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ABSTRACT: The insertion of β-amino acids and replacement of
the amide bond with a urea bond in antimicrobial peptide
sequences are promising approaches to enhance the antibacterial
activity and improve proteolytic stability. Herein, we describe the
synthesis, characterization, and antibacterial activity of short αβ
cationic hybrid peptides LAU-Orn-β3,3Ac6c-PEA, DY-01; LAU-Lys-
β3,3Ac6c-PEA, DY-02; and LAU-Arg-β3,3Ac6c-PEA, DY-03 in which
a C12 lipid chain is conjugated at the N terminus of peptide
through urea bonds. Further, we evaluated all the peptides against
both Pseudomonas aeruginosa and methicillin-resistant Staph-
ylococcus aureus (MRSA) and their multidrug resistant (MDR)
clinical isolates. All of the peptides exhibited significant bactericidal
efficacy with minimal inhibitory concentration (MIC) values
ranging from 2.5 to 6.25 μM (1.4 to 3.9 μg/mL) against P. aeruginosa and its MDR clinical isolates, whereas the MIC values
ranging from 0.78 to 6.25 μM (0.45 to 3.9 μg/mL) against MRSA and MDR clinical isolates of S. aureus. To understand the potency
and mechanism of action of DY-01 to DY-03, time-kill kinetics, biofilm inhibition and disruption, synergistic interactions with
standard antibiotics, swarming motility, scanning electron microscopy (SEM) analyses, and ex vivo infection assay were performed.
The SEM images revealed that all of the peptides exert antibacterial activity through a membrane disruption mechanism.
Additionally, negligible cytotoxicity was observed against mammalian cell lines RAW 264.7 and J774A.1, with mild hemolysis at
higher concentrations. The comprehensive antimicrobial assessments of DY-01 to DY-03 against P. aeruginosa and MRSA highlight
their potential for clinical applications in combating resistant microbial infections.

■ INTRODUCTION
Antimicrobial resistance (AMR) is a critical and multifaceted
paradigm in microbial research that demands urgent attention.
In recent decades, the emergence and spread of multidrug
resistant (MDR) bacterial pathogen-associated infections have
significantly increased, presenting a major challenge to public
health. These MDR pathogens employ multiple mechanisms to
circumvent the effects of drugs, leading to treatment failures
and the spread of nosocomial infections.1 The current
necessity in the healthcare system is to formulate novel
antimicrobials using advanced strategies and improved drug
designs for effective results.
Antimicrobial peptides (AMPs) are small bioactive peptides

that provide innate immunity in various multicellular
organisms to combat pathogens.2,3 AMPs offer a powerful
alternative in antimicrobial drug discovery to combat AMR.
They are gaining significant traction as a potent antimicrobial
agent due to their potential antimicrobial activity, low
tendency to confer resistance, and significant selectivity for
targeting pathogens.4 Unlike traditional antibiotics, AMPs

often attack pathogens by disrupting and perforating bacterial
membranes or interfering with intracellular processes, reducing
the likelihood of resistance development.2,3,5,6 Apart from
membrane disruption, AMPs employ several other mecha-
nisms, including inhibiting DNA replication, protein synthesis,
cell wall synthesis, and cellular enzymes, as well as suppressing
cellular transport through protein aggregation.3 Additionally,
AMPs play versatile roles beyond direct antimicrobial action,
such as modulating immune responses, enhancing chemokine
production, and supporting wound healing.4 The development
of synthetic peptides is considered a promising alternative to
traditional antibiotics in combating MDR pathogens. These
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synthetic peptides are designed with amino acid sequences
similar to naturally occurring AMPs that include desired
modifications to enhance their efficacy.7 Their diverse
structures and broad-spectrum activity make AMPs valuable
for targeting Gram-positive and Gram-negative bacteria.
Chemical modifications to AMPs, such as lipidation or peptide
conjugation, have further enhanced their stability, potency, and
selectivity, paving the way for them to address the clinical
challenges posed by multidrug-resistant pathogens. Thus,
AMPs represent a promising class of agents in the development
of next-generation antimicrobials.6

Despite the substantial progress in developing synthetic
AMPs, several challenges persist in addressing key limitations,
such as short in vivo half-lives, low proteolytic stability, and

high cytotoxicity.8 These limitations hinder the establishment
of AMPs as efficient therapeutic agents suitable for clinical
application.8 To overcome these limitations, various strategies
have been employed to AMPs, including the incorporation of
unnatural amino acids,9,10 the replacement of amide bonds
with bioisosteres, and peptide cyclization. Lipidation of AMPs
has also emerged as a powerful modification that can
significantly enhance their therapeutic potential. This mod-
ification often improves the stability, activity, and selectivity of
AMPs, particularly in serum environments, by increasing their
affinity for bacterial membranes while helping to evade rapid
clearance by the kidneys and liver.11 In particular, lipidated
forms of peptides can expand the antimicrobial spectrum to
include both Gram-positive and Gram-negative pathogens,

Figure 1. Chemical structures of peptides DY-01 to DY-03.

Scheme 1. Synthesis of Peptides DY-01 to DY-03a

aReagents and conditions: (a) Dry DCM, NMM, and EDCI·HCl, 0 °C-rt 12 h; (b) 4N-HCl in 1,4-dioxane, rt, 1 h; (c) Boc-Orn(Z)-OH/Boc-
Lys(Z)-OH, dry DMF, NMM, EDCI·HCl, rt, 12 h; (d) dry DMF, NMM, dodecyl isocyanate, rt, 6 h; (e) MeOH, palladium 10% on carbon, H2, rt,
12 h; (f) dry DMF, NMM, N,N′-di-Boc-1H-pyrazole-1-carboxamidine, rt, 8 h.
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even enabling activity in species typically resistant to
nonlipidated AMPs. The addition of lipid chains, such as
C12 or C14 fatty acids, tends to enhance the peptide’s
interaction with bacterial cell membranes, often by promoting
membrane permeabilization, a key mechanism for rapid
bactericidal action. Studies also highlight that lipidation
reduces the risk of bacterial resistance development due to
its nonspecific membrane-targeting mode of action, making
these peptides valuable candidates against multidrug-resistant
strains.12,13 However, the choice of lipid chain length and
placement is crucial as it can also influence cytotoxicity,
underscoring the importance of optimizing lipid−AMP
combinations to achieve maximal efficacy with minimal host
cell toxicity. Replacing the amide bond in peptides with a urea
bond is also a promising strategy to enhance the
pharmacokinetic and pharmacodynamic properties. This
modification has been shown to improve stability, extending
half-life and enhancing bioavailability.14−16 It has also been
previously reported that the peptides with urea bonds are more
potent drugs in comparison to the peptides with amide
bonds,17−21 increasing the notable antibacterial activities by
connecting to C12 alkyl chains through urea linkage than
amide linkage.22

Based on our earlier reports, we have endeavored to
synthesize lipidated ureido derivatives of the previously
reported short α/β cationic peptides,22,23 LAU-Orn-β3,3Ac6c-
PEA, DY-01; LAU-Lys-β3,3Ac6c-PEA, DY-02; and LAU-Arg-
β3,3Ac6c-PEA, DY-03. The chemical structures of the peptides
DY-01 to DY-03 are shown in Figure 1. All of the synthesized
peptides were comprehensively evaluated against Gram-
negative and Gram-positive WHO-priority pathogens to
explore their effectiveness in combating MDR pathogen-
associated infections.

■ RESULTS
Peptide Synthesis and Characterization. The β,β di-

substituted β3,3Ac6c was synthesized according to the
procedure reported in the literature.23,24 The peptides DY-01
to DY-03 were synthesized in the solution phase (Scheme 1)
and characterized using an NMR (Figures S4−S6) and high-
resolution mass spectra (HRMS) (Figures S7−S9) spectro-
photometer. All the peptides are ≥95% pure by RP-HPLC
analysis (Figures S1−S3).
Antibacterial Susceptibility Assays of the Peptides.

Table 1 presents the minimal inhibitory concentration (MIC)
and minimal bactericidal concentration (MBC) values of
peptides DY-01 to DY-03 against Pseudomonas aeruginosa and
methicillin-resistant Staphylococcus aureus (MRSA). DY-01
demonstrated significant antimicrobial activity against P.
aeruginosa and MRSA with a MIC of 2.5 μM. Peptides DY-
02 and DY-03 showed MIC values of 5 μM against P.

aeruginosa and 2.5 μM against MRSA. The reference
antibiotics rifampicin (MIC of 0.9 μM) and vancomycin
(MIC of 3.1 μM) were used in the study. Comparison of the
concentration-dependent growth inhibition against Pseudomo-
nas and MRSA by the peptides DY-01 to DY-03 depicted in
Figure 2A,B indicated significant and effective antimicrobial
activity. The MBC values for the peptides against the specified
bacterial species were found to be the same as the MIC values,
as shown in Table 1 and Figure 2C−H. Table 2 shows the
MIC values of peptides ranging from 3.1 to 6.25 μM against
MDR clinical isolates of P. aeruginosa, whereas Table 3 details
the MIC values of peptides against MDR clinical isolates of S.
aureus ranging from 0.78 to 6.25 μM. These assays suggested
peptides DY-01 to DY-03 have significant broad-spectrum
bactericidal efficacy against MDR-bacterial strains.
Time-Kill Kinetics. The time-kill assay was conducted to

evaluate the time-dependent bactericidal activity of peptides
DY-01 to DY-03 against P. aeruginosa and MRSA. The results
are graphically represented in Figure 3A,B, respective for
Pseudomonas and MRSA. Figure 3A demonstrates the
bactericidal activity of DY-01, DY-02, and DY-03 against P.
aeruginosa compared to that of the untreated control. For DY-
01-treated cells, the pseudomonal population declined signifi-
cantly, with complete eradication observed by the sixth hour.
The bactericidal effect was evident, with a complete decline in
bacterial population by the fifth hour for DY-02, whereas DY-
03 showed a gradual decline, achieving complete bactericidal
activity by the sixth hour. Figure 3B depicts the bactericidal
activity of the peptides against MRSA. DY-01 and DY-02
showed complete bactericidal activity, eliminating the bacterial
population by the sixth hour. DY-03 demonstrated the fastest
bactericidal effect, with complete eradication observed by the
third hour.
Antibiofilm and Swarming Inhibition by the Pep-

tides. This experiment evaluated the antibiofilm efficacy of
peptides DY-01, DY-02, and DY-03 in a concentration-
dependent manner against P. aeruginosa and MRSA biofilm.
The peptides DY-01 and DY-02 inhibited pseudomonal
biofilm formation by ∼1.0−2 times at 2 × MIC than the
untreated samples (Figure 3C), escalating to a 4 times
inhibition at 4 × MIC. These peptides similarly affected
MRSA biofilm formation in a concentration-dependent
manner (Figure 3E). Furthermore, the peptides were tested
against the preformed pseudomonal and MRSA biofilm, and
biofilm disruption by the peptides is presented in Figure 3D,F.
The peptides effectively disrupt established biofilm of P.
aeruginosa by ∼1−3 times at 2 × MIC and 4 × MIC,
respectively. Against MRSA, the peptides achieved ∼1.0−1.5
times disruption at MIC and 2 × MIC, escalating to a 2 times
disruption at 4 × MIC.
The swarming motility inhibition by the peptides is depicted

in Figure 6. In the medium control (no growth), Figure 6A and
the untreated sample (Figure 6B) of P. aeruginosa exhibited
distinct dendritic pattern motility. In contrast, the rifampicin-
treated control (Figure 6C) showed a whirl-like motion with
reduced motility, whereas Figure 6D−F demonstrates that
peptides DY-01, DY-02, and DY-03 significantly inhibited the
swarming motility of P. aeruginosa as no motility was noticed.
The experiment was not extended to MRSA due to its
nonswarming behavior.
Synergistic Potential of Peptides with Rifampicin and

Vancomycin. Antimicrobial synergy is crucial for enhancing
the efficacy of antimicrobial agents, while reducing resistance

Table 1. MIC and MBC Values of the Peptides against P.
aeruginosa and MRSA

MIC (μM) MBC (μM)

Peptides P. aeruginosa MRSA P. aeruginosa MRSA

DY-01 2.5 2.5 2.5 2.5
DY-02 5 2.5 5 2.5
DY-03 5 2.5 5 2.5
rifampicin 0.9
vancomycin 3.1
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development. This assay examined 77 combinations of
peptides (DY-01, DY-02, and DY-03) and standard antibiotics
(rifampicin and vancomycin) against P. aeruginosa and MRSA,
respectively (Figure 4). Additionally, the FICI values were
calculated. This assay yielded 5, 11, and 5 synergistic
interactions between rifampicin and peptides against P.
aeruginosa, with a substantial decrease in MIC values for
both the peptide and the antibiotic (DY-01: 2.5 μM up to 0.15
μM; rifampicin: 0.9 μM up to 0.07 μM; DY-02: 5 μM up to
0.07 μM; rifampicin: 0.9 μM up to 0.004 μM; DY-03: 5 μM up
to 0.004 μM; rifampicin: 0.9 μM up to 0.15 μM) (Figure 4A−
C). Furthermore, 15, 10, and 10 synergistic interactions were
found between vancomycin and peptides against MRSA, with a
significant decrease in MIC values for both the peptide and the
antibiotic (DY-01: 2.5 μM up to 0.07 μM; vancomycin: 3.1
μM up to 0.01 μM; DY-02: 2.5 μM up to 0.07 μM;
vancomycin: 3.1 μM up to 0.31 μM; DY-03: 2.5 μM up to 0.07
μM; vancomycin: 3.1 μM up to 0.15 μM) (Figure 4D−F). The
synergy values are incorporated in the Supporting Information,
Table S1.
Scanning Electron Microscopic Investigations with

the Peptide-Treated Cells. Scanning electron microscopy
(SEM) analysis was conducted on P. aeruginosa and MRSA, to
visualize the morphological changes in the peptide-treated and

Figure 2. Antimicrobial activity of the short αβ cationic peptides. (A,B) Graphical representation of concentration-dependent growth inhibition of
P. aeruginosa and MRSA by DY-01, DY-02, and DY-03. (C−H) MBC of (C) DY-01, (D) DY-02, (E) DY-03 against P. aeruginosa, (F) DY-01, (G)
DY-02, and (H) DY-03 against MRSA.

Table 2. MIC of the Peptides against MDR P. aeruginosa
Clinical Isolates

P. aeruginosa clinical
isolates

DY-01
(μM)

DY-02
(μM)

DY-03
(μM)

rifampicin
(μM)

PA-76 3.1 6.25 3.1 6.25
PA-78 3.1 6.25 3.1 25
PA-81 3.1 6.25 3.1 0.62
PA-87 6.25 6.25 3.1 25
PA-95 3.1 6.25 3.1 25
PA-MTCC 424 3.1 6.25 3.1 0.62

Table 3. MIC of the Peptides against MDR S. aureus Clinical
Isolates

S. aureus clinical
isolates

DY-01
(μM)

DY-02
(μM)

DY-03
(μM)

vancomycin
(μM)

SA-310 0.78 3.12 1.56 50
SA-306 0.78 1.56 1.56 0.78
SA-346 1.56 3.12 6.25 25
SA-345 0.78 3.12 3.12 25
SA-318 0.78 3.12 3.12 12.5
MRSA 2.5 2.5 2.5 3.1
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untreated cells. Figure 5A−H depicts the effects of DY-01, DY-
02, and DY-03 treatment on P. aeruginosa cells, while Figure
5I−P shows the morphological changes in staphylococcal cells
treated with these peptides. For P. aeruginosa, the untreated
growth control (Figure 5A,E) displayed smooth-surfaced, rod-
shaped cells without any abnormalities. In contrast, peptide-
treated cells exhibited rough, irregular patterns and significant
elongation and disruption, indicating impaired cell division
followed by lysis (DY-01: Figure 5B,F; DY-02: Figure 5C,G;
DY-03: Figure 5D,H). These morphological alterations suggest
that the peptides disrupt the bacterial membrane and affect the
normal cell cycle of P. aeruginosa. For MRSA, the untreated
growth control (Figure 5I,M) showed a typical spherical,
grape-like structure, whereas the peptide-treated cells displayed
damaged cell walls and leakage of cellular components (DY-

01: Figure 5J,N; DY-02: Figure 5K,O; DY-03: Figure 5L,P).
These observations indicate that the peptides significantly
compromise the cell membrane integrity, leading to increased
bacterial apoptosis in MRSA.
Ex Vivo Efficacy of Peptides. The cell infection model

experiment demonstrated the effectiveness of peptides DY-01,
DY-02, and DY-03 in treating internalized bacterial
populations in A549 human type II alveolar epithelial cells.
For Pseudomonas, the untreated control cells showed a
significant increase in the bacterial population with respect
to the initial bacterial population over time. Comparatively, the
peptide-treated samples exhibited a decrease in bacterial
population after treatment with peptides (Figure 7A,B). For
DY-01, the bacterial population decreased nearly 2, 3, and 4
times at MIC, 2 × MIC, and 4 × MIC concentrations,

Figure 3. Time-kill kinetics and antibiofilm efficacy of the short αβ cationic peptides. (A) Time-kill assay of DY-01, DY-02, and DY-03 at MIC
concentration represented against P. aeruginosa comparable to standard drug control rifampicin. (B) Time-kill assay of DY-01, DY-02, and DY-03
at MIC concentration represented against MRSA comparable to standard drug control vancomycin. (C,D) Biofilm inhibition and disruption at
MIC, 2 × MIC, and 4 × MIC concentrations of DY-01, DY-02, DY-03, and standard drug control rifampicin against P. aeruginosa. (E,F) Biofilm
inhibition and disruption at MIC, 2 × MIC, and 4 × MIC concentrations of DY-01, DY-02, DY-03, and standard drug control vancomycin against
MRSA.
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respectively. For DY-02, the pseudomonal population decreased
∼2 times at MIC and 2 × MIC concentrations; at 4 × MIC, a
plateau was reached, indicating no further significant reduction.
Notable reduction of CFU was also observed in DY-03-treated
samples (Figure 7A). In MRSA-infected cells, the treated
samples showed a significant decrease in bacterial population
with the increasing concentration of the peptides, whereas the
untreated control cells showed an increase in bacterial

population over time (Figure 7B). This experiment under-
scores the potential of peptides DY-01, DY-02, and DY-03 in
combating P. aeruginosa and MRSA infections, mimicking
natural tissue conditions with minimal modifications.
In Vitro Cytotoxicity Analysis of the Peptides. The

cytotoxicity of peptides DY-01, DY-02, and DY-03 was
evaluated on two different cell lines, RAW 264.7 and
J774A.1, as shown in Figure 8A,B. The cell viability of the

Figure 4. Checkerboard assay determining synergistic potential of the short αβ cationic peptides. (A) Heat map of DY-01 with rifampicin, (B) DY-
02 with rifampicin, and (C) DY-03 with rifampicin against P. aeruginosa (dark-blue color represents complete growth inhibition, whereas no color
represents bacterial growth). (D) Heat map of DY-01 with vancomycin, (E) DY-02 with vancomycin, and (F) DY-03 with vancomycin against
MRSA (dark-pink color represents complete growth inhibition, whereas no color represents bacterial growth).
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growth control (100%) was compared to that of peptides at
different concentrations. For the RAW 264.7 cell line (Figure
8A), no toxicity was observed at 10 μM, and good cell viability
was maintained. At 20 μM, the peptides showed mild toxicity
with varying degrees of cell survival. For the J774A.1 cell line
(Figure 8B), cell viability at 10 μM was comparable to that of
the growth control. At 20 μM, DY-01 exhibited a substantial
decline in cell viability, while DY-02 and DY-03 had no major
impact on cell viability. Furthermore, the hemolysis assay was
conducted to assess the potential of these peptides to cause
lysis of erythrocytes in blood (Figure 8C). Triton-X 100 (1%)
was used as a positive control, completely lysing the
erythrocytes (100%), and PBS was a negative control. At 20
μM, peptides caused 80% lysis compared to Triton-X 100. At
10 μM, DY-01 caused 70% lysis, while DY-02 and DY-03
caused 30% lysis. At 5 μM, all peptides caused significantly less
lysis than those at higher concentrations. Overall, the
cytotoxicity assays indicated that DY-01, DY-02, and DY-03
have varying impacts on cell viability depending on the cell line

and concentration used. The selectivity indexes of the peptides
against different cell lines are shown in Table 4.

■ DISCUSSION
AMR in bacteria is a significant public health concern in the
21st century.25 The rise and spread of MDR pathogens,
particularly P. aeruginosa and MRSA, represent a serious global
threat. These pathogens are notorious for their resistance to
multiple antibiotics, making infections challenging to treat. The
pressing need for new therapeutic agents and alternative
treatment strategies to combat these drug-resistant infections
cannot be overstated. In this context, AMPs have garnered
attention due to their remarkable effectiveness against MDR
pathogens. However, the clinical application of AMPs has been
hindered by several challenges, including potential toxicity to
host cells, instability under physiological conditions, vulner-
ability to enzymatic degradation, and high production costs
due to their complex structures.26 The development of
ultrashort cationic hybrid AMPs might overcome the

Figure 5. Ultrastructure images examined under the scanning electron microscope. The images are captured at two magnifications (11,000× and
5000×), with lower magnification showing high cell density and vice versa. The upper panel shows various images of P. aeruginosa: (A,E) untreated
samples, (B,F) DY-01-treated, (C,G) DY-02-treated, and (D,H) DY-03-treated at the magnifications mentioned above. The lower panel shows
various images of MRSA: (I,M) untreated samples, (J,N) DY-01-treated, (K,O) DY-02-treated, and (L,P) DY-03-treated at the magnifications
mentioned above.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c08680
ACS Omega 2025, 10, 2102−2115

2108

https://pubs.acs.org/doi/10.1021/acsomega.4c08680?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08680?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08680?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08680?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


challenges associated with AMPs.27,28 Our study focuses on a
series of short αβ cationic peptides (DY-01 to DY-03), which
were synthesized based on our previously reported peptide LA-
Lys-β3,3Ac6c-PEA, P4.22 αβ Hybrid peptides represent a
promising class of antibacterial compounds with significant
potential in drug discovery. Their unique structure, combining
α-amino acids and β-amino acids, offers enhanced proteolytic
stability, which is a key challenge in peptide-based
therapeutics.29 The inclusion of β-amino acids not only
improves the peptide’s resistance to enzymatic degradation
but also enables the fine-tuning of physicochemical properties,
such as hydrophobicity and charge distribution, which are
crucial for antibacterial activity.30 These peptides were
designed with novel modifications of the original P4 structure.
Specifically, urea was introduced in place of the amide bond. In
DY-01 to DY-03, the C12 lipid chain is conjugated at the N
terminus of the peptide through urea bonds to enhance the
activity with less cytotoxicity. The design and synthesis of these
peptides were aimed to enhance stability, half-life, and efficacy
as urea-containing compounds are well-known in medicinal

chemistry and drug design for their capacity to form essential
drug−target interactions and enhance important drug-like
properties.15

Our antibacterial efficacy assays demonstrated broad-
spectrum antibacterial efficacy against P. aeruginosa and
MRSA. DY-01 showed the most potent activity, with an
MIC of 2.5 μM for both pathogens. DY-02 and DY-03 also
displayed notable efficacy, particularly against MRSA with
MIC values of 2.5 μM. Additionally, these peptides showed
bactericidal potency against MDR clinical isolates of P.
aeruginosa and MRSA. DY-01 and DY-03, in particular,
maintained low MIC values across various strains, highlighting
their robustness against resistant pathogens, whereas the
original peptide P4 has shown MIC and MBC values of 6.25
and 12.5 μM, respectively, for P. aeruginosa. In contrast, it
showed MIC and MBC values of 25 μM and 50 μM,
respectively, for MRSA.22 The presently synthesized peptides
have shown better efficacy than the original peptide P4. Most
interestingly, these peptides retained their efficacy against the
MDR clinical isolates of these pathogens, suggesting their

Figure 6. Swarming motility assay of P. aeruginosa on a 0.5% agar medium. (A) Media control, (B) growth control, (C) sub-MIC-added rifampicin
(standard antibiotic control), (D) sub-MIC-added DY-01, (E) sub-MIC-added DY-02, and (F) sub-MIC-added DY-03.

Figure 7. Ex vivo infection model on the A549 cell line. The ex vivo infection of (A) P. aeruginosa and (B) MRSA on the A549 cell line treated with
peptides DY-01, DY-02, and DY-03 along with standard antibiotics rifampicin and vancomycin.
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potency in combating chronic and resistant infections.
Altogether, we suggest that the modifications in peptide P4
have significantly increased its efficacy against P. aeruginosa and
MRSA.
Inhibition or disruption of bacterial biofilm formation is a

crucial parameter in antibacterial drug discovery, as biofilms
provide increased resistance to antimicrobial drugs.31 The two
nosocomial pathogens P. aeruginosa and MRSA are known for
their biofilm-forming capabilities. Our study demonstrated that
DY-01, DY-02, and DY-03 effectively inhibit and disrupt
biofilms of P. aeruginosa and MRSA. This ability to target
biofilms enhances their therapeutic potential, particularly for
chronic and device-associated infections. This inhibition of
pseudomonal motility suggests that these peptides can
effectively limit bacterial dissemination and colonization,
further supporting their antimicrobial potential. Combining
AMPs with conventional antibiotics can enhance efficacy and
reduce resistance.32,33 Our checkerboard assays revealed
several synergistic interactions between the peptides with
rifampicin and vancomycin against P. aeruginosa and MRSA,
respectively, at lower concentrations. These interactions
suggest that combining these peptides with existing antibiotics
could improve treatment outcomes and reduce the likelihood
of resistance development.32−34 The observed combinational
efficacy at lower concentrations between rifampicin and the
peptides may be attributed to their different mechanisms of

action against Pseudomonas. The synergistic interaction
between vancomycin and the peptides could result from the
combined membrane-permeabilization action of vancomycin
and the peptides, leading to increased penetration into
bacterial cells and augmented killing.35,36 Peptide-treated P.
aeruginosa cells exhibited significant morphological changes,
including rough, irregular surfaces and cell elongation,
indicating disrupted cell division and membrane integrity.
MRSA cells treated with peptides showed damaged mem-
branes, disrupted cell walls, and leakage of cellular contents.
These morphological alterations confirm that the peptides
compromise the bacterial membrane integrity, leading to cell
death. Furthermore, we demonstrated that peptides DY-01,
DY-02, and DY-03 significantly reduced bacterial load in an
A549 human type II alveolar epithelial cell infection model,
indicating that these peptides can penetrate mammalian cells
without causing damage while retaining their bactericidal effect
inside the host cell. These findings underscore the potential of
these peptides as antimicrobial agents. Safety is a critical
consideration in the development of antimicrobial agents. Our
cytotoxicity assays on RAW 264.7 and J774A.1 cell lines
indicated that DY-01, DY-02, and DY-03 exhibit minimal
cytotoxicity at lower concentrations, with some cytotoxic
effects observed at higher doses. Hemolysis assays revealed that
the peptides caused significant erythrocyte lysis at higher
concentrations but were much safer at lower doses. The
balance between effective antimicrobial activity and minimal
cytotoxicity and hemolytic activity is crucial for their
application in treating microbial infections. DY-02 and DY-
03, in particular, appear to offer a promising therapeutic
window, combining potent antimicrobial properties with lower
cytotoxic and hemolytic effects, making them strong candidates
for further development as antimicrobial agents.

■ CONCLUSIONS
Our comprehensive antibacterial efficacy analysis of peptides
DY-01, DY-02, and DY-03 against P. aeruginosa and MRSA

Figure 8. MTT cytotoxicity and hemolysis assay analysis. The cell viability of (A) J774A.1 cell line and (B) RAW264.7 cell line treated with
peptides DY-01, DY-02, and DY-03 and rifampicin. (C) Percentage hemolysis of red blood cells compared to positive control, Triton X-100.

Table 4. Selectivity Index of the Peptides for Cytotoxicity
and Hemolysis Assaya

Selectivity index

Peptides RAW 264.7 J774A.1 hemolysis

DY-01 8.1 4.3 0.2
DY-02 10.1 8.7 8.2
DY-03 7.0 8.9 5.1

aFor calculating selectivity index, an MIC value of 2.5 μM is
considered.
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reveals their significant potential as antimicrobial agents.
Cytotoxicity and hemolysis assays suggest the need for further
optimization of the peptides. Overall findings underscore the
importance of urea in place of the amide bond in DY-01 to
DY-03, which provides a strong rationale for further
development and optimization of the peptides for potential
clinical application in combating microbial infections, partic-
ularly those involving biofilms and resistant strains.

■ MATERIALS AND METHODS
Chemistry. All of the chemicals and reagents were

purchased from commercial vendors Sigma-Aldrich, Novabio-
chem, TCI Chemicals, Avra Synthesis, Spectrochem, and
HiMedia, India, and were used without purification. The
peptides DY-01 to DY-03 were synthesized in the solution
phase and the reaction mixtures were monitored using thin-
layer chromatography on 0.25 mm silica gel 60 F254 plates
coated on an aluminum sheet. The peptides were purified by
normal column chromatography using silica gel 100−200 mesh
as the stationary phase, and CHCl3/CH3OH was used as the
mobile phase. The purity was determined by using RP-HPLC
(Agilent Technologies 1200 series) with a linear gradient of
85−100% acetonitrile in water, containing 0.01% TFA for 15
min in a reversed-phase C18 analytical column (4.6 × 25 mm,
particle size 5.0 μm) at a flow rate of 1.0 mL/min. The 1H
NMR spectra were recorded on Bruker DPX-400 using
dimethyl sulfoxide DMSO-d6 as the solvent with TMS as the
internal standard. The HRMS were recorded on a Waters
XEVO-G2-XS-Q-TOF mass spectrometer.
Peptide Synthesis (DY-01 to DY-03). Synthesis of H2N-

β3,3-Ac6c-PEA, 1. To a solution of Boc-β3,3Ac6c−OH (1.2 g, 5.0
mmol) in dry DCM, NMM (1.5 mL, 15.0 mmol), EDC·HCl
(1.146 g, 6.0 mmol), and phenylethylamine (1.364 g, 6 mmol)
were added at 0 °C. The reaction mixture was allowed to attain
room temperature and stirred for 12 h. Upon completion, the
solvent was evaporated, and the crude residue was extracted
with water and ethyl acetate (3 × 25 mL). The ethyl acetate
layers were combined and washed with 2 N-HCl (1 × 20 mL),
2 N-NaHCO3 (1 × 20 mL), and saturated brine solution (1 ×
20 mL) and dried over anhydrous Na2SO4. The organic layer
was evaporated under vacuum to obtain Boc-β3,3Ac6c-PEA.
The tert-butyloxycarbonyl group of Boc-β3,3Ac6c-PEA was
deprotected using 5 mL of 4 N-HCl in 1,4-dioxane and stirred
for 1 h at room temperature. Upon completion, the solvent was
evaporated to afford H2N-β3,3Ac6c-PEA, 1 (yield 91%, 1.5 g),
which was used further without purification.

Synthesis of LAU-Orn-β3,3Ac6c-PEA, DY-01. Boc-Orn(Z)-
OH (2.3 g, 6.48 mmol) was dissolved in 4 mL of dry DMF and
NMM (1.6 mL, 16.2 mmol) and EDC·HCl (1.2 g, 6.48 mmol)
were added at 0 °C. After 10 min, H2N-β3,3Ac6c-PEA (1.5 g,
5.4 mmol) was added and stirred for 12 h at room
temperature. Upon completion, the work up and the tert-
butyloxycarbonyl group was deprotected following the
procedure described for 1 to afford H2N-Orn(Z)-β3,3Ac6c-
PEA, 1a which was further used without purification. To the
solution of H2N-Orn(Z)-β3,3Ac6c-PEA (0.5 g, 1.0 mmol) in
dry DMF were added NMM (0.2 mL, 2.4 mmol) and dodecyl
isocyanate (0.5 g, 2.4 mmol) at room temperature and stirred
for 6 h. Upon completion, the work up was performed
following the procedure described for 1 and the resulting
residue was purified by column chromatography using 100−
200 silica gel in CHCl3/CH3OH (99:01) to obtain LAU-
Orn(Z)-β3,3Ac6c-PEA. Further, the benzyloxycarbonyl group of

LAU-Orn(Z)-β3,3Ac6c-PEA (0.450 g, 0.625 mmol) was
deprotected using palladium 10% on carbon (0.033 g 0.32
mmol) in 5 mL of methanol under a H2 atmosphere. The
reaction mixture was filtered through celite and continuously
washed with methanol to remove Pd/C. The filtrate was
evaporated and dried under reduced pressure to afford LAU-
Orn-β3,3Ac6c-PEA, DY-01 (yield 72% 0.415 g). 1H NMR (400
MHz, DMSO-d6, δ): 8.12 (dd, J = 8.1, 2.4 Hz, 1H), 8.00−7.88
(br, 2H), 7.43 (s, 1H), 7.33−7.27 (m, 4H), 7.22−7.18 (m,
1H), 6.20 (q, J = 5.3 Hz, 1H), 6.08 (dd, J = 8.2, 3.2 Hz, 1H),
4.90 (t, J = 7.3 Hz, 1H), 4.18−4.13 (m, 1H), 3.04−2.87 (m,
2H), 2.77 (t, J = 7.2 Hz, 2H), 2.64 (d, J = 1.6 Hz, 1H), 2.41 (d,
J = 13.4 Hz, 1H), 2.19 (s, 1H), 2.04−2.00 (m, 1H), 1.65−1.54
(m, 3H), 1.48−1.37 (m, 7H), 1.32 (dd, J = 7.1, 1.5 Hz, 5H),
1.23 (s, 20H), 0.85 (td, J = 6.9, 1.4 Hz, 3H). HRMS (ESI) at
m/z [M + H]+ Calcd for C34H60N5O3 is 585.4696. Found:
586.4693.

Synthesis of LAU-Lys-β3,3Ac6c-PEA, DY-02. Boc-Lys(Z)-OH
(1.28 g, 3.36 mmol) was dissolved in 4 mL of dry DMF and
NMM (0.84 mL, 8.4 mmol) and EDC·HCl (0.536 g, 2.8
mmol) were added at 0 °C. After 10 min, H2N-β3,3Ac6c-PEA
(0.82 g, 2.8 mmol) was added and stirred for 12 h at room
temperature. Upon completion, the work up and the tert-
butyloxycarbonyl group was deprotected following the
procedure described for 1 to afford H2N-Lys(Z)-β3,3Ac6c-
PEA 1b, which was further used without purification. To the
solution of H2N-Lys(Z)-β3,3Ac6c-PEA (0.424 mg, 0.76 mmol)
in dry DMF, NMM (0.23 mL, 2.28 mmol) and dodecyl
isocyanate (0.192 mL, 0.912 mmol) were added at room
temperature, and the mixture was stirred for 6 h. Upon
completion, the work up was performed following the
procedure described for 1 and the resulting residue was
purified by column chromatography using 100−200 silica gel
in CHCl3/CH3OH (99:01) to obtain LAU-Lys(Z)-β3,3Ac6c-
PEA. Further, the benzyloxycarbonyl group of LAU-Lys(Z)-
β3,3Ac6c-PEA (0.2 g, 0.3 mmol) was deprotected using
palladium 10% on carbon (0.015 g, 0.15 mmol) in 5 mL of
methanol under a H2 atmosphere. The reaction mixture was
filtered through celite and continuously washed with methanol
to remove Pd/C. The filtrate was evaporated and dried under
reduced pressure to afford LAU-Lys-β3,3Ac6c-PEA, DY-02
(yield 83.4%, 0.150 g). 1H NMR (400 MHz, DMSO-d6, δ):
8.12 (d, J = 8.1 Hz, 1H), 8.00−7.86 (br, 2H), 7.33−7.27 (m,
5H), 7.24−7.185 (m, 1H), 6.14−6.11 (m, 2H), 4.92−4.88 (m,
1H), 4.05 (td, J = 8.0, 4.7 Hz, 1H), 3.04−2.87 (m, 2H), 2.73
(t, J = 7.6 Hz, 2H), 2.66 (d, J = 13.4 Hz, 1H), 2.39 (d, J = 13.4
Hz, 1H), 2.30−2.20 (m, 1H), 2.02−1.98 (m, 1H), 1.62−1.50
(m, 3H), 1.47−1.35 (m, 8H), 1.32 (d, J = 7.0 Hz, 6H), 1.23 (s,
20H), 0.85 (td, J = 6.9, 1.4 Hz, 3H). HRMS (ESI) at m/z [M
+ H]+ Calcd for C35H62N5O3 is 600.4853. Found: 600.4875.

Synthesis of LAU-Arg-β3,3Ac6c-PEA, DY-03. To the solution
of DY-02 (0.227 g, 0.39 mmol) in 3 mL of dry DMF, NMM
(0.12 mL, 1.17 mmol) and N,N′-bis[tertbutylcarbonyl]-1H-
pyrazole-1-carboxamidine (0.145 g, 0.468 mmol) were added
at room temperature and stirred for 8 h. Upon completion, the
work up was performed following the procedure described for
1 and the resulting residue was purified by column
chromatography using 100−200 silica gel in CHCl3/CH3OH
(99:01) to obtain LAU-Arg-(Boc)2-β3,3Ac6c-PEA. Further, the
tert-butyloxycarbonyl group of LAU-Arg-(Boc)2-β3,3Ac6c-PEA
(0.1 g, 0.17 mmol) was deprotected following the procedure
described for 1 to afford LAU-Arg-β3,3Ac6c-PEA, DY-03 (yield
72%, 0.096.g). 1H NMR (400 MHz, DMSO-d6, δ): 8.10 (d, J =
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8.1 Hz, 1H), 7.61 (d, J = 18.3 Hz, 1H), 7.39 (s, 1H), 7.32−
7.28 (m, 5H), 7.25−7.20 (m, 1H), 7.07−6.74 (br, 2H), 6.19
(q, J = 5.3 Hz, 1H), 6.09−6.05 (m, 1H), 4.93−4.87 (m, 1H),
4.20−4.15 (m, 1H), 3.20−2.90 (m, 4H), 2.70 (d, J = 13.3 Hz,
1H), 2.40 (d, J = 13.4 Hz, 1H), 2.24 (s, 1H), 2.01 (d, J = 11.0
Hz, 1H), 1.63−1.57 (m, 3H), 1.49−1.39 (m, 7H), 1.33 (d, J =
7.0 Hz, 5H), 1.25 (s, 20H), 0.87 (td, J = 6.9, 1.4 Hz, 3H).
HRMS (ESI) at m/z [M + H]+ Calcd for C35H61N7O3 is
628.4914. Found: 628.4940.
Biological Evaluation of the Peptides. Antibacterial

Susceptibility Assays. The MIC and MBC of the peptides DY-
01 to DY-03 were evaluated against P. aeruginosa ATCC-
27853 and MRSA ATCC-15187 along with their clinical
isolates. MIC was assessed using a modified microtiter plate
method based on CLSI guidelines,37,38 starting at 50 μM and
serially diluting to 0.039 μM. Bacterial cultures were prepared
at 1.5 × 108 CFU/mL (0.5 McFarland suspension) diluted to 5
× 106 CFU/mL in Luria−Bertani (LB) media. After incubating
the microdilution plates at 37 °C for 16 h, colorimetric
determination was performed using Alamar blue dye, and
optical density was measured at 570 nm with a microplate
reader. The Gompertz equation was used to obtain
concentration-dependent growth inhibition and MIC for the
peptides.39,40 The P. aeruginosa MTCC-424 strain was also
used to confirm the MIC assay result with the peptides. MBC
was determined by plating 5 μL of bacterial cultures from the
MIC plates onto LB agar and incubating at 37 °C; the lowest
concentration with no observed colonies was recorded as the
MBC.37 The experiments were conducted in three biological
replicates.

Time-Kill Kinetics. The time kill was performed using a
standard procedure, as mentioned earlier.37 Briefly, the cultures
of two bacterial species (at OD600nm = 1) were incubated at 37
°C with different concentrations of the peptides and antibiotic
control (vancomycin and rifampicin). One hundred and fifty
microliters of the cultures were harvested each hour (0−8 h),
and absorbance was checked using a spectrophotometer. The
OD600nm values were plotted against respective time points.
The experiment was conducted in biological triplicates.

Biofilm Disruption and Inhibition Assay. The biofilm
quantification assay was performed according to the standard
protocol with minor modifications.37,41 For biofilm disruption
and inhibition, the two bacterial species P. aeruginosa and
MRSA were diluted (1:100, 0.5 McFarland) in tryptic soy
broth and 1% glucose (carbohydrate source which acts as a
buffer), incubated at 37 °C in a 5% CO2 incubator. For biofilm
disruption, the treatment was given at MIC, 2 × MIC, and 4 ×
MIC concentrations of the peptides after the first few hours
and then incubated for 48 h. For biofilm disruption, the
treatment was given at MIC, 2 × MIC, and 4 × MIC
concentrations of the peptides after the biofilm formation and
further incubated for 24 h to allow the disruption. Later,
biofilm quantification was held, and absorbance was measured
at 570 nm by a microplate reader. The experiment was
performed in three biological replicates.

Checkerboard Assay. P. aeruginosa and MRSA were used to
evaluate the synergistic efficacy of the peptides in combination
with the standard antibiotic rifampicin and vancomycin.37 The
peptide and antibiotic were serially diluted in the microtiter
plate vertically and horizontally to create different combina-
tions. Later, 100 μL of culture for the two bacterial species
specified above was added in their respective microtiter plates
and incubated at 37 °C for 24 h, and absorbance was measured

at 570 nm. The wells with ≥80% growth inhibition are
considered as MIC values for peptides, antibiotics, and
combinations of both. Later, the fractional inhibitory
concentration was calculated according to Odds 2003.42

FICI score is interpreted as ≤0.5, synergy; between 0.5 and
4, no interaction; and ≥4.0, antagonism.

SEM Analysis. The changes in the surface and cell
morphologies of P. aeruginosa and MRSA were observed via
SEM. The analysis was performed as a previously described
method with minor modifications.40,43 The bacterial cultures
were harvested at the logarithmic phase (0.5 McFarland),
diluted up to 80-fold in LB media, treated with the peptides,
and incubated at 37 °C for 6 h. The treated and untreated
cultures were then centrifuged at 7000 rpm for 8 min and
washed with PBS. Subsequently, the cultures were placed on
their respective slides and fixed using a solution of 4%
formaldehyde and 2% glutaraldehyde and allowed to incubate
overnight at room temperature. After incubation, each slide
was washed twice with ethanol (20%, 50%, 70%, and 100%)
for 20 min each and then processed for analysis under the
microscope according to the established procedure.

Swarming Motility Assay. P. aeruginosa shows swarming
with different patterns of whirls and jets, which specify the
motion in a semisolid medium.37 Briefly, 3 mL of 0.5% agar
was poured into 6-well plates, a sub-MIC value of peptides was
added, and later, 2−5 μL of bacterial culture specified above in
their stationary phase was dropped at the middle of each well
and incubated at 37 °C overnight. The pattern of motion was
visualized and analyzed with respect to the untreated sample
and antibiotic control (rifampicin). The experiment was
performed in three biological replicates.

Hemolysis Assay. The effect of the peptides on red blood
cells (rabbit) was determined via a hemolytic assay with some
minor modifications.40 Briefly, 1 mL of whole blood (rabbit)
was centrifuged at 10,000 rpm for 5 min; then the pellet was
washed five times with PBS and then resuspended in 20 mL of
PBS. Further, 100 μL of suspension of red blood cells was
aliquoted and incubated with the peptides (20 μM, 10 μM, and
5 μM) for 4 h. Later, samples were centrifuged at 10,000 rpm
for 5 min, 100 μL of the sample supernatant was added to their
respective microtiter plates of particular concentration, and
absorbance was measured using a microtiter plate reader at 577
nm. The experiment was performed in three biological
replicates.

MTT Cytotoxicity Assay. The MTT cytotoxicity assay is a
colorimetric test used to evaluate the cellular toxicity of
peptides on two different cell lines, RAW 264.7 and J774A.1.37

Both the cell lines were seeded on respective 96-well microtiter
plates with 20 × 103 cells per well; Dulbecco’s modified Eagle
medium supplemented with 10% fetal bovine serum was used
as a growth medium for the cell lines and incubated in a CO2
incubator for 24 h. Further, both cell lines were treated with
peptides and rifampicin and incubated in a CO2 incubator for
16 h. Following this, both the cell lines were treated with MTT
solution (2.5 mg/mL) and incubated for 4 h. Later, the
solution along with the growth medium was aspirated out of
the wells and 100 μL of DMSO was added in each well of the
microtiter plate to solubilize the formazan crystals. To calculate
the number of viable cells, the absorbance of the microtiter
plate was measured at 570 nm using a microtiter plate reader.
The experiment was conducted in three biological replicates.

Ex Vivo Infection Model. The ex vivo infection experiment
was performed according to a standard procedure.44 To
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evaluate the effect of peptides on an A549 cell infection model
with P. aeruginosa and MRSA, cells were seeded in 24-well
plates at 1.5 × 105 cells/well. After reaching confluence, cells
were infected with bacterial suspensions at OD600 nm = 0.01
(1.5 × 107 cells/mL, 100-fold infection) and incubated for 1 h.
Gentamycin (100 μg/mL) was added and incubated for
another hour. The medium was then discarded, and cells were
washed twice with 1× PBS. Cells were treated with peptides
(DY-01 to DY-03) at 1×-MIC, 2×-MIC, and 4×-MIC, along
with standard control vancomycin and rifampicin controls, and
incubated in a CO2 incubator for 16 h. The next day, the
medium was discarded, and 500 μL of lysis buffer (0.025%
Triton-X 100 + BSA) was added and thoroughly pipetted to
ensure complete cell lysis. Serial dilutions of the lysate were
prepared in a 1:10 ratio with 1× PBS, plated on agar, and
incubated at 37 °C. Bacterial colonies were counted the
following day. The experiment was conducted in three
biological replicates.
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