
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

4:
51

:3
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Antibiotic-conjug
aSchool of Materials Science and Engineerin

Luoshi Road, Wuhan, Hubei, 430070, China
bState Key Laboratory of Chemo/Biosensin

Changsha 410082, China
cKey Laboratory of Fermentation Engineerin

Center for Cellular Regulation and Molecula

Industrial Microbiology, School of Life an

Technology, Wuhan, Hubei, 430068, China
dGuangxi Key Laboratory of Automatic Dete

University of Electronic Technology, Guilin 5

† Electronic supplementary informa
https://doi.org/10.1039/d5ra02932e

Cite this: RSC Adv., 2025, 15, 19751

Received 26th April 2025
Accepted 3rd June 2025

DOI: 10.1039/d5ra02932e

rsc.li/rsc-advances

© 2025 The Author(s). Published by
ated antimicrobial peptides for
enhanced bacterial inhibition†

Xingrao Peng,a Yong Luo,ab Tianzhi Xu,a Zihan Chen,a Peiyao Chen,c Cong Hud

and Shuang Liu *a

Herein, we report a pair of paenipeptin C0-based antimicrobial linear lipopeptides that significantly enhance

bacterial inhibition through conjugation to antibiotics. When co-incubated with Escherichia coli or

Staphylococcus aureus, these peptides induce bacterial death. The antimicrobial peptides target

negatively charged bacterial membranes via electrostatic interactions, subsequently disrupting

membrane integrity through aggregation and insertion, leading to membrane rupture and cytoplasmic

leakage, as evidenced by bacterial morphology studies. Lipopeptides with longer alkyl chains penetrate

deeper into the membrane structure, demonstrating stronger antibacterial effects. Additionally, the

conjugated antibiotics may enhance bactericidal activity by inhibiting intracellular DNA gyrase.

Therapeutic efficacy was further validated in a murine infected wound model. This work not only

develops a class of broad-spectrum antimicrobial lipopeptides but also provides a novel strategy for

developing antibiotic-conjugated antimicrobial peptides to enhance multiple antibacterial inhibition with

minimal side effects.
Introduction

Bacterial infection threatens the health of humans, which may
cause fever, tissue necrosis, functional impairment, and even
damage to nerve and organ function.1–7 Traditionally, bacterial
infections are usually treated with antibiotics, chemical agents
which either kill or prevent the growth of microbes,8 including
penicillin, aminopenicillins, tetracyclines, and cephalosporins.
However, increasing antibiotic resistance has led to increased
treatment failure, resulting in an urgent global health crisis.9–13

This situation underscores the urgent need for the development
of novel and safe antimicrobial agents.14

Antimicrobial peptides (AMPs), a class of natural low-
molecular-weight peptides produced by organisms as part of
the innate immune system,15,16 have attracted attention in anti-
infective research due to their broad-spectrum antimicrobial
activity, low propensity for acquired resistance, and membrane-
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targeting mechanisms.17–19 Paenipeptin C0, a synthetic linear
antimicrobial peptide, was rationally designed through struc-
tural optimization of a natural lipopeptide template,20 origi-
nating from natural lipopeptide complexes (comprising both
cyclic and linear structures) produced by the Paenibacillus sp.
OSY-N strain. In 2017, Huang et al.21 rst chemically synthe-
sized a linear paenipeptin derivative and demonstrated that its
antimicrobial activity was independent of macrocyclic struc-
tural elements. Paenipeptin C0 exerts antimicrobial effects
through concentration-dependent membrane depolarization
and potassium efflux. Its unique mechanism is further high-
lighted by its ability to disrupt biolms and bind to bacterial
surface components,22,23 such as lipopolysaccharides in Gram-
negative bacteria and lipoteichoic acids in Gram-positive
bacteria. However, monotherapy with membrane-targeting
AMPs carries the risk of resistance development via bacterial
membrane modication, necessitating synergistic strategies to
enhance efficacy and mitigate resistance.24–27

Inspired by the unique antibacterial mechanism and supe-
rior antimicrobial activity of the antimicrobial peptide paeni-
peptin C0, we designed analogues of paenipeptin C0 as
antimicrobial peptides 1 (lipid C6-Phe–Phe–Pae) and 2 (lipid
C18-Pae) (Fig. 1a). We added lipid chains into the peptides since
we believed that lipid chains can enhance the interaction with
bacterial membrane to enhance the uptake.28–30 The dipheny-
lalanine provides p–p interaction and b-sheet self-assembly,
giving us the chance to study the inuence of self-assembly
on antibacterial efficacy. We also coupled ciprooxacin
(CPFx), a uoroquinolone antibiotic, with the peptides 1 and 2
RSC Adv., 2025, 15, 19751–19761 | 19751
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Fig. 1 Schematic illustration of the construction and antibacterial of the four antimicrobial peptides. (a) The construction of antimicrobial
peptides 1, 2 and their CPFx-conjugated analogues CPFx-1, CPFx-2. (b) Antibacterial mechanism of the complex through membrane targeting
and disruption in bacteria. The positively charged complex first binds to the negatively charged bacterial surface via electrostatic interactions,
followed by the insertion of its hydrophobic regions into the cell membrane, which leads to membrane rupture and leakage of cellular contents.
(c) In both topical administration to infected murine wounds and intravenous injection via the tail vein, the complex demonstrated excellent
antibacterial efficacy and enhanced wound-healing capacity.
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to produce CPFx-1 and CPFx-2, which can be hydrolyzed by
esterase in bacteria and release CPFx to enhance the antibac-
terial efficacy.31–33 The conjugation of antimicrobial peptides
improves the water solubility of the antibiotic, which also
improves the uptake and the bacterial inhibiting efficacy. In
vitro evaluations demonstrated that CPFx-2 exhibits potent
broad-spectrum antimicrobial activity against E. coli and S.
19752 | RSC Adv., 2025, 15, 19751–19761
aureus through distinct mechanisms of action, while main-
taining negligible cytotoxicity toward normal cells and tissues.
In vivo antibacterial assessments conrmed the efficacy of CPFx-
2 in promoting wound healing in a murine model of E. coli-
infected wounds (Fig. 1).

The current dual-mode antibacterial strategies mainly
include: dual-antibiotic combination therapy,34 enzyme
© 2025 The Author(s). Published by the Royal Society of Chemistry
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inhibitors combined with antibiotics,35 single-drug dual-target
action,36 and nanomaterials combined with antibiotics,37

among others. Compared to the combined use of antimicrobial
peptides and small-molecule antibiotics, our strategy involves
conjugating antibiotics to antimicrobial peptides via ester
bonds. This approach achieves precise membrane targeting
through the electrostatic interactions between antimicrobial
peptides and bacterial cell membranes. Additionally, the
controlled hydrolysis of antibiotics is enabled by bacterial
endogenous esterases, and it overcomes the issue of disparate
drug distribution observed in traditional combination
therapies.38,39
Results and discussion
Molecular synthesis and characterization

We used solid phase peptide synthesis (SPPS) to make the
peptides (Scheme S2†). Briey, aer reacting CPFx and 6-
hydroxyhexanoate to produce ester (Scheme S1†), we synthe-
sized the designed peptides via SPPS by using Fmoc-protected
amino acids. Aer purication by high performance liquid
chromatography (HPLC), 1H NMR and MS (Fig. S1–S8†) were
used to conrm the purity and identity of the precursors.
Self-assembly evaluation

We rst evaluated the stability of the four antimicrobial
peptides by monitoring their absorbance over 24 hours in 10%
fetal bovine serum (FBS) or in phosphate-buffered saline (PBS,
pH 7.4) at 37 °C (Fig. 2a and S9†). The absorbance reected
instability factors of the material, such as hydrolysis (resulting
in the generation of small molecules) and aggregation, both of
which can increase the material's absorbance.40 The absor-
bance changes remained below 0.0975 aer 24 hour incuba-
tion in either FBS or PBS (Fig. 2a and S9†), demonstrating
their remarkable stability. This stability was evidenced by
their resistance to degradation and aggregation. The resis-
tance to degradation indicates the remarkable chemical
stability, and the resistance to aggregation indicates the stable
assembly.

We next assessed the self-assembly properties of the four
antimicrobial peptides by measuring their critical micelle
concentration (CMC) through light transmittance measure-
ments across a concentration gradient (15.625–2000 mM) in PBS
(pH 7.4). Fig. S10† demonstrates that peptides 1 and 2 showed
no signicant changes in light transmittance with increasing
concentration at low concentrations, but exhibited decreased
transmittance at higher concentrations, indicating their certain
self-assembly capability at elevated concentrations. In contrast,
CPFx-1 and CPFx-2 displayed concentration-dependent
turbidity increases (reduced transmittance) at relatively lower
concentrations, conrming supramolecular assembly forma-
tion. This behavior aligned with light scattering signatures of
micellization, demonstrating that hydrophobic CPFx enhanced
self-assembly. Notably, peptide 1 displayed a CMC of 959.36
mM, peptide 2 displayed a CMC of 976.07 mM, CPFx-1 displayed
a CMC of 332.70 mM, while CPFx-2 displayed a CMC of 194.99
© 2025 The Author(s). Published by the Royal Society of Chemistry
mM (Fig. S11†). The lower CMC of CPFx-2 conrmed a stronger
self-assembly ability, resulting in the fact that the hydrophobic
interactions induced by the C12 alkyl chain provided stronger
self-assembly driving force than the p–p interactions induced
by diphenylalanine.41

To characterize secondary structures, we performed
circular dichroism (CD) spectroscopy in PBS (pH 7.4) (Fig. S12,
ESI†). Peptides 1 and CPFx-1 exhibited a strong negative peak
at 200 nm accompanied by a weak negative band near 230 nm,
indicating the potential coexistence of a-helical, b-sheet
secondary structures and disordered regions in their confor-
mations.42,43 Peptides 2 and CPFx-2 exhibited spectra with
a negative peak at 200 nm and a positive peak at 190 nm,
indicative of random coil conformations. We next used
transmission electron microscopy (TEM) to verify the
morphology of the peptides. The TEM images of all the four
peptides revealed well-dened micelles (Fig. 2b). The micelles
of 1 exhibited a diameter of 67.6 ± 8.9 nm, 2 exhibited
a diameter of 70.7 ± 14.4 nm, CPFx-1 exhibited a diameter of
78.9 ± 7.4 nm and CPFx-2 exhibited a diameter of 103.1 ±

21.0 nm. The results showed that longer alkyl chains corre-
lated with larger nanoparticle sizes, consistent with enhanced
hydrophobic-driven assembly, which agrees with the CMC
measurement results. The dynamic diameter measured
(Fig. 2c) by dynamic light scattering (DLS) also validated the
aforementioned results. Peptide 1 exhibited a dynamic
diameter of 85.7 ± 17.0 nm, 2 exhibited a dynamic diameter of
116.1 ± 22.9 nm, CPFx-1 exhibited a dynamic diameter of
125.6 ± 19.1 nm and CPFx-2 exhibited a dynamic diameter of
127.4 ± 19.1 nm, consistent with their respective self-
assembly capabilities. The results conrmed that the CPFx
conjugation and incorporation of a long alkyl chain provide
the most assembly driving force.
In vitro antimicrobial activity evaluation

Aer investigating the self-assembly capabilities of the four
antimicrobial peptides, we evaluated their antibacterial effi-
cacy against Gram-negative E. coli and Gram-positive S. aureus
by quantifying bacterial viability.44 As shown in Fig. 3a, aer
4 h of co-incubation with E. coli, CPFx-2 exhibited potent
antibacterial activity even at a concentration as low as 6.25 mM,
achieving a bacterial survival rate of 32.2%. Increasing the
peptide concentration (0–50 mM) enhanced the antimicrobial
effects of all four antimicrobial peptides, demonstrating
a concentration-dependent bactericidal pattern against E. coli.
Aer extending the incubation time to 12 h (Fig. 3b), CPFx-1
and CPFx-2 at concentrations of 6.25 mM further reduced E. coli
survival to 20.6%, conrming their time-dependent antibac-
terial activity. For S. aureus, CPFx-2 displayed superior perfor-
mance, with survival rates decreasing to 24.6% aer 12 h
incubation at a concentration of 50 mM (Fig. 3d). This high-
lights CPFx-2's broad-spectrum antimicrobial activity, effec-
tively targeting both Gram-negative and Gram-positive
pathogens. Notably, the conjugation of CPFx signicantly
enhanced the peptide's bactericidal potency, likely due to
synergistic mechanisms between the peptide's membrane-
RSC Adv., 2025, 15, 19751–19761 | 19753
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Fig. 2 (a) Absorption spectra of antimicrobial peptides (50 mM) in 10% FBS at different time points. (b) Transmission electron microscopy (TEM)
images of antimicrobial peptide (200 mM). (c) Dynamic light scattering (DLS) profiles of antimicrobial peptides (200 mM).
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disruptive action and ciprooxacin's intracellular DNA gyrase
inhibition.45,46

To further assess the in vitro antimicrobial performance of
the peptides, we conducted an agar plate coating assay (Fig. 4a)
against E. coli and S. aureus at a uniform peptide concentration
of 50 mM. Compared with the control group (treated with PBS),
all tested peptides (1, 2, CPFx-1 and CPFx-2) signicantly
reduced bacterial colony counts for both strains. Notably, CPFx-
conjugated peptides demonstrated superior antimicrobial
potency, with CPFx-2 nearly achieving complete eradication of
both pathogens, as evidenced by the virtual absence of visible
colonies. These results substantiated that the synergistic
modication strategy combining CPFx conjugation and long-
chain lipid integration enables a magnitude of enhancement
in the antimicrobial performance relative to the parent peptide
scaffolds.

We employed agar well diffusion assay to evaluate the anti-
microbial activity of the four antimicrobial peptides.47 As shown
in Fig. 4b, CPFx-2 demonstrated signicantly larger inhibition
zones compared to all other peptides in both E. coli and S.
aureus cultures on LB agar plates at a standardized concentra-
tion of 50 mM. All the four peptide variants generated distinct
bactericidal halos in LB agar plates (Fig. S13, ESI†), with sharply
dened peripheries, conrming their broad-spectrum antimi-
crobial properties and rapid bactericidal action. Notably, CPFx-
2 exhibited expanded clearance zones, indicative of superior
19754 | RSC Adv., 2025, 15, 19751–19761
antibacterial efficacy against both Gram-negative (E. coli) and
Gram-positive (S. aureus) pathogens.

The peptides 1 and 2, without CPFx conjugation, exhibited
a minimum inhibitory concentration (MIC) of 12.5 mM against
E. coli (Fig. 4c), which was signicantly higher than the MIC
values (1.56 mM) of antibiotic-conjugated variants (CPFx-1 and
CPFx-2). This demonstrated the enhanced antibacterial effi-
cacy of CPFx-conjugated peptides against Gram-negative
pathogens. Furthermore, CPFx-1 and CPFx-2 displayed
substantially lower MIC against S. aureus (6.25 mM, respec-
tively), indicating potent broad-spectrum antimicrobial
activity. Notably, the superior performance of CPFx-2 (MIC =

3.125 mM) was likely attributed to its extended alkyl chains,
which enhanced hydrophobic interactions with the phos-
pholipid bilayer,48–50 thereby promoting membrane penetra-
tion and disruptive capacity. We compared the antibacterial
activity data of antimicrobial peptides from other studies with
CPFx-2 (Table S1†), and the results demonstrated that CPFx-2
exhibits superior antimicrobial activity. Furthermore, we
assessed the cell viability of human normal bronchial
epithelial cells (BEAS-2B). Even at 50 mM (a concentration
signicantly exceeding the MIC), CPFx-2-treated mammalian
cells retained a survival rate >90% (Fig. S14†), with no statis-
tically signicant difference in LDH release (Fig. S15,† p >
0.05). These ndings demonstrate the low cytotoxic effects of
the antimicrobial peptides.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Changes in survival rate of E. coli after co-incubation with antimicrobial peptides at different concentrations for (a) 4 h and (b) 12 h.
Changes in survival rate of S. aureus after co-incubation with antimicrobial peptides at different concentrations for (c) 4 h and (d) 12 h (n = 3,
mean ± SD, ***p < 0.001, ****p < 0.0001).
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Antibacterial mechanisms of antimicrobial peptides

To elucidate the antimicrobial mechanisms of the peptides, we
rst characterized morphological changes of E. coli by using
scanning electron microscopy (SEM) (Fig. 5a). Untreated cells
exhibited smooth surfaces with intact membrane structures,
while peptide-treated bacteria displayed varying degrees of
membrane damage. Treatment with peptide 1 induced local-
ized depressions on the bacterial surface, whereas peptide 2
caused pronounced wrinkling, accompanied by pits and pores.
CPFx-conjugated peptides exacerbated membrane damage:
CPFx-1 induced severe structural disruption, and CPFx-2 nearly
obliterated bacterial structure, resulting in membrane frag-
mentation, cytoplasmic leakage, and structural collapse. These
results conrmed that CPFx-2 induced bacteriolysis via
© 2025 The Author(s). Published by the Royal Society of Chemistry
membrane disruption, revealing synergistic mechanisms of
CPFx conjugation and alkyl chain interactions.

We next measured the zeta potential of all four antimicrobial
peptides (Fig. 5b). The results demonstrated that all the
peptides exhibited positive surface charges in aqueous solution,
attributable to their amine-rich side chains, while CPFx alone
displayed a negative charge. Bacterial surfaces carried inherent
negative charges due to anionic membrane components (E. coli:
lipopolysaccharides; S. aureus: teichoic acids).51–53 This electro-
static prole explains why free CPFx fails to target bacterial
membranes due to charge repulsion, whereas CPFx-conjugated
peptides bind to negatively charged bacterial surfaces via elec-
trostatic interactions, neutralizing surface charges and dis-
rupting membrane integrity. Furthermore, peptide-mediated
membrane targeting facilitates intracellular accumulation of
RSC Adv., 2025, 15, 19751–19761 | 19755
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Fig. 4 (a) LB agar plates showing viable bacterial counts of E. coli and S. aureus after treatment with antimicrobial peptides (50 mM) for 6 h,
compared to a blank control group (PBS, pH 7.4). (b) Inhibition zone diameters of antimicrobial peptides against E. coli and S. aureus after 12 h of
incubation. (c) Minimum Inhibitory Concentration (MIC) values of antimicrobial peptides against E. coli and S. aureus (n = 3, mean ± SD).
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CPFx, enhancing its DNA-damaging effects and enabling
synergistic antibacterial action.

We also used N-phenyl-1-naphthylamine (NPN) to assess
bacterial membrane damage, as NPN penetrates into hydro-
phobic regions of bacterial when the outer membrane is
compromised, leading to a signicant uorescence
increase.54–56 As shown in Fig. 5c, NPN uorescence intensity
increased signicantly with rising peptide concentrations (PBS
controls), indicating enhanced outer membrane permeability.
Higher peptide concentrations likely promote membrane
insertion and pore formation, enabling greater NPN inux and
uorescence signal amplication. At 50 mM, the hierarchy of
membrane permeabilization efficacy (CPFx-2 > CPFx-1 > 2 > 1)
agreed with SEM observations, further conrming that the
peptides disrupt bacterial membranes through permeability
alterations to exert their antibacterial effects.
In vivo anti-infectious efficacy of antimicrobial peptides

Encouraged by the exceptional antimicrobial activity of the
antimicrobial peptides, we evaluated their in vivo therapeutic
19756 | RSC Adv., 2025, 15, 19751–19761
potential for E. coli-infected wounds by using a murine model.57

We administered topical treatment to the infected wounds with
the peptides at a concentration of 200 mM or PBS as a control,
and recorded the wound healing progress every three days via
photographic documentation (Fig. 6a). On day 1 of treatment,
all treatment groups exhibited uniformly sized wounds with
visible redness, swelling, and inammation at the edges, typical
of early-stage infection. By day 3, peptides 1, 2, and CPFx-1
showed persistent redness and inammation, similar to the
control group, while the CPFx-2-treated group demonstrated
signicant improvement in the wound environment, including
reduced wound area and scab formation at the edges, indi-
cating its superior anti-inammatory and pro-healing effects in
the early treatment phase. By day 6, the control group showed
no improvement, whereas the antimicrobial peptide-treated
groups exhibited reduced redness and inammation, with
varying degrees of scab formation and reduced wound area,
particularly in the CPFx-2-treated group, which showed the
most signicant improvement. By day 9, the wounds in the
CPFx-2-treated group were almost completely healed, with fully
regenerated epidermis and the smallest wound area compared
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Scanning electron microscopy (SEM) images of E. coli after co-incubation with antimicrobial peptides (50 mM) for 6 hours. (b) Zeta
potential of CPFx, antimicrobial peptides, and bacterial (n = 3, mean ± SD). (c) NPN uptake of E. coli treated with antimicrobial peptides.
Enhanced NPN uptake was reflected in an increase in NPN fluorescence intensity (n = 3, mean ± SD).
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to other antimicrobial peptide-treated groups, conrming its
optimal therapeutic efficacy. To further evaluate the systemic
therapeutic effects of antimicrobial peptides on infected
wounds (Fig. 6b), we administered the drugs via tail vein
injection to ensure systemic circulation, and the results were
consistent with those of topical treatment. On day 3 of treat-
ment, the infected wounds in the CPFx-2-treated group exhibi-
ted signicantly reduced redness, swelling, and inammatory
responses, accompanied by a noticeable decrease in wound
area. By day 6, the CPFx-2-treated group demonstrated the most
substantial reduction in wound area, optimal scab formation,
and the most pronounced healing progress. On day 9, all four
antimicrobial peptide-treated groups showed markedly smaller
wound areas compared to the PBS control group, with complete
scab formation observed in all cases. Notably, the CPFx-2-
treated group exhibited near-complete wound closure, with the
smallest residual wound area among all antimicrobial peptide-
treated groups, conrming the superior efficacy of CPFx-2 in tail
vein injection therapy. The results indicated that all four anti-
microbial peptides exhibited certain antibacterial effects by
© 2025 The Author(s). Published by the Royal Society of Chemistry
both topical treatment and intravenous injection, signicantly
reducing wound redness and inammation while promoting
wound healing. Among them, CPFx-2 showed the best anti-
bacterial efficacy, demonstrating signicant antibacterial and
pro-healing effects early in the treatment, conrming that the
CPFx conjugation strategy signicantly enhanced the antibac-
terial activity of antimicrobial peptides.

To assess the antibacterial effects of the peptides at the mid-
treatment stage, we performed agar plate coating assays of
infected wounds on day 5 (Fig. 6c). The control group exhibited
dense and numerous bacterial colonies, indicating normal
growth and proliferation of E. coli, while the antimicrobial
peptide-treated groups showed signicantly reduced and
sparser bacterial colonies. Notably, the CPFx-2 group exhibited
almost no bacterial colonies on the agar plates, indicating that
all peptides exhibited certain antibacterial activity against E. coli
at the mid-treatment stage, with CPFx-2 showing the most
signicant efficacy, nearly completely inhibiting the growth and
proliferation of E. coli. This further validated the conclusions
from the murine wound infection model experiments.
RSC Adv., 2025, 15, 19751–19761 | 19757

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02932e


Fig. 6 Photographs of infected wounds treated with (a) topical administration and (b) intravenous injection on day 1, 3, 6, and 9. (c) Plate coating
photographs of infected wounds on day 5 after topical administration. (d) Histological analysis of wound tissue sections stained with H&E and
Masson's trichrome on day 7 after topical administration (yellow arrows: inflammatory cells; red circles: collagen fibers; black dashed lines:
epidermis–dermis boundary). (e) H&E-stained images of heart, liver, spleen, lung, and kidney from the E. coli-infected wound model on day 7
post-topical administration.
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We performed histological analysis on the murine models
(Fig. 6d). The control group exhibited abundant inammatory
cells, necrotic epidermis, poor wound healing, and disorga-
nized tissue structure. In contrast, 1 and 2-treated groups
showed reduced inammatory cells, indicating alleviated
inammation, with partial collagen deposition and improved
wound healing. The groups with CPFx-conjugated antimicrobial
peptide treatments showed signicantly reduced inammatory
cells and increased collagen deposition in the infected wounds.
Notably, the CPFx-2 group exhibited clear dermal–epidermal
boundaries, fully regenerated epidermis, continuous and
uniformly thick stratum corneum, and densely arranged
collagen bers, indicating that CPFx-2 signicantly inhibited E.
coli infection of the wounds and promoted collagen deposition,
demonstrating remarkable wound-healing capabilities.

To evaluate the biosafety of antimicrobial peptides in vivo,
we recorded murine body weights during the treatment, and
performed H&E staining of major organs (heart, liver, spleen,
lung, and kidney), and assessed hemocompatibility. Local and
systemic administration of antimicrobial peptides did not
result in weight loss (Fig. S16, ESI†), and H&E staining of major
organ sections post-treatment revealed no damage (Fig. 6e).
Additionally, all the peptides caused no hemolysis of murine
red blood cells (Fig. S17, ESI†), indicating that all the peptides
exhibited excellent biosafety in vivo.
Conclusion

Based on the structural optimization of the linear lipopeptide
paenipeptin C0, we designed and developed two high-
performance antimicrobial peptides: peptide 1 (lipid C6-Phe–
Phe–Pae, containing diphenylalanine and a C6 lipid chain) and
peptide 2 (lipid C18-Pae, featuring a C18 lipid chain). To further
enhance their antibacterial activity, we conjugated these
peptides with CPFx via ester bonds, yielding CPFx-1 and CPFx-2.
CPFx-2 exhibited the most favorable self-assembly properties,
demonstrating the lowest critical micelle concentration (CMC)
and forming the largest nanoparticles, as conrmed by trans-
mission electron microscopy (TEM) and dynamic light scat-
tering (DLS). In vitro antibacterial assays revealed that both
CPFx-1 and CPFx-2 displayed strong inhibitory effects against E.
coli and S. aureus. Notably, CPFx-2, with its longer lipid chain,
exhibited superior antibacterial activity. In a murine wound
infection model, CPFx-2 not only signicantly reduced local
inammation but also accelerated wound healing, conrming
that CPFx conjugation and extended lipid chains synergistically
enhance antimicrobial efficacy. Mechanistic studies demon-
strated that the antimicrobial peptides rst target negatively
charged bacterial membranes via electrostatic interactions,
followed by aggregation and membrane insertion, which
disrupt membrane integrity, increases permeability, and ulti-
mately leads to membrane rupture and cytoplasmic leakage.
CPFx-2 exhibited the strongest bactericidal effect, attributed to
its longer alkyl chain, which facilitates deeper membrane
interaction and structural disruption. Additionally, intracellular
esterase-mediated hydrolysis may release CPFx, enabling its
© 2025 The Author(s). Published by the Royal Society of Chemistry
DNA gyrase inhibition mechanism, thereby establishing a dual-
action antibacterial strategy.

In summary, we designed and synthesized CPFx-conjugated
antimicrobial peptides to synergistically enhance bactericidal
activity against E. coli and S. aureus. We performed compre-
hensive in vitro characterization, antibacterial activity assays,
and mechanistic investigations, along with validation of thera-
peutic efficacy in a murine E. coli-infected wound model. Our
study presents a CPFx-antimicrobial peptide conjugate drug
design with clear synergistic mechanisms. Although we have
veried the excellent stability of CPFx-conjugated antimicrobial
peptides under simulated physiological conditions, the ester
bonds in CPFx conjugates may be hydrolyzed prematurely due
to multiple factors including pH, esterase activity, and reactive
oxygen species, which could affect the efficacy of the drug. In
the future, we will conduct more comprehensive pharmacoki-
netic and stability tests to verify the translational potential of
CPFx-antimicrobial peptide conjugate drugs.
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