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tibacterial activity study of anti-
biofilm agents based on American oyster defensin
analog A4

Xin Zhang,† Yu Liu,† Zhixing Geng and Ye Guo *

Chronic infections caused by bacterial biofilms represent a challenging clinical issue. The formation of

biofilms markedly complicates the treatment of bacterial infections and frequently contributes to the

development of drug-resistant strains. Anti-biofilm agents, encompassing a class of chemically or

biologically active substances, are capable of inhibiting the formation of microbial biofilms or disrupting

pre-existing biofilm structures. Antimicrobial peptides, as anti-biofilm agents, effectively interfere with

the formation and stability of biofilms. As an analog of American oyster defensin (AOD), A4 displays

superior antibacterial activity, diverse modes of action (including DNA interaction and inhibition of DNA

amplification), and low toxicity. The purpose of this study is to develop new anti-biofilm agents with

higher activity and better stability based on A4. By tuning amino acid configuration and substituting

disulfide bonds, four analogs (D-A4, A4-T1, A4-T2, and A4-T3) were designed and synthesized. Results

of antibacterial assays indicated that all analogs maintained broad-spectrum antibacterial activity, with D-

A4 exhibiting enhanced antibacterial efficacy. Crystal violet staining assays demonstrated that D-A4

effectively inhibited biofilm formation at concentrations as low as 1/2 × MIC. Stability assays revealed

that D-A4 exhibited high stability in both proteolytic and serum environments. With potent activity,

excellent stability, and low toxicity, D-A4 holds great promise as an anti-biofilm agent against multidrug-

resistant bacterial infections.
1 Introduction

Bacterial biolms are structured microbial communities
formed by bacterial adhesion to biotic or abiotic surfaces. In the
eld of global clinical anti-infective treatment, chronic infec-
tions arising from bacterial biolms constitute a persistent and
formidable challenge for healthcare practitioners.1 The forma-
tion of biolms substantially enhances the resistance of
bacteria to antibiotics. Owing to the intricate protective mech-
anisms afforded by biolms, the management of chronic
infections oen requires antibiotic dosages several orders of
magnitude higher than standard therapeutic levels.2 The
administration of high-dose antibiotics not only increases the
risk of toxicity and adverse effects but also promotes drug-
resistant bacteria.3 Current therapeutic strategies for
managing bacterial biolm-associated infections are con-
strained by challenges, including the emergence of antibacte-
rial resistance and insufficient targeted specicity.4,5

Consequently, the development of novel anti-biolm agents
that are not prone to developing drug resistance and are capable
llege, Baotou 014060, China. E-mail:

the Royal Society of Chemistry
of inhibiting biolm formation has become an urgent necessity
in the current eld of anti-infection research.

Antimicrobial peptides (AMPs) are fundamental compo-
nents of the innate immune system and are ubiquitously
expressed across a diverse range of life forms, including
bacteria, insects, amphibians, and mammals.6 In light of the
escalating challenges posed by antibiotic resistance, AMPs have
emerged as promising candidates for the development of
effective antibacterial agents.7 Several cyclic peptide based
drugs, though not AMP, such as polymyxins, daptomycin, and
vancomycin, have been commercialized for clinical application.
These agents are utilized in the treatment of infections caused
by antibiotic-resistant Gram-negative bacteria,8 antibiotic-
resistant Gram-positive bacteria,9 methicillin-resistant Staphy-
lococcus aureus (MRSA), and antibiotic-resistant enterococci.10

AMPs constitute a novel class of antibacterial agents, distin-
guished by their broad-spectrum efficacy against a wide range of
pathogens, including bacteria, fungi, and viruses. A notable
safety advantage of AMPs is their biodegradability, as they
degrade into amino acids, which are generally non-toxic or
biocompatible. Furthermore, AMPs employ multiple, oen
unique, mechanisms to exert their antibacterial effects. These
mechanisms involve the disruption of bacterial membranes,
the compromise of cell wall integrity and function, the inhibi-
tion of protein synthesis, the impairment of DNA and RNA
RSC Adv., 2026, 16, 21655–21666 | 21655
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replication and biosynthesis, as well as the suppression of bi-
olm formation and the degradation of mature biolms. This
mechanistic diversity markedly reduces the probability of
pathogens developing resistance.11,12 AMPs show considerable
promise as innovative anti-biolm agents, primarily due to their
ability to inhibit biolm formation.13 However, only a limited
number of AMPs,14 including TEMP-A, CIT-1.1, TP-I-L1,15 and E-
PL,16 have been documented to exert inhibitory effects against
biolm formation.16 Moreover, a comprehensive assessment of
their therapeutic efficacy and toxicity proles is necessary.
Accordingly, the development of novel anti-biolm agents
featuring potent antibacterial activity, high stability, and low
toxicity is urgently required.17

American oyster defensin (AOD)18 is a naturally occurring
AMP that exhibits efficacy against both Gram-positive and
Gram-negative bacteria. However, its intricate structure—
comprising 38 amino acids and three disulde bridges—
renders its chemical synthesis economically costly. Accumu-
lating evidence19–21 have demonstrated that the synergistic
interaction between hydrophobic tryptophan (Trp, W) and
cationic arginine (Arg, R), achieved through rational design, can
signicantly enhance the antibacterial efficacy of peptides. Seo
et al.22 successfully designed the AOD analog A4
(CRRWGWRRC) by employing homology modeling of AOD to
screen for a template region containing a disulde bond, fol-
lowed by the incorporation of Arg and Trp residues. A4 exhibi-
ted signicant antibacterial activity, with minimum inhibitory
concentrations (MIC) ranging from 2.2 to 29.5 mg mL−1.
Notably, the MIC against E. coli and B. subtilis were 2.2 mg mL−1

and 2.5 mg mL−1, respectively. Seo et al. suggested that A4 exerts
its antibacterial effect by binding to DNA or interfering with
DNA amplication. Zhao23 demonstrated that A3, a derivative
peptide of AOD, functions through a mechanism that inhibits
bacterial biolm formation. As A4 is also an analogue of AOD, it
likely inhibits bacterial biolm formation via a comparable
mechanism, thus representing a promising candidate for the
development of new anti-biolm agents.

To develop novel anti-biolm agents with superior antibac-
terial activity and enhanced stability, we employed tuning
amino acid conguration and substituting disulde bonds
strategy to optimize A4. Specically, we substituted the L-amino
acids in A4 with D-amino acids or replaced the disulde bonds
with a triazole ring to achieve a protease-resistant structure.
Among the four analogs evaluated, D-A4 is the best anti-biolm
agent, which displayed equivalent antibacterial potency relative
to parent peptide A4 against Staphylococcus aureus, Bacillus
subtilis, Klebsiella pneumoniae, Escherichia coli, and Pseudo-
monas aeruginosa. Notably, D-A4 achieved a 2-fold reduction in
MIC compared with A4 against Salmonella Paratyphi B and
Salmonella enterica. Furthermore, D-A4 exhibited markedly
enhanced stability upon exposure to proteolytic enzymes and
serum environments. Even at a concentration of 250 mg mL−1

(∼2–>100 fold higher than MIC), D-A4 maintained low cyto-
toxicity against normal cells, highlighting its favorable safety
prole for potential therapeutic applications. In summary, this
study successfully identied D-A4 as a highly active and stable
anti-biolm agent. Importantly, this research not only
21656 | RSC Adv., 2026, 16, 21655–21666
introduces a novel potential therapeutic agent for combating
biolm-associated chronic infections but also provides a robust
theoretical foundation for the development of next-generation
anti-biolm therapeutics.
2 Materials and methods
2.1 Materials

FD-1-50 vacuum freeze dryer, Beijing Boyikang Experimental
Instrument Co., Ltd JY2003 Electronic Balance, Shanghai Sunny
Hengping Instrument Co., Ltd CHA-S Constant Temperature
Shaker, Changzhou Guohua Electric Appliance Co., Ltd Vortex
Mixer, Haimen Qilin Bell Instrument Manufacturing Co., Ltd
L500-A Centrifuge, Shanghai Xiangyi Centrifuge Instrument
Co., Ltd Microplate Reader, Thermo SCIENTIFIC. Shimadzu
High-Performance Liquid Chromatography LC-20, Shimadzu
Corporation, Japan. Thermo Ultimate 3000+ Preparative/
Analytical Chromatograph, Thermo SCIENTIFIC. Chromatog-
raphy Columns. Welch XB-C18 Column (4.6 × 250 mm, 5 mm),
Welch Materials, Inc. (China). Hypersil GOLD™ Preparative
Column (10 × 250 mm, 5 mm), Welch Materials, Inc. (China).
SHI-3 Circulating Water Vacuum Pump, Shanghai Yarong
Biochemical Instrument Factory. Reagents: Rink Amide AM
Resin (substitution degree: 0.31 mmol g−1), Tianjin Hecheng
Technology Co., Ltd. Fmoc-protected amino acids for target
peptide synthesis, including Fmoc-Cys(Trt)-OH, Fmoc-Arg(Pbf)-
OH, Fmoc-Trp(Boc)-OH, Fmoc-Gly-OH, etc., purchased from GL
Biochem (Shanghai) Ltd. Coupling reagents: 6-chloro-1-
hydroxybenzotriazole tetramethyluronium hexa-
uorophosphate (HCTU) and 2-(7-azabenzotriazol-1-yl)-
N,N,N0,N0-tetramethyluronium hexauorophosphate (HATU),
purchased from GL Biochem (Shanghai) Ltd. N,N-di-
isopropylethylamine (DIEA), dimethyl sulfoxide (DMSO), tri-
isopropylsilane (TIPS), sodium ascorbate, reduced glutathione
(GSH), etc., purchased from Aladdin Reagent (Shanghai) Co.,
Ltd. Anhydrous copper sulfate (analytical grade), triuoroacetic
acid (HPLC grade), triuoroacetic acid (analytical grade), N,N-
dimethylformamide (DMF), 4-methylpiperidine, etc., purchased
from Shanghai Titan Scientic Co., Ltd. DMEM Medium,
purchased from Servicebio Technology Co., Ltd. Di-
chloromethane (DCM), Anhui Tiandi High Purity Solvent Co.,
Ltd. , Coolaber. Acetonitrile (HPLC grade), J. T. Baker. Methyl
tert-butyl ether, Beijing Stone Technology Co., Ltd.
2.2 Design and synthesis of A4 analogs

To address the protease susceptibility of A4, the amino acid
conguration replacement strategy and substituting disulde
bonds strategy was employed. In amino acid conguration
replacement strategy, the natural L-amino acids in A4 were
replaced with D-amino acids to yield D-A4. For substituting di-
sulde bonds strategy, a more robust triazole moiety was
utilized to replace the disulde linkage, resulting in the
formation of A4-T1, A4-T2 and A4-T3. Specically, the cysteine
residue at the C-terminus of the A4 was replaced with L-prop-
argylglycine. Simultaneously, the cysteine residue at the N-
terminus was substituted with a series of azido-functionalized
© 2026 The Author(s). Published by the Royal Society of Chemistry
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amino acids, namely, (2)-2-amino-4-azidobutanoic acid, (2S)-2-
amino-5-azidopentanoic acid, and (2S)-2-amino-6-
azidohexanoic acid. Subsequently, the azido groups from
these N-terminal residues and the alkyne group from the C-
terminal L-propargylglycine underwent a copper-catalyzed
click reaction to form a stable triazole moiety.

Linear D-A4, A4-T1, A4-T2, and A4-T3 were synthesized using
Fmoc (9-uorenylmethoxycarbonyl)-based solid-phase peptide
synthesis. Rink amide AM resin (0.31 mmol g−1) was used as the
solid support. A total of 300 mg of resin was weighed into
a peptide synthesis vessel. Deprotection was carried out using
25% tetramethylpiperidine at 32 °C for 10 min, repeated twice.
For amino acid coupling, each coupling reaction was performed
twice to ensure complete incorporation, with reaction condi-
tions of 32 °C for 45 min. The amino acids were sequentially
assembled onto the resin following the above coupling strategy.
Aer the assembly of all amino acids and removal of the nal
Fmoc protecting group, 10 mL of cleavage reagent (tri-
uoroacetic acid (TFA): triisopropylsilane (TIPS) : H2O = 9.5 :
0.25 : 0.25, v/v/v) was added, and the mixture was incubated at
32 °C for 3 h. Aer the cleavage reaction, the collected cleavage
solution was concentrated under a stream of nitrogen, and ice-
cold methyl tert-butyl ether was added to precipitate the
peptide. The mixture was centrifuged, and the supernatant was
discarded. This washing process was repeated twice to obtain
the crude linear peptide as a solid.

2.3 Oxidative folding of linear D-A4

The crude linear D-A4 was oxidized, utilizing dimethyl sulfoxide
(DMSO) as the oxidizing agent. Specically, 3 mg of crude linear
D-A4 was accurately weighed and transferred into a 5 mL
centrifuge tube. Subsequently, 900 mL of phosphate-buffered
saline (PBS, pH 7.4) was added to the centrifuge tube, fol-
lowed by the addition of 100 mL of DMSO. The oxidation reac-
tion occurred at room temperature. The progress of the reaction
was monitored via reverse-phase high-performance liquid
chromatography (RP-HPLC). The resultant D-A4 was subse-
quently isolated and puried using RP-HPLC, employing
a mobile phase consisting of water with 0.1% triuoroacetic
acid (TFA) as phase A and acetonitrile with 0.1% TFA as phase B,
with a gradient elution from 30% to 70% phase B. The puried
D-A4 solution was pre-frozen in liquid nitrogen and subse-
quently lyophilized. The molecular mass of D-A4 was conrmed
through electrospray ionization mass spectrometry (ESI-MS).

2.4 Click chemistry reactions of linear A4-T1, A4-T2, and A4-
T3

The click chemistry reaction24 was performed using CuSO4 as
catalyst. Initially, 3 mg of the linear crude peptide was dissolved
in 1 mL of deionized water. In other 2 mL centrifuge tube, 8 mg
of CuSO4 and 25 mg of sodium ascorbate (C6H7O6Na) were di-
ssolved in 2 mL of deionized water. Subsequently, 100 mL of this
prepared solution was promptly added to the peptide solution.
The reaction mixture was stirred and allowed to proceed at
room temperature, with its progress monitored via RP-HPLC.
The resulting peptide was isolated and puried using RP-
© 2026 The Author(s). Published by the Royal Society of Chemistry
HPLC, employing a mobile phase consisting of water with
0.1% triuoroacetic acid (TFA) as phase A and acetonitrile with
0.1% TFA as phase B, with a gradient elution from 30% to 70%
phase B. The puried peptide was obtained following lyophili-
zation. Finally, the molecular mass of A4-T1, A4-T2, and A4-T3
were conrmed by ESI-MS.

2.5 Circular dichroism (CD) spectroscopy

The compounds D-A4, A4-T1, A4-T2, and A4-T3 were dissolved
in PBS containing 10% (v/v) triuoroethanol (TFE) to prepare
peptide solutions at a concentration of 1 mg mL−1. Each solu-
tion was subsequently placed in a quartz cuvette with a path
length of 1 mm and analyzed using a J-1500 circular dichroism
spectrophotometer. The CD spectra were recorded with a scan-
ning bandwidth of 1 nm, covering a wavelength range from
170 nm to 300 nm, at a scanning speed of 200 nm min−1.

2.6 Antibacterial activity of A4 analogs

2.6.1 Agar well diffusion assay. The antibacterial activity of
D-A4, A4-T1, A4-T2, and A4-T3 were qualitatively evaluated using
the agar well diffusion method.25 A bacterial suspension was
prepared from cultures in the logarithmic growth phase,
achieving a concentration of 1 × 108 CFU mL−1. Nutrient agar
plates incorporating 5% of the bacterial suspension were
prepared. Uniform wells were created in the agar using steril-
ized 3mmpunches. The peptide solutions were prepared in PBS
at a concentration of 1000 mg mL−1. Subsequently, 10 mL of each
peptide solution at varying concentrations was introduced into
the respective wells, with PBS as the negative control. Each assay
was performed in triplicate. The plates were incubated at 37 °C
for 24 hours, then they were examined for the presence of
inhibition zones.

2.6.2 Broth microdilution assays. Bacterial cultures were
grown in nutrient broth medium, and cells in the logarithmic
growth phase were collected to prepare a suspension with
a concentration of 1 × 106 CFU mL−1. The peptide solutions
were prepared in PBS to a concentration of 1000 mg mL−1. MIC
was determined using a two-fold serial dilution method.26 Each
concentration was evaluated in triplicate. A row containing
solely the bacterial suspension without any compound func-
tioned as the positive control, whereas a row containing only the
medium served as the negative control. The plate was then
incubated at 37 °C for 18–24 hours. Bacterial growth was
assessed visually, and optical density (OD) was measured at
600 nm using a microplate reader.

2.7 Hemolytic activity test of A4 peptide analogs

2.7.1 Hemolysis assay using blood agar plate. The quali-
tative hemolytic activity of the analogs was assessed using
Columbia blood agar plates. A peptide solution was prepared at
a concentration of 1000 mg mL−1, with 0.1% Triton X-100 as the
positive control and PBS as the negative control. Wells were
created in the blood agar plates using the 3 mm punch, and
then 10 mL of each solution was added to the respective wells.
The plates were then incubated overnight at 37 °C and exam-
ined for the presence of hemolysis.
RSC Adv., 2026, 16, 21655–21666 | 21657
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2.7.2 Hemolysis assay using erythrocytes. Quantitative
hemolytic activity assays were performed for D-A4 and A4-T1,
A4-T2, A4-T3. Blood samples were collected from the mice by
orbital blood sampling and transferred into centrifuge tubes
containing 2 mg mL−1 sodium heparin. The samples were
centrifuged at 3000 rpm, the supernatant was discarded, and
the red blood cells were isolated. The peptide was dissolved in
physiological saline to prepare solution with a concentration of
0.9 to 1000 mg mL−1. Subsequently, 4 mL of the suspension was
combined with 200 mL of each peptide solution in a 0.2 mL
centrifuge tube. Physiological saline and 0.1% Triton X-100
were used as negative and positive controls, respectively. The
mixtures were incubated at 37 °C for 1 hour, followed by
centrifugation at 3000 rpm for 5 minutes. The supernatant was
transferred to a 96-well plate, and its absorbance at 540 nm was
measured using a microplate reader. All experiments were
conducted in triplicate. The percentage of hemolysis was
calculated using a specied formula.27

Hemolysis rate (%) = (Aexperimental group − A blank group)/

(Apositive group − Ablank group) × 100%

2.8 Antibacterial mechanism of A4 analogs

2.8.1 Effect on membrane permeability of E. coli ATCC
25922. E. coli ATCC 25922 was suspended in LB medium and
subjected to centrifugation at 4500 rpm for 5 minutes at 4 °C.
The resulting bacterial pellet was washed twice with PBS and
subsequently resuspended in PBS. The bacterial suspension
was then treated with A4, D-A4 and A4-T3 at concentrations of 1
× MIC and 2 × MIC, followed by incubation at 37 °C for 30
minutes. Ethylenediaminetetraacetic acid disodium salt(EDTA)
was used as the positive control. Aer the supernatant was di-
scarded, the cells were resuspended in PBS containing 10 mg
mL−1 of crystal violet. The bacterial suspension was incubated
at 37 °C for 10 minutes and then centrifuged at 13 000 rpm for
15 minutes. The optical density of the supernatant was
measured at 590 nm using a UV spectrophotometer, with the
OD value of PBS containing 10 mg mL−1 of crystal violet desig-
nated as 100%. The percentage of crystal violet uptake was
calculated using the following formula.28

Crystal violet uptake (%) = (OD590nm sample/OD590nm crystal

violet control) × 100%

2.8.2 Biolm inhibition assay. Cultures of E. coli ATCC
25922, grown to the logarithmic phase, were used to prepare
bacterial suspensions. A 100 mL aliquot of the bacterial
suspension was dispensed into each well of a 96-well plate.
Subsequently, A4, D-A4 or A4-T3 was added at concentrations of
1/2 ×MIC, 1 ×MIC, 2 ×MIC, 4 ×MIC, and 8 ×MIC. The plate
was incubated at 37 °C for 20 hours in a constant-temperature
incubator. Aer incubation, the plate was centrifuged at
3000 rpm for 5 minutes. The supernatant was carefully removed
using a pipette, and each well was washed three times with 100
21658 | RSC Adv., 2026, 16, 21655–21666
mL of PBS. To x the remaining biolm, 100 mL of absolute
methanol was added to each well and allowed to stand for 15
minutes before being discarded. Subsequently, 100 mL of 0.1%
crystal violet staining solution was added to each well and le to
stain for 30 minutes. The staining solution was then removed,
and the wells were rinsed with PBS until the PBS appeared
colorless. To dissolve the biolm, 200 mL of 95% ethanol was
added to each well, followed by incubation at 37 °C for 30
minutes. Finally, the plate was placed in a microplate reader to
measure the absorbance at 595 nm. Each experiment was
repeated three times.
2.9 Stability of A4 analogs

2.9.1 Protease stability. For the trypsin degradation assay,
trypsin was used at a concentration of 1.5 ng mL−1, while either
D-A4 or A4-T3 was employed at a concentration of 1 mg mL;
both trypsin or peptides were dissolved in PBS (pH 7.4) prior to
the assay. Specically, 900 mL of the trypsin solution was
dispensed into a 1.5 mL centrifuge tube. Subsequently, 100 mL
of each peptide solution was added to the tube containing the
trypsin. The degradation reaction was maintained at 37 °C.
During the assay, 100 mL aliquots of the reaction mixture were
collected at predetermined intervals: 0, 1, 2, 4, 8, and 10
minutes. Each aliquot was promptly quenched by the addition
of 30 mL of 1 M HCl. The entire reaction process was monitored
using RP-HPLC.

2.9.2 Serum stability. The stability of D-A4 and A4-T3 under
serum conditions was assessed. The MIC of peptides against E.
coli ATCC 25922 were evaluated in environments with serum
concentrations of 50%, 25%, and 0%. TheMIC were determined
using the microbroth dilution technique as outlined in Section
2.6.2, with bacterial growth quantied by measuring absor-
bance at 600 nm.
2.10 Cell counting Kit-8(CCK-8)

Mouse peritoneal macrophage RAW 264.7 cells were diluted to
a concentration of 1.5 × 104 cells mL−1, and 100 mL of this cell
suspension was uniformly distributed into each well of a 96-well
plate. To mitigate edge effects, 200 mL of PBS was added to each
well in the outermost row of the plate. The plate was subse-
quently incubated at 37 °C with 5% CO2 overnight. Following
incubation, the culture medium was replaced with 100 mL of
fresh medium containing either D-A4 or A4-T3 at concentra-
tions of 500, 250, 125, and 62.5 mg mL−1, which were added to
the designated wells. Aer 24 hours of exposure to the
compounds, the mediumwas carefully aspirated. Subsequently,
100 mL of medium containing 10% CCK-8 reagent was added to
each well, and the plate was incubated in the dark at 37 °C with
5% CO2. Absorbance measurements were taken every 30
minutes using a full-wavelength microplate reader, and the
density at 450 nm (OD450nm) was recorded. Data were plotted
using GraphPad Prism. The experimental setup included the
following groups: blank group (medium only), control group
(cells + medium) and experimental group (cells + medium +
drug).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Oxidation of linear D-A4; (B) the ESI-MS of linear D-A4; (C)
the ESI-MS of D-A4.
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Cell viability (%) = (OD450nm experimental well − OD450nm blank

well)/(OD450nm control well − OD450nm blank well) × 100%

2.11 Time-kill curve

E. coli ATCC 25922 was cultured to the logarithmic phase. The
culture was diluted with physiological saline to a turbidity of 0.5
McFarland standard, followed by a 150-fold dilution with LB
medium to achieve a nal bacterial suspension density of 1 ×

106 CFU mL−1. The physiological saline group served as the
negative control. D-A4 and A4-T3, at concentrations of 1 × MIC
and 4 × MIC, were separately mixed with the bacterial
suspension in sterile microcentrifuge tubes. The tubes were
then incubated at 37 °C in a constant-temperature incubator. 10
mL of samples were collected at 0 h, 3 h, 6 h, 9 h, 12 h, and 24 h,
and then samples were serially diluted. A 5 mL aliquot of each
diluted sample was spotted onto nutrient agar plates, spread
evenly, and the plates were incubated at 37 °C for 22 hours. Aer
incubation, the colonies on each plate were counted, and the
CFU corresponding to each compound concentration at each
time point was calculated and converted to log10 CFU mL−1. A
time-kill curve was plotted with time on the x-axis and log10 CFU
mL−1 on the y-axis. The experiment was performed in triplicate.

2.12 Scanning electron microscopy (SEM)

Bacterial cultures in the logarithmic growth phase were har-
vested to prepare a 5 mL suspension of E. coli ATCC 25922 at
a concentration of 1 × 108 CFU mL−1. The bacterial cells were
pelleted by centrifugation at 5000 rpm for 8 minutes and
subsequently treated with D-A4 and A4-T3 at a concentration of
2 × MIC. As a blank control, an equivalent volume of PBS was
used to treat the bacteria. Following thorough mixing of the
agents with the bacterial suspension, themixture was incubated
at 37 °C for 2 hours. Aer incubation, the samples underwent
another centrifugation at 5000 rpm for 8 minutes, and the
supernatant was carefully decanted. The bacterial pellets were
xed overnight at 4 °C using 2.5% glutaraldehyde. The xed
samples were then subjected to gradient dehydration using
ethanol concentrations of 50%, 70%, 90%, 95%, and 100%,
with each step lasting 10 minutes. Aer dehydration, the
samples were dried, mounted on conductive adhesive, and
sputter-coated with gold. Finally, the specimens were examined
using SEM.
Fig. 1 The synthetic route of D-A4.

© 2026 The Author(s). Published by the Royal Society of Chemistry
3 Results
3.1 Synthesis of peptides

3.1.1 Synthesis of D-A4. In this study, a solid-phase peptide
synthesis approach utilizing Fmoc protection29 was employed,
resulting in the successful synthesis of linear D-A4, as depicted
in Fig. 1. The unpuried linear D-A4 was subjected to oxidation
using DMSO as oxidant, and the progress of the oxidation was
monitored via RP-HPLC. The corresponding results are illus-
trated in Fig. 2. Upon addition of DMSO, the peak intensity of
linear D-A4 decreased, accompanied by an increase in the peak
intensity of D-A4. The oxidation was complete within 120
minutes. Following the completion of the reaction, the product
was isolated and puried using RP-HPLC, successfully yielding
D-A4. The successful synthesis of D-A4 was conrmed by ESI-MS
analysis, as the measured molecular weight was consistent with
the theoretical value.

3.1.2 Synthesis of A4-T1, A4-T2 and A4-T3. To improve the
stability of A4, the disulde bonds in A4 were replaced with
a stable triazole moiety, affording A4-T1, A4-T2, and A4-T3
(Fig. 3 and 4). The linear A4-T1, A4-T2, and A4-T3 was
prepared by Fmoc-SPPS. The click reactions of unpuried linear
A4-T1, A4-T2, and A4-T3 were catalyzed by CuSO4, with the
reaction progress monitored through RP-HPLC. As shown in
RSC Adv., 2026, 16, 21655–21666 | 21659
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Fig. 3 The synthetic route of A4-T1.

Fig. 4 The structures of A4-T2 and A4-T3.

Fig. 6 (A) The click reaction of linear A4-T2; (B) the ESI-MS of linear
A4-T2; (C) the ESI-MS spectrum of A4-T2.
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Fig. 5–7, the peaks of the linear peptides (in red) gradually
diminished, while new peaks (corresponding to the cyclic
products, in blue) appeared with shorter retention times The
click reactions of linear A4-T1, A4-T2, and A4-T3 were completed
within 45 minutes. The products were subsequently isolated
Fig. 5 (A) The click reaction of linear A4-T1; (B) the ESI-MS of linear
A4-T1; (C) the ESI-MS spectrum of A4-T1.

21660 | RSC Adv., 2026, 16, 21655–21666
and puried using RP-HPLC, yielding A4-T1, A4-T2, and A4-T3.
The successful synthesis of A4-T1, A4-T2, and A4-T3 was
conrmed by ESI-MS data of linear peptides and cyclic peptides.

3.2 The secondary structure of A4 analogs

To determine the secondary structures of D-A4, A4-T1, A4-T2,
and A4-T3, the peptides were dissolved at 1 mg mL−1 in PBS
Fig. 7 (A) The click reaction of linear A4-T3; (B) the ESI-MS of linear
A4-T3; (C) the ESI-MS spectrum of A4-T3.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 CD spectra of A4 analogs.
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(pH 7.4) containing 10% TFE, and their secondary structures
were analyzed by CD spectra. As shown in Fig. 8, A4 exhibited
a negative peak around 200 nm, indicative of a disordered
structure. In contrast, D-A4 exhibited a positive peak around
210 nm. The CD curve of D-A4 was opposite to the curve of A4,
but not a perfect mirror image. This may be due to certain
conformational differences between them. This spectral feature
is characteristic of peptides with the D-conguration, demon-
strating that D-A4 also adopts a disordered structure but with
inverted chirality. Collectively, these results conrmed the
successful synthesis of D-A4. The CD spectra of A4-T1, A4-T2,
and A4-T3 exhibited a positive peak near 198 nm and a nega-
tive peak near 215 nm, a characteristic feature of a b-sheet
structure. These CD results indicate that aer replacing the
disulde bonds, the structure of the A4 analogs has undergone
a signicant change, transforming from the original disordered
structure to a b-sheet structure.
3.3 Antibacterial activity of A4 analogs

3.3.1 Agar well diffusion assay. The antibacterial activity of
the A4 analogs was qualitatively assessed using the agar well
diffusion method. The analogs were tested against B. subtilis, S.
aureus, B. cereus, E. coli, S. Paratyphi B, and P. aeruginosa at
a concentration of 1 mg mL−1. The size of the inhibition zone
Fig. 9 Qualitative antibacterial activity of A4 analogs against G+ and
G−.

© 2026 The Author(s). Published by the Royal Society of Chemistry
on the plate is shown in Fig. 9. D-A4, A4-T1, A4-T2, and A4-T3 all
produced inhibition zones against Gram-positive (G+) and
Gram-negative (G−) bacteria, demonstrating broad-spectrum
antibacterial activity. Specically, all four Analogs formed
distinct inhibition zones against Gram-positive bacteria (B.
subtilis, S. aureus and B. cereus) and Gram-negative bacteria (E.
coli, S. Paratyphi B, and P. aeruginosa) at a concentration of 1 mg
mL−1. Comparison of the inhibition zones indicated that D-A4
possessed the most potent activity among all Analogs. Notably,
D-A4 exhibited a markedly larger inhibition zone relative to A4,
highlighting its superior antibacterial activity. The antibacterial
effect of A4-T3 against B. subtilis, S. aureus, B. cereus, and P.
aeruginosa was comparable to that of A4, whereas A4-T1 and A4-
T2 displayed diminished antibacterial activity relative to A4
against all tested bacterial strains.

3.3.2 Broth microdilution assay. The MICs of D-A4, A4-T1,
A4-T2, and A4-T3 were determined against a panel of bacterial
strains using the broth microdilution method. The tested
strains included S. aureus,S. aureus ATCC 25923, B. subtilis
CMCC 63501, K. pneumoniae, E. coli ATCC 25922, P. aeruginosa
ATCC 27853, S. enterica, and S. paratyphi B. TheMIC values of all
tested peptides are presented in Table 1. D-A4, A4-T1, A4-T2,
and A4-T3 exhibited inhibitory activity against both Gram-
positive and Gram-negative bacteria. Specically, for the three
Gram-positive bacterial strains (S. aureus, S. aureus ATCC 25923,
and B. subtilis CMCC 63501) D-A4 exhibited antibacterial activity
comparable to that of A4, whereas the triazole-substituted
peptides displayed a 2-4-fold reduction in antibacterial
activity. Among the triazole-substituted peptides, A4-T3 di-
splayed the most potent antibacterial activity. For the three
Gram-negative bacterial strains (K. pneumoniae, E. coli ATCC
25922, P. aeruginosa ATCC 27853) D-A4 exhibited the same
antibacterial activity as A4, with the lowest MIC value of 1.9 mg
mL−1. Notably, for K. pneumoniae, the triazole-substituted
peptides exhibited lower MICs than both A4 and D-A4.
Furthermore, for S. enterica and S. Paratyphi B, the antibacte-
rial activity of D-A4 was twice that of A4. The ndings from the
quantitative experiments corroborate the results obtained in
the qualitative assays, thereby validating the experimental
accuracy. Overall, these data indicated that D-A4 possesses
superior antibacterial activity compared to A4 and the triazole-
substituted peptides. Among the triazole-substituted peptides,
A4-T3 was demonstrated to have the most pronounced anti-
bacterial activity. This observation may be attributed to the
different ring sizes of the triazole-substituted peptides, result-
ing in their different antibacterial potency. Nevertheless, the
antibacterial activity of the triazole-substituted peptides is
marginally lower than that of A4. This discrepancy may be
linked to the structural transition of the peptide from a disor-
dered conformation to a b-sheet conguration. It is posited that
the disordered structure plays a crucial role in mediating the
antibacterial effects of A4.
3.4 Hemolytic activity of A4 analogs

3.4.1 Qualitative hemolytic activity of A4 analogs. The
hemolytic activity of A4 analogs was qualitatively assessed using
RSC Adv., 2026, 16, 21655–21666 | 21661
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Table 1 Minimum inhibitory concentration of A4 analogs

Microbe Gram stain

Minimum inhibitory concentration (mg mL−1)

A4 D-A4 A4-T1 A4-T2 A4-T3 Doxycycline30

S. aureus + 31.2 31.2 125.0 125.0 125.0 0.45
S. aureus ATCC 25923 + 31.2 31.2 125.0 62.5 62.5 0.224
B.subtilis CMCC 63501 + 7.8 7.8 31.2 31.2 15.6 N.T.a

K. pneumoniae − 125.0 125.0 62.5 62.5 62.5 2
E.coli ATCC 25922 − 1.9 1.9 3.9 3.9 3.9 15.63
P.aeruginosa ATCC 27853 − 31.2 31.2 62.5 62.5 62.5 N.T.a

S.enterica − 125.0 62.5 125.0 125.0 62.5 15.63
S.paratyphi B − 3.9 1.9 7.8 7.8 7.8 N.T.a

a N.T., not tested.

Fig. 10 Qualitative hemolytic activity of A4 analogs on blood agar
plates.
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the Columbia blood agar well diffusion method. Blood agar
plates were incubated overnight with A4 analogs at a concen-
tration of 1 mg mL−1, using 0.1% Triton X-100 as a positive
control and PBS (pH 7.4) as a negative control. The data are
shown in Fig. 10. The positive control well exhibited a distinct
yellow hemolytic ring, signifying complete hemolysis. In
contrast, no yellow hemolytic rings were observed around the
negative control wells, indicating the absence of hemolysis.
Similarly, the wells containing the A4 analogs showed the same
appearance as the negative control, with no visible hemolytic
rings. These results indicated that the A4 analogs exhibited no
detectable hemolytic activity even at the high concentration of
1 mg mL−1.

3.4.2 Quantitative hemolytic activity of A4 analogs. The
quantitative hemolytic activity of A4 analogs was determined
using mouse erythrocytes. The data are shown in Fig. 11. The
positive control was treated with 0.1% Triton X-100, exhibiting
complete hemolysis (100%), whereas the negative control was
treated with PBS at pH 7.4, exhibiting no hemolysis. Even if the
Fig. 11 Quantitative hemolytic activity of A4 analogs.

21662 | RSC Adv., 2026, 16, 21655–21666
concentration rose to 1000 mg mL−1, the hemolysis rates of all
A4 analogs remained below 5%, indicating excellent hemo-
compatibility. Notably, at the highest concentration of 1000 mg
mL−1, the hemolysis rates of D-A4, A4-T1, T2, and T3 were
minimal and lower than that of A4, further conrming their
safety even at high concentrations. These ndings provide
critical evidence supporting the safety of D-A4, A4-T1, T2, and
T3 as potential therapeutic agents for systemic administration
via injection for treatment against E. coli, B. subtilis, S. aureus, P.
aeruginosa and S. paratyphi B.
3.5 Antibacterial mechanism of D-A4 and A4-T3

3.5.1 Membrane permeabilization of D-A4 and A4-T3 in E.
coli ATCC 25922. Based on their superior antibacterial activity,
D-A4 and A4-T3 were selected for further evaluation of their
antibacterial mechanism. To investigate the effect of D-A4 and
A4-T3 on membrane permeabilization, a crystal violet uptake
assay was performed using PBS (pH 7.4) and 0.25 M EDTA as
negative and positive control, respectively. The data of this assay
are presented in Fig. 12. Crystal violet uptake rate of EDTA
treatment was 62.5%, conrming the assay's validity for
detecting changes in membrane permeabilization. Aer treat-
ment with A4, D-A4, or A4-T3 at 1 × MIC or 2 × MIC, E. coli
ATCC 25922 showed similar levels of permeabilization
compared to the negative control, suggesting the increase in
concentration could not affect the membrane permeabilization.
Fig. 12 Effect of D-A4 and A4-T3 on the membrane permeabilization
of E. coli ATCC 25922.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 MIC of antibacterial peptides at different serum concentra-
tions (mg mL−1)

Serum content

Minimum inhibitory concentration
(mg mL−1)

A4 D-A4 A4-T3

50% 6.3 1.6 6.3
25% 3.1 1.6 3.1
0 1.6 1.6 3.1

Fig. 14 Trypsin degradation profiles of D-A4 and A4-T3.
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These results indicate that D-A4 and A4-T3 does not directly act
on the bacterial membrane to induce alterations in membrane
permeability. This nding is consistent with the results re-
ported by Seo,6 who demonstrated that the antibacterial effect
of A4 was not mediated by membrane disruption.

3.5.2 Inhibition of bacterial biolm activity by D-A4 and
A4-T3. To further explore the anti-biolm potential of D-A4 and
A4-T3, their ability to inhibit biolm formation of E. coli ATCC
25922 was evaluated using the crystal violet staining method,
with concentrations ranging from 1/2 × MIC to 8 × MIC. As
shown in Fig. 13, A4, D-A4, and A4-T3 effectively inhibited bi-
olm formation in all tested concentrations, and the biolm
inhibition rate increased in a concentration-dependent
manner. At concentrations ranging from 1/2 × MIC to 1 ×

MIC, A4-T3 exhibited a weaker inhibitory effect than D-A4,
which is consistent with their respective antibacterial poten-
cies. These ndings reveal a positive correlation between anti-
bacterial efficacy and anti-biolm capacity, with stronger
biolm inhibition corresponding to enhanced antibacterial
activity. At concentrations ranging from 2 × MIC to 8 × MIC,
A4, D-A4, and A4-T3 exhibited comparable biolm inhibition
activities. Remarkably, indicate retained potent anti-biolm
activity even at the sub-MIC concentration of 1/2 × MIC, with
approximately 80% inhibition achieved. These results indicate
that one of the mechanisms by which A4, D-A4, and A4-T3 exert
their antibacterial effects is direct inhibition of biolm forma-
tion, highlighting them as efficient anti-biolm agents for
combating the growing threat of antibiotic resistance.
3.6 Stability of D-A4 and A4-T3

3.6.1 High stability of D-A4 in protease environment.
Based on their superior activity, D-A4 and A4-T3 were selected
for further evaluation of their protease stability. The peptides
(1 mg mL−1) were incubated with trypsin (1.5 ng mL−1). The
entire reaction process was monitored using RP-HPLC. As
shown in Fig. 14, A4 and A4-T3 were completely degraded within
15 min, indicating that peptides composed of L-amino acids are
highly susceptible to proteolytic degradation. The half-lives of
A4 and A4-T3 were 3.4 minutes and 2.6 minutes respectively. In
contrast, no signicant degradation of D-A4 was observed even
aer 24 hours. These results demonstrate that D-A4 possesses
high protease stability, which is attributable to its D-amino acid
Fig. 13 Biofilm inhibition of D-A4 and A4-T3.

© 2026 The Author(s). Published by the Royal Society of Chemistry
composition that confers resistance to protease recognition and
cleavage.

3.6.2 Serum stability of D-A4. The serum stability of D-A4
and A4-T3 was assessed by measuring their MICs against E.
coli ATCC 25922 in the presence of varying concentrations of
fetal bovine serum. The data of the serum stability investigation
are presented in Table 2. An increase in fetal bovine serum
concentration corresponded with a notable rise in the MIC
values for both A4 and A4-T3, indicating a serum concentration-
dependent effect. Specically, at 25% serum concentration, the
antibacterial activity of A4 was signicantly reduced by
approximately 2-fold, whereas at 50% serum concentration, its
activity was decreased by approximately 4-fold. In contrast, A4-
T3 exhibited a 2-fold reduction in MIC at 50% serum concen-
tration but no signicant change at 25% serum concentration,
indicating its greater stability than A4 under these conditions.
The observed decrease in antibacterial activity of A4 and A4-T3
at the tested serum concentrations is likely attributable to
proteolytic instability of the compounds or their binding to
plasma proteins. Notably, A4-T3 exhibited greater stability than
A4 at 25% and 50% serum concentrations, attributed to its tri-
azole moiety, which conferred increased resistance to serum
proteases. In contrast, D-A4 consistently maintains a MIC of 1.9
mg mL−1 across various fetal bovine serum concentrations,
indicating its superior serum stability. This data suggests that
D-A4's antibacterial activity remains unaffected by uctuations
in the tested serum concentration. The incorporation of D-
amino acids is primarily responsible for the remarkable
stability of D-A4, as it effectively resists proteolytic degradation.
Consequently, D-A4 is anticipated to sustain prolonged activity
in vivo, potentially reducing the required dosage and frequency
of administration, and ultimately enhancing therapeutic effi-
cacy and patient compliance. This serum stability has signi-
cant implications for the clinical development of D-A4.
RSC Adv., 2026, 16, 21655–21666 | 21663
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Fig. 17 SEM of D-A4 and A4-T3.
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3.7 Low cytotoxicity of D-A4

The cytotoxicity of D-A4 and A4-T3 against RAW 264.7 macro-
phages was quantitatively assessed using the CCK-8 assay. As
shown in Fig. 15, both D-A4 and A4-T3 exhibited concentration-
dependent cytotoxicity against RAW 264.7 macrophages.
Notably, D-A4 maintained relatively low toxicity even at higher
concentrations, specically at 250 mg mL−1 (∼2–>100 fold
higher than MIC), with D-A4 exhibiting higher macrophage
viability compared to A4. Furthermore, A4-T3 displayed reduced
cytotoxicity relative to both A4 and D-A4 across all tested
concentrations, resulting in slightly enhanced cell viability.
These observations suggest that D-A4 inicts minimal damage
on host cells while preserving therapeutic efficacy, thereby
indicating a favorable safety prole.
3.8 Time-kill curve of D-A4, A4-T3

The bactericidal activity and speed of D-A4 and A4-T3 against E.
coli ATCC 25922 was evaluated using time-kill assays over 30
hours at 1 × MIC and 4 × MIC. Normal saline served as
a negative control. The outcomes are depicted in Fig. 16. The
PBS-treated E. coli ATCC 25922 grew rapidly within 0–11 hours,
then reaching a plateau. Upon exposure to 1 ×MIC of D-A4 and
A4-T3, approximately 30% of the bacteria were killed within the
rst 3 hours, with complete eradication achieved by 9 hours.
When the concentration reached to 4 × MIC, the bactericidal
effects of D-A4 and A4-T3 were notably expedited, resulting in
the elimination of 50% to 60% of the bacteria within 3 hours
and total bacterial eradication within 6 hours. The bactericidal
kinetics of D-A4 and A4-T3 were comparable to those observed
with A4. The results from the time-kill curve analysis suggest
that D-A4 and A4-T3 exhibit potent bactericidal activity and
Fig. 15 Cytotoxicity of D-A4 and A4-T3.

Fig. 16 Time-kill curve of D-A4 and A4-T3 against E. coli ATCC 25922.

21664 | RSC Adv., 2026, 16, 21655–21666
speed against E. coli ATCC 25922, demonstrating a concentra-
tion-dependent bactericidal effect. These ndings highlight
that the bactericidal activity of D-A4 displays time-dependent
dynamics, offering crucial implications for rening drug
administration strategies. Given its concentration-dependent
efficacy prole, a high-dose, low-frequency dosing paradigm
emerges as a favorable strategy to amplify therapeutic outcomes
while mitigating potential adverse reactions.31
3.9 D-A4 and A4-T3 damage bacterial morphology

The effect of D-A4 and A4-T3 on bacterial morphology was
examined by scanning electron microscopy (SEM) aer treating
E. coli ATCC 25922 with 4 × MIC of each peptide. In the
untreated control group, E. coli ATCC 25922 displayed a typical
rod-shaped morphology with an intact, smooth surface and
uniform cell length. No membrane damage, leakage of intra-
cellular contents, or morphological abnormalities were
observed. In contrast, treatment with A4, D-A4, and A4-T3
caused severe morphological damage to the bacterial cells,
including extensive collapse, rupture, and deformation
(Fig. 17). Among the peptide treated E. coli ATCC 25922, D-A4
treated E. coli exhibited the most severe surface damage. This
SEM result is consistent with the superior antibacterial efficacy
of D-A4 as demonstrated by the broth microdilution assay,
indicating that D-A4 is a highly promising anti-biolm agent.
4 Conclusions

To address the limitations of A4, specically its susceptibility to
protease degradation and poor stability in serum, four analogs
(D-A4, A4-T1, A4-T2, and A4-T3) were successfully synthesized.
All four analogs exhibited broad-spectrum antibacterial activity
against both Gram-positive and Gram-negative bacteria. D-A4
showed enhanced activity relative to A4, whereas A4-T1, A4-T2,
and A4-T3 were generally less active, with A4-T3 being the
most potent among them. Hemolysis assays revealed that all
four analogs were non-hemolytic (hemolysis <5%) even at 1000
mg mL−1, exhibiting signicantly lower hemolytic activity than
A4. Mechanistic studies revealed that D-A4 and A4-T3 potently
inhibit biolm formation, positioning them as promising anti-
biolm agents. Stability tests showed that D-A4 exhibited high
stability in both proteolytic and serum environments.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Cytotoxicity assays indicated that A4-T3 and D-A4 were less
cytotoxic than A4, even at 250 mg mL−1 (∼2–>100 fold higher
than MIC). Time-kill assays demonstrated that the bactericidal
activity of D-A4 and A4-T3 was concentration-dependent, with
higher concentrations markedly reducing the time to achieve
complete killing. SEM analysis revealed that treatment of E. coli
ATCC-25922 with A4, D-A4, and A4-T3 at 4 × MIC induced
noticeable damage to the bacterial surface, indicating that D-A4
can signicantly alter bacterial morphology. These ndings
provide new molecule for drug development and hold promise
for improving the treatment of chronic infections.

In conclusion, through rational design and synthesis, this
study obtained D-A4 with high activity and stability. It can serve
as candidate molecule for novel anti-biolm agents, providing
a promising new strategy to address the global antibiotic
resistance crisis, especially biolm-related infections, and
laying a foundation for the future research, development, and
optimization of antibacterial drugs.
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