK-RLKLILKSK Nanoparticle to nanofiber transition 
induced by LPS

Transform in situ from nanoparticles 
to nanofibrous networks to trap bacte-
ria and induce aggregation

32

BTT2 LKLKLKVpPTKLKLKL-NH2 LTA and LPS as nucleation sites, induc-
ing BTT self-assembly into nanonet

Bacteria-induced in situ self-assembly 
form nanonet trap-and-kill bac-
teria and display robust stability 
against trypsin

34

FF FF Nanofiber FF as the minimal model for antibacte-
rial supramolecular polymers

35

NPs1 C14-(PF)4P-K(PEG8-NH2)(KP)5-NH2 Nanoparticle Display broad-spectrum antibacterial 
activity and high stability

38

SAP (WVHH)3PG(HHVV)3-NH2 Nanospheres to nanofiber transition 
triggered by pH

Display the entrapment property 
and excellent biocompatibility

51

Assembling Peptide C14-(HHHF)4HHH-K-(PEG8)-QRKLAAKLT-
NH2

Nanofiber to nanoparticle transition 
triggered by pH

Exhibit pH responsiveness and high 
biocompatibility

53

RW-1 RRR RWW WW Micelle High and rapid bacteria-killing activity 54

Defensin HD6 Nanofiber HD6 self-assembly to form fibrils 
and nanonets that surround and entan-
gle bacteria

56

Z(WR)2 WRWRCNSKSFCRWRW Nanofiber LPS and LTA-induced nanofibers to trap 
bacteria

57
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strategy, we screened highly effective in  situ self-assem-
bled AMPs, evaluated their self-assembly capability, 
antibacterial ability, biosafety, stability and bactericidal 
mechanism in  vitro, and verified the therapeutic effect 
in vivo using mastitis models (Scheme 1).

Results and discussion
Design and self‑assembled characterization of AMPs
Based on the comprehensive understanding of the pre-
cise module design theory of self-assembled peptide and 
antibacterial structurefunction relationships, the self-
assembled AMPs were designed with different functional 
modules (hydrophobic, hydrogen-bonded self-assembly 
and antimicrobial modules) using the marine peptide N6 
as a basis. Fluorescence spectroscopy, electron micros-
copy and circular dichroism (CD) were used to detect 
the self-assembly ability of the AMPs. Preliminary results 
indicate that hydrophobic forces,  � - �stacking forces 

and hydrogen bonding, play important roles in facilitat-
ing self-assembly. The major bacterial cell wall compo-
nents, lipopolysaccharides (LPS) and lipoteichoic acid 
(LTA) act as prominent amyloid core factors to promote 
the self-assembly of target peptides.

To investigate the molecular design and assembly 
behaviour, two AMPs on the basis of N6 (GFAWNVCVY-
RNGVRVCHRRAN-NH2) were modularly designed and 
solid-phase synthesized, which respectively were: FKN 
(Fmoc-KLVFFK-GFAWNVCVYRNGVRVCHRRAN-
NH2, FKN) and FFN (Fmoc-KFFK-GFAWNVCVYRNG-
VRVCHRRAN-NH2, FFN) (Fig.  1A-C, Table  S1). Their 
molecular weights were identified using matrix-asso-
ciated laser desorption ionization time-of-flight mass 
spectrometry (MALDI-TOFMS) (Figure S1-S3 A). The 
final purities of N6, FKN and FFN were 95.0%, 95.2% and 
96.2%, respectively. (Figure S1-S3 B).

Scheme 1 A Schematic illustration of the principle of bacteria-triggered transformation of self-assembled AMPs from nanoparticles to nanofibers. 
B Self-assembled peptides are administered via the mammary duct to treat mastitis caused by MDR S. aureus and E. coli. Bacteria-induced formation 
of nanofibers captures the bacteria and further kills the bacteria through membrane destruction mechanisms
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Fig. 1 Chemical structure and self-assembly properties of AMPs. A The molecular structure of peptides is designed as hydrophobic modules, 
hydrogen bond modules and antimicrobial peptide modules. B Amino acid composition of the designed peptides. C Diagram of the transition 
mode from nanoparticles to nanofibers. D The fluorescence spectra of FFN. E The CMC of FFN. F SEM and TEM images of self-assembled peptides 
only and self-assembled peptide FFN (80 µM) in LPS or LTA (1 M). G Zeta potential of self-assembled peptides
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Firstly, the critical micelle concentration (CMC) of each 
AMP in PBS was determined using 1-phenylamino-8 
sulfonate (ANS) fluorescent dye. As a hydrophobic 
fluorescent probe, ANS does not emit fluorescence in 
polar solvents. Still, its fluorescence intensity is notably 
enhanced in hydrophobic environments, making it suit-
able for determining the CMC of self-assembled AMPs. 
As shown in Fig.  1D, and Figure S4A, the fluorescence 
intensities of FKN and FFN at 480 nm exhibited a nota-
ble rise as the concentration rose. The CMCs of FKN and 
FFN were 7.94 and 35.46 µM, respectively, indicating that 
FKN and FFN can self-assemble (Fig. 1E and Figure S4B). 
Conversely, the fluorescence intensities of N6 exhibited 
a direct correlation with concentration, suggesting that 
N6 is incapable of self-assembling. To further monitor 
the structure of self-assembled AMPs, scanning electron 
microscopy (SEM) and transmission electron micros-
copy (TEM) were utilized to evaluate the morpholo-
gies. As shown in Fig. 1F and Figure S4C, D, E, FKN and 
FFN self-assembled to form nanoparticles, which were 
characterized with particle sizes of 69.78±11.56 nm and 
70.67±15.60  nm, respectively. The zeta-potentials of the 
FKN and FFN were 24 and 21.3 mV, respectively, suggest-
ing that these AMPs could strongly bind to negatively 
charged bacterial membranes (Fig.  1G). Moreover, to 
verify the alteration in morphology of the self-assembled 
peptide following its interaction with components of the 
bacterial cell wall, self-assembled peptides (80 µM) were 
co-incubated with LPS or LTA. The fluorescence inten-
sity of these AMPs, particularly FFN, was significantly 
increased upon their interaction with LPS or LTA (Fig-
ure S5A). This was further confirmed by SEM and TEM, 
FKN and FFN underwent a gradual transformation from 
nanoparticles to nanofibers when exposed to LPS or LTA 
for 6 h (Figure S4C and Fig. 1F). The morphology of FFN 
was gradually changed with LPS/LTA induction, multi-
ple short nanofibers were visible at 12 h, and completely 
converted to nanofibers at 72  h (Figure S6). In contrast 
to N6, the hydrophobic heads of FKN and FFN aggre-
gated to form nanoparticles and then gradually changed 
from hydrophobic to hydrogen bonding forces and �-�
stacking forces. The morphology of self-assembled AMP 
FFN gradually changed from nanoparticles to nanofib-
ers, which was basically consistent with the self-assem-
bly behaviour of in situ self-assembling peptides HDMP 
[24] and BET [32], where HDMP completely transformed 
from nanoparticles to nanofibers after 48 h of LTA induc-
tion and BET completely transformed from nanoparticles 
to nanofibers after 72 h of LPS induction (Table 1). LPS/
LTA, as prominent amyloid nucleators in the bacterial 
membrane, transforms the dominance of hydrophobic 
forces to hydrogen bonding forces and accelerates the 
conversion of nanoparticles to nanofibers in FKN and 

FFN [33, 34] (Table 1). Moreover, the significant dispar-
ity between the FKN and FFN underscores the substan-
tial role played by the integrity of KLVFFK in the process 
of self-assembly. KLVFFK, derived from the core motif of 
Alzheimer’s disease Aß40 (KLVFFAE), exhibits a stronger 
aggregation capacity than KFFK, mostly due to greater 
hydrogen bonding and �-�stacking force. The small-
est nano-self-assembling motif, FF, has a significantly 
decreased self-assembly capacity than KLVFFK. This is 
attributed to the reduction of hydrogen bonding force, as 
shown by the CMC of 760 µg/mL [35] (Table 1).

Subsequently, the self-assembly behaviours of AMPs 
were characterized using ultraviolet spectroscopy 
(UVvis). As shown in Figure S5B, N6 presents UVvis 
absorption spectra in the range of 200300  nm, with a 
peak value of 275  nm. Compared to N6, FKN and FFN 
exhibit larger UVvis absorption peaks, broader spectral 
bands, and a blueshift at 275 nm, with a peak at 268 nm. 
The primary reason for this phenomenon is the hydro-
gen bonding forces of KLVFFK in FKN and KFFK in FFN. 
These forces shorten the intermolecular distance and 
enhance the intermolecular force, causing the absorp-
tion band of the molecule to shift towards shorter wave-
lengths [36]. Meanwhile, LPS slightly affected the UV 
spectra of all three peptides, but LTA had a greater effect 
on the spectra of FKN and FFN. Since the secondary 
structure affects AMP self-assembly and bioactivity, the 
CD and fourier transform infrared spectrometer (FTIR) 
analyses were performed to compare the secondary 
structure of each peptide. As shown in Figure S5C, the 
percentages of ß-sheet in N6, FKN and FFN were 35.24%, 
40.45% and 38.82%, respectively. After incubation with 
LPS, the corresponding ß-sheet percentages of FKN and 
FFN increased to different extents, whereas the changes 
in N6 were negligible (Table S2). The confirmation of the 
ß-sheet structure of nanofibers was additionally validated 
using FTIR analysis. N6, FKN and FFN showed strong 
absorptions at approximately 1635   cm1 (C=O stretch-
ing vibration), 1529   cm1 (benzene skeleton vibration) 
and 3294  cm1 (OH and NH stretching vibration) (Figure 
S5D). The absorption at 1635   cm1 is specifically linked 
to the distinctive vibration of the β - sheet structure [36]. 
However, N6 did not present a peak at 1194  cm1, possibly 
due to a deficiency of FF amino acids (Figure S5D). Fur-
thermore, the affinity between the peptides and LPS or 
LTA was determined using the BC probe. The result has 
shown that the affinity of the self-assembled peptide FKN 
and FFN to LPS of E. coli and LTA of S. aureus exhibited a 
dose-dependent effect, which was even greater than that 
of N6 (Figure S5E and S5F), which is consistent with pre-
vious studies of SCPs and self-assembled peptide NPs-1 
[37, 38] (Table 1).
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Fig. 2 In vitro antimicrobial activities of N6, FKN and FFN. A Minimum inhibitory concentration (MIC) and minimum bactericidal concentration 
(MBC) of N6, FKN and FFN against G bacteria (n=3). B The MICs and MBC of N6, FKN and FFN against  G+ bacteria (n=3). C Time-kill curves of N6, FKN 
and FFN against clinical isolates E. coli CGMCC1.90026 (n=3), CK: PBS group. D Time-kill curves of N6, FKN and FFN against clinical isolates S. aureus 
CGMCC1.90032 (n=3), CK: PBS group. E The  MDK99 and  MDK99.99 of N6, FKN and FFN against clinical isolates E. coli CGMCC 1.90026 and S. aureus 
CGMCC 1.90032. F Schematic diagram of the test procedure for the postantibiotic effect. G Postantibiotic effects of 1×, 2×and 4×MIC of N6, FKN 
and FFN against clinical isolates E. coli CGMCC 1. 90026 (n=3). H Postantibiotic effects of 1×, 2×and 4×MIC of N6, FKN and FFN on clinical isolates S. 
aureus CGMCC 1.90032 (n=3). Results were given as mean±SD
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2.2 Bioactivity of self‑assembling AMPs in vitro
Bioactivity is an important property of self-assembled 
peptides. This part of the study analyzed the antibacte-
rial activity and rate of self-assembled AMPs against G 
(E. coli) and  G+ (S. aureus) by minimum inhibitory con-
centration (MIC), bactericidal kinetics (time and dose), 
mutant prevention concentrations (MPCs) and postan-
tibiotic effect (PAE). The results demonstrated that FFN 
displayed superior antibacterial, a reduced MPC and an 
extended PAE, which can reduce the drug dose and pro-
long the dosing interval and be preliminarily used as a 
candidate therapeutic drug.

Firstly, to evaluate the in  vitro bioactivity of the self-
assembled AMPs, E. coli CGMCC 1.90026 and S. aureus 
CGMCC 1.90032 as test strains were used as test strains, 
and the standard strains E. coli ATCC 25922 and S. 
aureus ATCC 43300 were used as control strains. Ini-
tially, the clinical isolates were identified for drug resist-
ance. The results revealed that E. coli CGMCC 1.90026 
only exhibited sensitivity to polymyxin B, amikacin and 
developed the resistance genes gyrA, gyrB and parC 
(Table S3). S. aureus CGMCC 1.90032 developed resist-
ance to penicillin, ampicillin, amoxicillin clindamycin, 
norfloxacin, sulfafurazole and bacitracin, and evolved the 
resistance genes blaZ, braRS and atpA (Table S4).

Secondly, the antibacterial efficacy of each AMP 
against  G+ and G bacteria was evaluated by the MIC, 
minimum bactericidal concentration (MBC), time-kill 
kinetics and dose-kill kinetics. As shown in Fig.  2A, B 
and Table S5, in terms of antimicrobial activity, the geo-
metric mean MICs of N6, FKN and FFN against all tested 
strains were 6.02, 4.78 and 2.52 µM, respectively. Specifi-
cally, the geometric mean of MICs of N6, FKN, and FFN 
against G being 2, 3.84 and 2.35  µM, respectively, and 
against  G+ being 15.43, 5.98 and 2.78  µM, respectively. 
Since the antimicrobial activity and selectivity of AMPs 
are related to the ratio of cationic and hydrophobic, we 
inferred that the expansion of the antimicrobial spectrum 
of FKN and FFN was mainly attributed to the cationic 
properties of lysine (K) and the hydrophobicity of Fmoc, 
leucine (L), valine (V) and phenylalanine (F) [13]. The dif-
ferences in antibacterial activity between FKN and FFN 
may be due to the alterations in secondary structure lead-
ing to intense aggregation [39, 40]. The time-antibacterial 
kinetics was determined to further compare the bacteri-
cidal rate and persistence of N6, FKN and FFN against S. 
aureus and E. coli (clinical isolates and standard strains) 
[41]. As depicted in Fig. 2C, E, after treatment with 1×, 
2×or 4×N6, FKN or FFN, the E. coli CGMCC 1.90026 
cells were completely eradicated within 4 h, as evidenced 
by the  MDK99 and  MDK99.99 ranging from 0.361.51 h and 
0.981.99  h, respectively. Notably, N6 (1×and 2×MIC) 
exhibited a resurgence after 8 h. The time-kill curves of 

all AMPs toward E. coli ATCC 25922 showed similar 
effects, except that all AMPs demonstrated slightly accel-
erated rates of killing, as seen by  MDK99 and  MDK99.99 
values falling within the range of 1.95 h (Figure S7A, C). 
This is possibly due to the greater resistance observed in 
clinical strains. The time-kill kinetics of AMPs against S. 
aureus CGMCC 1.90032 were shown in Fig. 2D, E, vari-
ous concentrations of FKN and FFN could completely kill 
S. aureus CGMCC 1.90032 within 1 h, which was mani-
fested by  MDK99 and  MDK99.99 range of 0.030.45 h and 
0.500.99  h, respectively, and the effect was significantly 
greater than that of N6  (MDK99:1.45 h,  MDK99.99:1.99 h). 
In contrast, they displayed a slower bactericidal rate 
against S. aureus ATCC 43300, with ranges of 0.291.95 h 
and 0.95  h for  MDK99 and  MDK99.99, respectively (Fig-
ure S7B, C). In this experiment, different concentra-
tions (3/12816×MIC) of N6, FKN and FFN were added 
for 24 h to construct dose-dependent curves. The results 
showed that all the AMPs exhibited bactericidal effects 
in a concentration-dependent manner. Self-assembly 
did not affect the activity (Figure S7D, E, Figure S8A, B). 
Notably, FFN had a small  EC50 against both E. coli and S. 
aureus (Table S6) and a relatively steep dose curve, which 
may imply that it is more difficult to evolve resistance to 
FFN [15].

Finally, the MPCs and PAE were determined to guide 
clinical drug dosing further. When directing clinical dos-
age, MPC is a crucial pharmacodynamic parameter [42]. 
To assess the persistence of AMPs resistance, the MPCs 
of AMPs were measured. As shown in Figure S8C, the 
MPCs of N6, FKN and FFN against the mutant E. coli 
CGMCC1.90026 ranged from 8.0 to 19.2 µM, which were 
comparable to those of the standard strain E. coli ATCC 
25922 (4.825.6 µM) (Figure S7F). The MPCs of N6, FKN, 
and FFN against S. aureus CGMCC1.90032 ranged from 
9.6204.8  M (Figure  S8C), which were slightly greater 
than those of the standard strain S. aureus ATCC 43300 
(6.451.2 µM) (Figure S7F). To further analyze the resist-
ance mutation selection ability of all AMPs, the resist-
ance selection index (SI) was calculated as the MPCs/
MIC. The smaller the SI is, the stronger the resistance 
mutation selection ability of drugs to inhibit the develop-
ment of bacterial resistance [42]. As shown in Figure S8D, 
the SI of FKN and FFN against E. coli CGMCC 1.90026 
ranged from 2.0 to 4.8, slightly smaller than that of N6 
(6.4). The SI of FKN and FFN against S. aureus CGMCC 
1.90032 ranged from 2.4 to 4, somewhat smaller than that 
of N6 (6.4), suggesting that self-assembled AMPs might 
reduce the occurrence of drug-resistant bacteria. No sig-
nificant difference was observed in SI indices between 
the standard and clinical isolates (Figure S7G). The PAE 
reflects the duration of the antibacterial effect on bacte-
rial growth inhibition after a short period of contact with 
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bacteria [43]. As shown in Fig. 2G, the PAE of FKN and 
FFN against E. coli CGMCC 1.90026 ranged from 1.35 to 
4.50 h, similar to that of E. coli ATCC 25922 (1.334.47 h, 
Figure S7H). Similarly to those of S. aureus ATCC 43300, 
the PAE of FKN and FFN against S. aureus CGMCC 
1.90032 ranged from 1.30 to 5.30  h, which were supe-
rior to the corresponding concentration of N6, (Fig. 2H, 
1.844.41  h, Figure S7I). Based on the fact that PAE is 
associated with the binding kinetics and transport mech-
anism between antimicrobial drugs and their targets [44]. 
Here, it is reasonable to speculate that the prolongation 
of the self-assembled AMPs PAE is mainly due to the 
enhancement of its non-specific binding ability to bacte-
ria, which is consistent with the results shown in Figure 
S5E, F.

Preliminary biocompatibility evaluation of self‑assembled 
antimicrobial peptides in vitro and in vivo
Biocompatibility intuitively reflects the toxic effects of 
materials on organisms, and this section demonstrates 
that self-assembled AMPs have good biosafety at the 

tested concentrations and can be used as safe antimicro-
bial candidates through in vitro hemolytic, cytotoxic and 
in  vivo injection (intraperitoneal and mammary injec-
tions) tests.

Firstly, the hemolysis and cytotoxicity were deter-
mined to assess the biocompatibility of the self-
assembled AMPs in vitro. As shown in Figure S9A, N6 
(128 μM) showed no hemolysis, whereas FKN (128 M) 
and FFN (128  M) had hemolysis rates of 15.8% and 
6.08%, respectively. This indicated that FKN was not 
suitable for intravenous administration. Subsequently, 
human keratinocytes (HaCaT), mouse mononuclear 
macrophage cells (RAW 264.7) and mammary epithe-
lial cells (MAC-T) were used to evaluate the cytotoxic-
ity of the self-assembled AMPs. In  vitro compatibility 
tests revealed that N6 and FFN had the best biocom-
patibility, as evidenced by their high cell viability for 
HaCaT (Figure S9B), RAW 264.7 (Figure S9C) and 
MAC-T cells (Figure S9D) (>90%), and almost no cyto-
toxicity. In contrast, the viability of FKN lagged, with 
a corresponding cell viability range of 83.74%-89.6%. 
The therapeutic index of each peptide was utilized to 

Fig. 3 Stability evaluation of self-assembled AMPs. A Stability of N6, FKN and FFN against 1 w/v% trypsin was monitored by HPLC (n=3). B 
The experimental protocol describes the time points at which different components (80 M peptide, 1 M LPS or 10 M trypsin) were added 
to the incubation mixtures under different conditions: (1) LPS was added to co-incubate with the AMP to generate pre-formed nanofibers 
before the addition of trypsin; (2) the peptide was pre-incubated with trypsin before the addition of LPS; and (3) non-specific assemblies were 
recorded in terms of the ratio of (1) or (2) to (3) to record peptide retention. C Peptide retention of N6, FKN and FFN under different conditions 
(n=3). D-F Temporal metabolic curves of N6, FKN and FFN in mammary /kidney/liver tissue (50 mg/mL), respectively (n=3). Results were 
given as mean±SD. *: p<0.05, **: p<0.01, ****: p<0.0001
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evaluate the antibacterial activity and hemolysis com-
prehensively, and the results revealed that the thera-
peutic index of N6, FKN and FFN were 42.52, 26.78 
and 101.59, respectively, and FFN displayed the best 
therapeutic potential (Table  S5). Such a large discrep-
ancy in biocompatibility between the FKN, FFN and 
N6 is attributed to the hydrophobic molecule Fmoc. 
Increased hydrophobicity inevitably leads to increased 
hemolysis and cytotoxicity, as the hydrophobic motif 
indiscriminately kills mammalian and bacterial cells, 
resulting in high toxicity to the host [45]. However, 
increasing hydrophobicity is an important strategy 
to optimize antimicrobial activity and self-assembly 
capacity [46]. Therefore, choosing the appropriate cati-
onic/hydrophobicity ratio is challenging for a delicate 
balance of antimicrobial activity, hemolysis and self-
assembly ability in the design of self-assembled AMPs.

Afterwards, to further assess the in vivo biocompatibil-
ity of the self-assembled AMPs, we performed intraperi-
toneal and mammary injections to evaluate the systemic 
and local safety of the self-assembled AMPs in mice. The 
clinical symptoms were rated according to pain scor-
ing criteria (Table  S7). Only the FKN group (10  mg/kg) 
showed a transient back arch after administration. In 
contrast, the other groups showed no symptoms of dis-
comfort or pain during the entire administration cycle 
(Table S8). None of the groups showed significant weight 
changes compared to the BC group (Figure S9E). After 
three days of continuous administration of two different 
doses of AMPs (5 mg/kg or 10 mg/kg), the whole blood 
cell spectrum and serum biochemical indices of mice in 
each treatment group were within the normal range, with 
no significant difference when compared to those in the 
BC group (Table S9). This observation indicated that the 
tested AMPs doses did not cause acute hepatic and renal 
injury, as evidenced by liver and kidney tissue sections 
(Figure S10). The results of the local safety test revealed 
no alterations in clinical symptoms, serum biochemi-
cal indices and whole blood cell spectra after 3  days of 
continuous AMP administration (Figure S9F, Figure S10, 
Table S10). This showed that all AMPs were nontoxic at 
the tested concentrations, and even FKN did not exhibit 
strong toxicity. Further systematic studies are required to 
validate the safety of FKN’s intravenous administration in 
the future.

Stability evaluation of self‑assembled AMPs
Stability is the greatest challenge limiting the application 
of AMPs. In this section, the stability of self-assembled 
AMPs was assessed by enzyme stability, and metabolism 
time in tissues, and it was confirmed that self-assembly 
can be used as an effective strategy to improve the AMPs 
stability and the assembly-induced retention (AIR) effect 

of nanofibers can further improve the stability compared 
to nanoparticles.

The stability of AMPs is a critical factor restricting the 
clinical translation of peptide drugs. Here, the improve-
ment in the stability of AMPs was evaluated. As shown 
in Figure S11A, the stability of all AMPs in various physi-
ological salt environments revealed that monovalent 
cations  (Na+ and  K+) had no significant effect on the 
MICs of all AMPs, whereas  Mg2+ and  Ca2+ elevated the 
MICs of all AMPs by 1.344 times. This could be due to 
the competitive binding of hypervalent cations to LPS or 
LTA, which increases the hardness of the cell membrane 
and, ultimately, reduces antimicrobial activity [47]. After 
that, the serum stability of all AMPs was evaluated, and it 
found that 12.5% and 25% serum had less effect on AMPs 
MICs, with all AMPs having a stable MIC after incubated 
with 12.5% serum for 8  h, FKN and FFN even a stable 
MICs but N6 increased their MIC by twofold after 8 h of 
incubation in 25% serum. After incubation in 50% serum 
for 8 h, the MIC of each peptide increased by 13.33 times 
(Figure S11B).

Trypsin is the primary digestive enzyme in  vivo, and 
its breakdown of AMPs significantly reduces their bio-
availability [48]. To evaluate the anti-tryptic hydrolysis 
potential of the self-assembled AMPs, we monitored 
the time-dependent degradation curves by HPLC. As 
shown in Fig. 3A and Table S12, after co-incubation with 
trypsin for 6  h, the peptide retention rates of FKN and 
FFN were 44.2% and 39.8%, respectively. In contrast, N6 
was rapidly degraded by more than 50% after 0.5  h of 
co-incubation and completely degraded after 4  h. This 
observation supported that self-assembly of peptides 
significantly improved their anti-proteolytic ability, pos-
sibly due to the steric hindrance generated by self-assem-
bly effectively preventing trypsin from cutting Arg and 
Lys [49]. To quantify the anti-tryptic hydrolysis ability 
of the nanofibers and nanoparticles, the peptide reten-
tion rates of the LPS-induced preformed nanofibers and 
self-assembled peptides after 0.5 h of trypsin incubation 
using HPLC (Fig. 3B). As shown in Fig. 3C, after the addi-
tion of LPS, the protein retention rates of FKN and FFN 
nanofibers were 90.1% and 85.3% (0.5  h), respectively, 
which were substantially greater than those of FKN and 
FFN nanoparticles (76.63% and 69.78%, respectively). 
This suggested that the nanofibers were more resistant 
to tryptic degradation than nanoparticles, possibly due 
to the assembly-induced retention effect of nanofibers 
enhancing their stability [14, 23, 34] (Table  1), which is 
consistent with previously reported results on the tryp-
tic stability of the self-assemble AMP BTT2, where the 
peptide retention of BTT2 in trypsin was maintained in 
the range of 90100% by LPS-induced pre-assembly [34]. 
To evaluate the therapeutic potential of self-assembled 
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Fig. 4 Observation of the effect of N6 and FFN on the bacterial cell membrane and morphology. A SEM and TEM images of E. coli CGMCC 1.90026 
after treatment with N6 or FFN (80 μM) for 2 h. B SEM and TEM images of S. aureus CGMCC 1.90032 after treatment with N6 or FFN (80 M) for 2 h. 
The arrows indicate specific symptoms. Red arrow: nanofibers; blue arrow: cell shrinkage; green arrow: cell membrane rupture. CK: PBS group
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AMPs, we assessed the metabolic stability of AMPs in 
mouse mammary glands, liver and kidney and monitored 
the time-dependent metabolic curve of peptides in tissue 
homogenates by HPLC. As shown in Fig. 3D, E and F and 
Table S13-S15, the self-assembled peptides FKN and FFN 
had great metabolic stability, as evidenced by peptide 
retention rates in the mammary, kidney and liver tissues 
being 39.65% and 51.61% (24 h), 47.37% and 54.88% (8 h), 
33.93% and 37.74% (8  h), respectively. While the reten-
tion rate of N6 in the mammary maintained below 14.5%, 
N6 was virtually metabolized in the metabolic organs 
kidney and liver, with a retention rate of less than 9.76%. 
In summary, as previously reported [23, 29, 34] (Table 1), 
the self-assembly approach can successfully confer meta-
bolic stability to AMPs, prolonging their half-lives by 
57.564.07 times (Fig. 3F, 8 h).

Based on the comprehensive evaluation of AMP activ-
ity, biocompatibility and stability, we selected self-assem-
bled AMP FFN for subsequent studies, with N6 serving 
as the AMP control.

Mechanism of self‑assembled AMPs
Since AMPs have a variety of bactericidal mechanisms, 
this section explores the bactericidal mechanism of self-
assembled AMPs through electron microscopy, fluo-
rescence observation and membrane fluidity tests. The 
analysis showed that the self-assembled AMPs were 
triggered by LPS/LTA in the E. coli/S. aureus cell wall, 
formed nanofibers and captured bacteria, and further 
inserted into the cell membrane to cause leakage of con-
tents and bacterial death.

Fig. 5 Staining of live/dead bacteria cells tripped by self-assembled nanofibers. A Confocal microscope images of clinically isolated E. coli 
CGMCC1.90026 (1×109 CFU/mL) or LPS (1 µM) co-incubated with FITC-labelled N6 and FFN (80 µM). B Confocal microscope images of clinically 
isolated S. aureus CGMCC 1.90032 (1×109 CFU/mL) or LTA (1 µM) co-incubated with FITC-labelled N6 and FFN (80 µM)
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The mechanism of AMPs mainly focuses on their inter-
action with anionic bacterial cell membranes. Therefore, 
we first observed the effect of self-assembled AMPs on 
the structure of bacterial cell membranes by SEM and 
TEM. After treatment with N6 or FFN for 2 h, G bacteria 
(E. coli CGMCC1.90026 and E. coli ATCC 25922) mainly 
exhibited cell membrane crumpling, extensive membrane 
fusion and rupture (Fig.  4A, Figure S12A), and  G+ bac-
teria (S. aureus CGMCC 1.90032 and S. aureus ATCC 
43300) showed characteristic cell membrane rupture, 
and content leakage, but N6 was less effective against  G+ 
bacteria (Fig.  4B, Figure S12B). In addition, it is worth 
noting that FFN successfully formed bacterial-trapping 
nanofiber networks when incubated with E. coli and S. 
aureus (red arrow), while N6 did not form nanofibers, 
which is consistent with self-assembled HDMP [24, 50] 
(Table  1). To further validate that the nanofibers were 
formed from self-assembling AMPs rather than bacte-
rial secretions (biofilms), we used live/dead cell staining 
methods for confocal laser scanning microscope (CLSM) 
observation. As shown in Fig.  5 and Figure S13, after 
incubation with E. coli and S. aureus for 2 h, the FITC-
labelled FFN formed distinct green clusters, which was 

consistent with what was observed for the FITC-labelled 
FFN after incubation with LPS or LTA. The cells co-
located with the green nanofibers had live (blue) and 
dead (red) cells, indicating that the self-assembled AMPs 
could successfully capture and kill the bacteria. The cap-
ture of bacteria by the nanofibers was further demon-
strated in the bacterial agglutination assay (Figure S14), 
consistent with the bacterial capture function of the self-
assembling peptide SAP and NATs [51, 52] (Table  1), 
where 250 g/mL SAP formed a distinct precipitate after 
8 h of co-incubation with E. coli ATCC 25922. After incu-
bation with FFN for 4 h, no viable bacteria were detected 
in E. coli and S. aureus supernatant. Still, viable bacteria 
were detected in the precipitation, indicating that the 
nanofibers effectively trapped bacteria. In contrast, after 
incubation for 12 h, no viable bacteria were detected in 
the supernatant and precipitation, indicating that the 
nanofibers effectively killed bacteria. At the same time, 
compared with FFN, N6 only showed antibacterial activ-
ity (Table  S16). In this study, the interaction modes of 
FFN with LPS and LTA were further simulated by molec-
ular docking. As shown in Fig.  6, hydrogen bonds were 
formed between FFN and LPS at Cys12-FTT1013 (A), 

Fig. 6 Molecular docking (MD) of the self-assembled antimicrobial peptide FFN with LPS/LTA. A: Complex structure of FFN and LPS molecules. B: 
3D mode of action between FFN and LPS. C: Complex structure of the FFN with LTA molecules. D: 3D mode of action between FFN and LTA. Green 
dashed line: hydrogen bond; Red dotted line: Salt bridge
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Fig. 7 Membrane destruction mechanism of N6 and FFN. A-B PI-positive cells of clinically isolated E. coli CGMCC1.90026 and S. aureus CGMCC 
1.90032 were treated with N6 or FFN (5, 20, 40, 80 µM) by flow cytometry, respectively. C-D The inner potential changes of clinically isolated E. coli 
CGMCC1.90026 and S. aureus CGMCC 1.90032 were induced by N6 or FFN, respectively. E Cell membrane hardness model diagram characterized 
by Laurdan (F-G) Membrane fluidity of clinically isolated E. coli CGMCC1.90026 and S. aureus CGMCC 1.90032 after treatment with N6, or FFN (5, 20, 
40, 80 μM). Membrane fluidizing agent benzyl alcohol (50 mM) as a positive control (n=3), CK: PBS group. Results were given as mean±SD. *: p<0.05, 
**: p<0.01, ***: p<0.0005, ****: p<0.0001

Fig. 8 In vivo efficacy in mouse mastitis model caused by E. coli CGMCC 1.90026. A. Schematic diagram illustrating the experimental procedure 
for testing the treatment of E. coli CGMCC 1.90026 induced mastitis in mice. B. E. coli CGMCC 1.90026 bacterial load assessment in a murine mastitis 
model (n=8). C. Evaluation of mammary organ index in a mouse model of mastitis caused by E. coli CGMCC 1.90026 (n=8). D. Assessment of spleen 
organ index in a murine model infected with E. coli-induced mastitis (n=4). E. Inflammatory factors (TNF-α , IL-1ß, IL-6 and IL-2) in the mammary 
tissue in a mouse mastitis model infected with E. coli (n=4). F. MPO in the mammary tissue in a mouse mastitis model infected with E. coli (n=4). 
G. Examination of tight junction protein expression in the mammary barrier in a murine model of mastitis induced by E. coli (n=4). H. Schematic 
representation depicting the treatment approach for E. coli-induced mastitis using self-assembling peptides. Blank control (BC): uninfected, negative 
control (NC): infected and untreated. Results were given as mean±SD. *: p<0.05, **: p<0.01, ***: p<0.0005, ****: p<0.0001

(See figure on next page.)
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Fig. 8 (See legend on previous page.)
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Tyr14-MYR1014 (A), Arg24-GLC1006 (A) and Ala25-
GMH1005 (A) (Fig.  6B). Hydrogen bonds were formed 
between FFN and LTA at Arg24-Asp286, Arg19-Thr581, 
Cys12-Thr581 and Arg15-Asp490, and salt bridges 
were formed between Lys5-Asp261 and His22-Asp496 
(Fig. 6D). The increase in hydrogen bonding forces pro-
moted the formation of nanofibers, which is consistent 
with previous studies [25].

The above results indicate that each AMP treatment 
induces substantial perturbations and severe morpho-
logical disruptions, suggesting that bacterial membranes 
are the primary target of self-assembling AMPs. There-
fore, we qualitatively and quantitatively analyzed the 
membrane damage and depolarization capacity induced 
by AMPs using the fluorescent dyes PI and  DiSC3-5 
and subsequently revealed their mode of action. The 
membrane penetration rates of FFN toward E. coli and 
S. aureus ranged from 2.05 to 97.3% and 0.30 to 63.1%, 
respectively, which were better than those of N6 (2.34 
-80.7% and 0.166.40%, respectively), probably due to the 
strong penetration of the nanoparticles (Fig. 7A, B, Fig-
ure S15A, B), which was in line with the properties of the 
nanoparticle reported previously, where the penetration 
rate of nanoparticles to Pseudomonas aeruginosa was as 
high as 97.38% [53] (Table 1). To detect the interference 
effect of each self-assembled AMP on the potential of the 
bacterial plasma membrane, the membrane potential dye 
 DiSC3-5 was used to detect the potential change in the 
bacterial plasma membrane. After treatment with N6 or 
FFN, the plasma membranes of S. aureus rapidly depo-
larized within 50 s in a dose-dependent manner (Fig. 7D, 
Figure S15D). Whereas the plasma membranes of E. 
coli underwent depolarization after N6 or FFN treat-
ment, but curiously, their perturbing effect on the plasma 
membrane did not show a dose-dependent effect, which 
may be due to the outer membrane and LPS of E. coli 
and needs to be verified by further preparation of pro-
toplasts (Fig. 7C, Figure S15C) [54] (Table 1). The inser-
tion of AMPs into lipid bilayers usually leads to drastic 
changes in membrane fluidity, so we further assessed the 
changes in E. coli liposomes and S. aureus after incuba-
tion with various AMPs using Laurdan dye. The Laurdan 

GP increased, indicating membrane sclerosis, while the 
GP decreased, indicating enhanced membrane fluidity 
(Fig. 7E) [55]. N6 or FFN induced a significant increase in 
Laurdan GP in a concentration-dependent manner after 
interaction with E. coli liposomes (Fig. 7F, Figure S15E), 
and the GP of the corresponding S. aureus also increased 
(Fig.  7G, Figure S15F). However, the interference effect 
was weaker than that of E. coli. Overall, N6 only exhib-
ited membrane disruption mechanisms, whereas the cap-
ture mechanisms of FFN included: (1) physical capture 
by cross-linked nanofibers such as peptide HD6, HDMP, 
BET and Z(WR)2 peptide [24,32, 56, 58] (Table 1), (2) as 
monomers or small oligomers inserted into the mem-
brane to change the membrane potential and fluidity, and 
destroy the structure of the bacterial membrane.

In vivo efficacy in mouse mastitis mode
Self-assembled AMPs (FFN) displayed effective bac-
tericidal effects against E. coli and S. aureus in vitro. In 
contrast, in vivo bactericidal efficacy was assessed by the 
effectiveness of treating E. coli/S. aureus-induced mastitis 
in mice. The self-assembled AMPs could effectively kill 
pathogenic bacteria in the mammary gland, alleviate the 
symptoms of mastitis, inhibit the inflammatory storm by 
decreasing the expression of inflammatory factors (TNF-
α , IL-1ß, IL-6 and IL-2) and chemokines (MPO), and 
increase the expression of tight junction proteins (Clau-
din-3, Occludin, and ZO-1), thus inhibiting the destruc-
tive effect of bacteria on the blood-milk barrier and 
alleviating the destruction of mammary tissue structure.

Firstly, the therapeutic effects of N6 and FFN against E. 
coli CGMCC 1.90026-induced mastitis in mice were veri-
fied (Fig.  8A). After treatment for 24  h, the anatomical 
results of the negative control (NC) mice showed obvious 
symptoms of acute mastitis. Moreover, visible blood clots 
appeared in mammary tissue after E. coli infection, pos-
sibly due to the expression and activation of tissue factor 
(TF) caused by LPS in E. coli cell wall, thereby accelerat-
ing the initiation of coagulation reactions to form blood 
clots [59, 60]. The N6 and FFN treatment groups all 
completely inhibited the proliferation of E. coli CGMCC 
1.90026 in the mammary glands and did not relapse at 

(See figure on next page.)
Fig. 9 In vivo efficacy in mouse mastitis model caused by S. aureus CGMCC 1.90032. A Schematic diagram illustrating the experimental procedure 
for testing the treatment of S. aureus CGMCC 1.90032 induced mastitis in mice (n=8). B. S. aureus CGMCC 1.90032 bacterial load assessment 
in a murine model of mastitis. C. Evaluation of mammary organ index in a mouse model of mastitis caused by S. aureus CGMCC 1.90032 (n=8). 
D. Assessment of spleen organ index in a murine model infected with S. aureus CGMCC 1.90032 induced mastitis (n=4). E. Inflammatory factors 
(TNF-α , IL-1ß, IL-6 and IL-2) in the mammary tissue in a mouse mastitis model infected with S. aureus (n=4). F. MPO in the mammary tissue 
in a mouse mastitis model infected with S. aureus (n=4). G. Examination of tight junction protein expression in the mammary barrier in a murine 
model of mastitis induced by S. aureus (n=4). H. Schematic representation depicting the treatment approach for S. aureus-induced mastitis using 
self-assembling peptides. Blank control (BC): uninfected, negative control (NC): infected and untreated. Results were given as mean±SD. *: p<0.05, 
**: p<0.01, ***: p<0.0005, ****: p<0.0001
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Fig. 9 (See legend on previous page.)
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48 h, which was better than those of the NC group (9.47 
 LgCE.coli CFU/gland) and ceftiofur sodium group (1.77 
 LgCE.coli CFU/gland) at the same dose (Fig.  8B). The 
mammary gland index of mice indicated that the mam-
mary glands of mice were enlarged after E. coli infec-
tion, as evidenced by the mammary indices of mice 
in the NC group being 1.14% (24  h) and 1.34% (48  h), 
which were significantly greater than those of the other 
treatment groups (0.31%~0.36%) (Fig. 8C). Similarly, the 
spleen index in the NC group was 0.46% (24 h) and 0.47% 
(48 h), while those in the other treatment groups ranged 
from 0.30%-0.35%, which were significantly lower than 
those of the NC group (Fig. 8D). We further assessed the 
immunological protective effects of FFN against mastitis 
in mice by quantifying the levels of four inflammatory 
factors (TNF-α , IL-1ß, IL-6, and IL-2) and myeloperoxi-
dase (MPO), which can be secreted by various immune 
cells and play a pivotal role in the inflammatory response 
of mammary gland [61]. As shown in Fig. 8E, compared 
with the BC group, the levels of mammary gland tis-
sue inflammatory factors TNF-α (200.5  pg/mL), IL-1ß 
(90.43 pg/mL), IL-6 (200.54 pg/mL), and IL-2 (50.28 pg/
mL) were significantly increased in the NC group. In con-
trast, after treatment with 100 or 200 µM N6 or FFN, the 
levels of inflammatory factors (TNF-α , IL-1ß, IL-6 and 
IL-2) were significantly reduced. The effect was better 
than that of ceftiofur sodium at the same concentration 
(p<0.001). Similarly, the decrease in MPO (3492.70  ng/
mL, Fig. 8F) was more significant. This suggests that N6 
and FFN may modulate immune function, consistent 
with previous reports [49], while this effect is due to a 
decrease in bacterial load or direct immunomodulatory 
effects that need further verification. The blood-milk 
barrier, as a crucial physiological defence mechanism, 
plays a pivotal role in maintaining the health of mam-
malian mammary glands [62]. Quantitative PCR analysis 
revealed that the expression levels of the tight junction 
proteins Claudin-3, Occludin, and ZO-1 in mammary 
tissue of the NC group were significantly reduced than 
those of the BC group. Conversely, all treatment groups 
exhibited significant increases (Fig.  8G). These findings 
indicate that E. coli CGMCC 1.90026 infection leads to 
increased permeability of the blood-milk barrier, sub-
sequently resulting in lower migration thresholds for 
inflammatory cells and neutrophils across the blood-milk 
barrier, causing an inflammatory storm (Fig. 8H) [63]. N6 
and FFN can significantly alleviate the damage caused 
by E. coli to the blood-milk barrier. Histopathological 
changes in the mammary glands of mice were moni-
tored by HE staining. Compared with those in the BC 
group, the mammary gland acinar structure in the NC 
group exhibited severe abnormalities with necrotic aci-
nar epithelial cells and inflammation involving the entire 

mammary acinar, interlobular connective tissues and 
congestion of mammary interstitial blood vessels. Treat-
ment with N6 and ceftiofur resulted in clear outlines of 
the mammary tissue acini and significant improvement 
in inflammatory symptoms. However, there was still scat-
tered infiltration of inflammatory cells in the local inter-
stitium and mammary gland acini, while the infiltration 
in the FFN group returned to normal (Figure S16).

Moreover, we further evaluated the therapeutic poten-
tial of FFN and N6 against  G+ bacteria in  vivo by S. 
aureus CGMCC 1.90032-induced mastitis (Fig. 9). After 
infection with S. aureus CGMCC 1.90032 for 27  h, the 
mammary gland exhibited erythema and oedema with 
tissue adhesion. The logarithmic values (Lg CFU/gland) 
of the bacterial loads of N6 and FFN treatment groups 
were 6.21, 3.40, 0 and 0 at 24 h, respectively. The corre-
sponding 48  h bacterial loads were 9.07, 3.57, 0 and 0, 
respectively, among which FFN were better than the same 
concentration of ceftiofur sodium (3.31 and 2.78) and 
NC group (9.48 and 10.08) (Fig.  9B). The indices of the 
mammary gland and spleen also significantly decreased 
in the N6 and FFN groups compared with the NC group 
(Fig.  9C, D). Meanwhile, in line with the inflammatory 
response of E. coli CGMCC 1.90026, FFN exhibited 
varying degrees of reduction in the levels of inflamma-
tory factors, surpassing the corresponding dose of cefti-
ofur sodium and N6 (Fig. 9E, F). In comparison to the S. 
aureus CGMCC 1.90032-NC group, the corresponding 
E. coli CGMCC 1.90026-NC group demonstrated a more 
robust inflammatory storm (Fig. 8E, F), which was trig-
gered by LPS-driven IB/NF-B signalling fully activating 
its immune defences [64]. In contrast, S. aureus tended 
to show unbalanced immunosuppression rather than 
inflammation. The qPCR results showed that FFN could 
significantly increase the expression of tight junction 
protein (Claudin-3, Occludin, and ZO-1) to support the 
reconstruction of the integrity of the blood-milk barrier 
(Fig.  9G, H). Additionally, the tissue sections provided 
visual evidence for the protective effect of FFN against S. 
aureus-induced mastitis in mice, which surpassed that of 
both N6 and ceftiofur sodium (Figure S16). The results 
indicate that FFN exhibited superior therapeutic poten-
tial against mouse mastitis caused by gram-positive and 
gram-negative bacteria in terms of its in vivo therapeutic 
efficacy.

Conclusion
Infections caused by MDR bacteria seriously affect 
human and animal health. In this study, based on a com-
prehensive understanding of the precise module design 
theory of self-assembled peptides and antibacterial struc-
turefunction relationships, we successfully constructed 
a bacterial-responsive self-assembly platform consisting 
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of hydrophobic, hydrogen-bonding and antimicrobial 
modules and screened a potent antimicrobial, highly 
stable and low-toxicity in situ self-assembled AMP FFN. 
FFN self-assembled into nanoparticles in  vitro and ini-
tiated nanoparticle-to-nanofiber conversion under the 
action of bacterial cell wall LTA or LPS nucleation sites, 
thereby achieving bacterial capture and further disrupt-
ing the cell membrane lipid bilayer arrangement of the 
bacterial cell membrane and causing bacterial death. The 
in vivo mouse mastitis infection model further confirmed 
its therapeutic potential. In conclusion, this study pro-
vides a theoretical basis for the design of peptide-based 
nanomaterials based on AMPs, a technological means to 
overcome the poor stability of AMPs, and an alternative 
to the shortage of antibiotics for the MDR bacteria E. coli 
and S. aureus.

Experiment section
Self‑assembly properties of AMPs
Self‑assembled AMPs synthesis
The hydrophobic module fluorenylmethy (Fmoc), the 
self-assembling module (KLVFFK or KFFK) and the 
antimicrobial module N6 of AMPs FKN, FFN and fluo-
rescein isothiocyanate (FITC)-labelled AMPs were 
covalently linked with amide bonds and synthesized by 
MIMOTOPES (Wuxi, China) using solid-phase synthesis 
method. All synthetic AMPs were purified by RP-HPLC 
to a purity above 95%. The molecular masses of AMPs 
are characterized by MALDI-TOFMS. Use ProtParam 
(ExPASy Proteomics Server: http:// www. expasy. org/ 
tools/ protp aram. html) to predict all AMPs’ molecular 
weight, isoelectric point and hydrophobicity.

Fluorescence spectroscopy and CMC determination
As previous study reported, the hydrophobic fluores-
cent probe ANS was utilized to calculate the CMC of 
self-assembled AMPs [34]. All AMPs were diluted with 
PBS to a final concentration of 0.5512 µM. ANS was then 
added to the peptide solution at a final concentration of 
25.6  µM and incubated for 1  h. The fluorescence spec-
tra of peptide solution were determined by a microplate 
reader (ex: 360 nm, em: 400670 nm). Simultaneously, to 
assess the effect of LPS or LTA on peptide self-assembly 
ability, LPS or LTA was added to the 80 µM peptide at 
a final concentration of 1µM for fluorescence spectrom-
etry. Finally, the crossing point of fluorescence intensity 
(480 nm) and the logarithm of peptide concentration 
were set as CMC.

SEM and TEM observation of self‑assembled AMPs
The morphology of the self-assembled AMPs was 
observed using SEM and TEM. (1) Sample preparation: 
the AMP was diluted to 80 µM for use. At the same time, 

LPS or LTA at a final concentration of 1 µM was added to 
the 80 µM peptide to evaluate changes in the morphology 
of AMPs after interaction with LPS or LTA. The samples 
were equilibrated at 37  for 6 h for use. (2) SEM observa-
tion: 5 µL of the prepared samples were placed on silicon 
wafers, left at room temperature for 12 h, dried naturally, 
sprayed with gold for 120 s (Feica, EM ACE600) and then 
observed by SEM (Hitachi SU8000, Japan) [65]. (3) TEM 
observation: 5 µM of the above samples were dropped on 
the 100-mesh copper-plated grid, precipitated for 10 min, 
residual solution absorbed with filter paper, stained with 
3% uranyl acetate dihydrate for 30 s, rinsed 3 times with 
ultrapure water, dried and observed by TEM (Hitachi 
H7650B,  Japan).

Circular dichroism assay
CD spectroscopy was utilized to determine the second-
ary structure of AMPs (80 µM) in PBS (pH 7.4) and to 
examine the effect of LTA or LPS on the secondary struc-
ture of AMPs. The secondary structure of AMPs was 
determined in the presence of a final concentration of 1 
µM of either LPS or LTA [30]. CD spectra from 197 to 
280 nm were taken using a CD Spectrometer (Applied 
Photophysics, Chirascan V100) and then expressed as 
the average of three scans. All measurements were per-
formed at room temperature. The structural analysis was 
performed using CDNN software.

In vitro antimicrobial assay
Determination of MIC and MBC
The MIC of all the AMPs were determined according to 
the broth microdilution method of the Clinical Labora-
tory Standards Institute (CLSI) [64]. In short, bacteria 
(mid-log phase) were diluted to 1×105 CFU/mL with 
fresh MHB medium. 90 µL of cell suspension and 10 µL 
of continuously twofold diluted AMP (0.25128 µM) were 
added to the 96-well plate and then incubated at 37 °C for 
18 h. The MIC was determined as the lowest peptide con-
centration at which no bacterial growth was observed. 
MBC was determined as the lowest peptide concentra-
tion without CFU agar. All experiments were performed 
in triplicate.

Time‑dependent sterilization curves
The killing kinetics assay is based on the previous 
method [26]. Briefly, the tested strains (mid-log phase) 
were diluted to 1×105 CFU/mL and mixed with different 
concentrations of AMPs (1×2×and 4×MIC), respectively, 
and then incubated at 37 . After incubation for 0, 0.5, 1, 2, 
4, 6, 8, 10 and 24 h, samples were taken for colony count-
ing on MHA plates. Each concentration was tested in 
triplicate. The  MDK99 and  MDK99.99 were defined as the 

http://www.expasy.org/tools/protparam.html
http://www.expasy.org/tools/protparam.html
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minimum times required for achieving sterilization rates 
of 99% and 99.99%, respectively.

Biosafety of peptide
Hemolysis assay
The hemolysis activities of all AMPs were measured by 
the amount of haemoglobin released by the lysis of red 
blood cells, as described previously [50, 66]. Briefly, the 
peptide at a final concentration of 1128 µM was mixed 
with 8% mouse erythrocytes in equal volumes, incu-
bated at 37 for 1 h, centrifuged at 1500 rpm for 5 min 
and collected supernatant. OD values were measured at 
540 nm absorbance. PBS and 0.1% Tritalon X-100 were 
used as negative controls  (A0) and positive controls 
 (A100), respectively. Hemolysis rate (%)=((Apeptide-A0) / 
 (A100-A0))×100%.

Cytotoxicity analysis
The cytotoxicity of all AMPs was determined using 
the CCK-8 assay [67]. The procedures were as follows: 
HaCaT, RAW 264.7 and MAC-T cells at a cell density 
of 1×105 cells/mL were inoculated into 96-well cell cul-
ture plates for 24 h. After removal of the medium, an 
equal volume of peptide at a final concentration of 1128 
µM was added to the 96-well plate and incubated for 
12 h. Then 10% CCK-8 (100 µL) was added, continually 
incubated for 2 h and then the absorbance (OD value) 
was detected at a wavelength of 450 nm. The assay was 
repeated at least three times. Cell viability=(As-Ab)/(Ac-
Ab)×100%.  (As: Absorbance value of experimental group 
 Ac: Absorbance value of PBS group  Ab: Absorbance value 
of the blank group).

Stability of peptide
Proteolytic stability test
The time-dependent proteolytic curves of self-assembled 
AMPs in trypsin buffer were quantitatively calculated 
using HPLC. The specific procedures were as follows: 
0.5  mL of AMP (2560  µM) was incubated with trypsin 
(1 w/v%) at 37  , and 100 µL of samples were collected 
for each incubation time (0.5, 1, 2, 4, 6  h), diluted with 
0.1% TFA/ddH2O to a final concentration of 256 µM and 
then quantified by HPLC [68]. Simultaneously, to further 
compare nanofiber and nanoparticle resistance trypsin, 
trypsin (10  µM) was added to an incubation mixture 
containing peptide (80 µM) and LPS (1 µM) at different 
times, and then samples were taken for HPLC analysis. 
Further details of the experimental protocol are shown in 
Fig. 3B [30]. The salt stability, serum stability and meta-
bolic stability were in the "1.5 Stability of peptide" of Sup-
porting Information.

Antibacterial mechanism
SEM and TEM observations
SEM. Mid-log phase tested bacteria (1×109  CFU/mL) 
were treated with peptide (80 µM) for 2 h at 37  °C, and 
then fixed with 2.5% glutaraldehyde, dehydrated with 
gradient ethanol series, and dried with  CO2. Finally, the 
samples were sputtered with goldpalladium and observed 
with SEM (Hitachi SU8000,  Japan). TEM. The morphol-
ogy and intracellular changes were further observed by 
TEM. The bacterial samples were processed as described 
above, followed by fixationdehydrationembedding-
sectioningstaining before TEM microscopy (Hitachi 
H7650B,  Japan).

Confocal laser scanning microscope (CLSM) observation
The sample was prepared as described in 4.5.2. Tested 
bacteria were stained with DAPI (20  µg /mL) and PI 
(20  µg/mL) for 2  h. The DAPI-stained cells, PI-stained 
cells and FITC-labelled AMPs were visualized by CLSM 
(Leica TCS SP 5). At the same time, FITC-labelled AMPs 
were observed by CLSM after co-incubation with LPS or 
LTA [30].

Molecular docking
After incubation with LTA and LPS, the morphology of 
FFN changed from nanoparticles to nanofibers. To fur-
ther study the binding region and interaction modes of 
FFN with LTA and LPS. In this study, the HDCOK pro-
gram, a professional proteinprotein and protein-DNA/
RNA docking program, was used to dock FFN with 
LTA and LPS [6971]. The structure with the best dock-
ing score was selected as the standard result for further 
interaction analysis. The docking score was calculated 
based on the iterative scoring function of ITScorePP or 
ITScorePR. The lower the docking score, the greater the 
possibility of binding between the two molecules and the 
stronger the interaction. The docking score of protein-
protein/RNA/DNA complexes in PDB is usually around 
-200, and the confidence score is calculated according to 
the following formula to simulate the possibility of bind-
ing between two molecules.

In vivo efficacy in mouse mastitis model
Design of mice experiments
To investigate the in vivo efficacy of self-assembled FFN, 
a mouse mastitis model was selected for subsequent 
verification. The construction of the mouse mastitis 
model was described as follows [72]: i) Preparation of 
bacterial solution: E. coli CGMCC1.90026 and S. aureus 

Confidence score = 1.0 / [1.0 + e0.02× (Docking Score+150)
]
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CGMCC1.90032 (mid-log phase) were washed with PBS 
and diluted to final concentrations of 5×103 CFU/mL and 
1×103 CFU/mL, respectively; ii) Establishment of a mas-
titis model: 8-week-old ICR female mice and male mice 
were caged (2:1) until pregnancy, post-partum female 
mice (10 d) were selected for subsequent model con-
struction, 54 female mice were randomly divided into 7 
groups, blank control (BC) (uninfected), negative con-
trol (NC) (untreated), N6 (100  µM and 200  µM), FFN 
(100  µM and 200  µM) and ceftiofur sodium (200  µM). 
Mice were separated from their offspring before 2 h, fixed 
in a supine position under a microscope, anaesthetized 
and subtracted 0.5  mm from the tip of the fourth pair 
of nipple ducts, and inoculated with 100 µL of the above 
bacterial solution through the nipple ducts using a micro 
syringe; (3) Mastitis treatment: after 3  h of infection, 
AMP was administered via the mammary duct according 
to the above groups.
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