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ABSTRACT: The number of cationic residues and net charge are critical for the activity of antimicrobial peptides (AMPs) due to
their role in facilitating initial electrostatic interactions with negatively charged bacterial membranes. A cathelicidin AMP (TC-33)
has been identified from the Chinese tree shrew in our previous work, which exhibited weak antimicrobial activity, likely due to its
moderately cationic nature. In the current study, based on TC-33, we designed a novel AMP by peptide truncation and Glu
substitutions to increase its net cationic charge from +4 to +8. The resulting peptide, TC-LAR-18, showed 4−128-fold enhanced
antimicrobial activity relative to TC-33 without causing hemolysis and cytotoxicity within 100 μg/mL. TC-LAR-18 effectively
eliminated both planktonic and biofilm-associated bacteria, demonstrating rapid bactericidal effects due to its ability to quickly
penetrate and disrupt bacterial cell membranes with a low propensity to induce resistance. Notably, TC-LAR-18 provided substantial
protection against skin bacterial infection in mice, underscoring its therapeutic potential. These findings not only highlight the
importance of positively charged residues for the antibacterial activity of AMPs but also present a useful drug candidate for
combating multidrug-resistant bacteria.

1. INTRODUCTION
The discovery of antibiotics promises significant advancements
in the treatment of bacterial infections. However, prolonged
and excessive use of antibiotics in various fields, including
medicine, food, and animal husbandry, has led to the presence
of multidrug-resistant bacteria.1,2 The World Health Organ-
ization predicts more than 700,000 people will die each year
from drug-resistant bacterial infections.3,4 Consequently, there
is an urgent need to develop antimicrobial agents with new
structures and mechanisms of action.
Antimicrobial peptides (AMPs), also known as host defense

peptides, are naturally occurring molecules found in bacteria,
protists, plants, and animals.5 They play a key role in invading
pathogens due to their unique mechanisms of action. Typically,
AMPs possess a positive net charge, allowing them to bind to
negatively charged bacterial membranes. They penetrate the
bacterial membrane by forming channels or pores in either a
“barrel-stave” or “toroidal” arrangement, or by aggregating on
the membrane surface to cause lesions without insertion.6,7

Eventually, the bacteria die due to cell membrane lysis and the
leakage of cellular contents. Most natural AMPs (∼74%)
originate from animals, especially mammals and insects.8,9

These AMPs are secreted by their respective cells and are
critical elements of the innate immune system.10 AMPs offer
several advantages, including potent, rapid antimicrobial
activity, a lower likelihood of developing resistance, and
lethality against slow-growing or metabolically inactive micro-
organisms (e.g., persisters).11,12 Thus, AMPs hold considerable
potential for the development of novel antimicrobial drugs.
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Cathelicidins are an evolutionarily conserved family of
AMPs integral to the vertebrate innate immune system.13

These peptides demonstrate broad-spectrum antimicrobial
efficiency in vitro and in vivo.14 While AMPs typically possess
a positive charge (+1 to +7), short sequences (<50 residues)
and an amphiphilic nature,15 cathelicidins are typically more
cationic, with an average charge of +8.13 and an average length
of 34.38 residues across all 153 identified cathelicidins.5

Research has consistently shown a strong correlation between
net charge and antimicrobial efficacy,16,17 with higher cationic
charges enhancing attraction to the negatively charged
membrane of bacteria, thereby increasing antimicrobial
activity. Additionally, most cathelicidins can adopt an
amphipathic α-helical structure, characterized by a hydrophilic
and hydrophobic face, typically formed by basic and hydro-
phobic residues, respectively. Cationic residues enable initial
binding to negatively charged bacterial membranes, and
hydrophobic regions facilitate internalizing and disrupting
bacterial membranes.18,19 Recently, there are 27 AMPs in
clinical trials, and nine of them display a structure amphipathic
α-helix,20,21 indicating a structurally ideal template for
antimicrobial drug development. Human cathelicidin LL-37
is among the most extensively studied AMPs, generating
considerable interest in the design of new peptides.22 LL-37-
derived peptides have shown efficacy in treating infections in
animal models16,23 and chronic otitis media.16 In our previous
work, a cathelicidin AMP was identified from the snake venom
of Bungarus fasciatus (cathelicidin-BF), which exhibited strong
and rapid antimicrobial activity.24,25 After a decade of research,
cathelicidin-BF has been successfully used to treat colpitis and
was approved for clinical trials in 2018.17

In recent research, a new cathelicidin (TC-33) was also
identified from the Chinese tree shrew.26 Despite possessing
nine basic residues, its net charges were largely neutralized by
its five acidic Glu residues, leading to a net charge of +4 and
relatively low antimicrobial activity.26 In the present study, we
designed a novel AMP based on TC-33 (TC-LAR-18) through
peptide truncation and Glu substitutions. Notably, TC-LAR-18
exhibited potent and broad-spectrum antibacterial activity
without inducing hemolytic or cytotoxic effects. The
antimicrobial effects, mechanisms of action, and therapeutic
potential of TC-LAR-18 were thoroughly explored, high-
lighting its potential as a promising antimicrobial drug
candidate for combating multidrug-resistant bacterial patho-
gens.

2. MATERIALS AND METHODS
2.1. Peptide Synthesis. All peptides were synthesized by

GL Biochem Ltd. (Shanghai, China) with purities higher than
98%, as validated by reversed-phase high-performance liquid
chromatography and electrospray ionization mass spectrome-
try.

2.2. Ethics Approval. All animal experimental environ-
ments complied with the relevant Chinese national standards
for Experimental Animal Environment and Facilities
(GB14925-2010) for barrier environment experimental facili-
ties. The management of animal breeding and experimental
operations was in accordance with the Regulations on the
Management of Experimental Animals in Yunnan Province and
other regulations. All experimental procedures using mice were
approved by the Research Ethics Board, Institute of Medical
Biology, Chinese Academy of Medical Sciences and Peking
Union Medical College (DWSP20240301).

2.3. Bioinformatic Analysis and Structural Modeling.
Physicochemical characteristics of all peptides were analyzed
by the ExPASy Bioinformatics Resource Portal (http://www.
expasy.org/tools/). The helical wheel of the peptides was
constructed by HeliQuest (http://heliquest.ipmc.cnrs.fr/). We
predicted the peptide 3D structures (the structures were
energy minimized and optimized during simulation to finally
get the optimal structure) by the PEP-FOLD3 framework
(https://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-
FOLD3/#problems).27 The peptide structures and the surface
electrostatic potential of the peptides were visualized and
analyzed by PyMOL.

2.4. Antimicrobial Activity In Vitro. Antibacterial activity
of the peptides was determined using a microdilution assay as
previously described.28 In addition to standard bacterial strains
Acinetobacter baumannii ATCC19606, Pseudomonas aeruginosa
ATCC27853, Escherichia coli ATCC8739, and Staphylococcus
aureus ATCC6538, 26 clinically isolated strains (A. baumannii
(19110, 10769, and 0357), P. aeruginosa (90068, 60357,
52097, and 17068), E. coli (0894, 5017, and 1007), S. aureus
(08310, 15772, 15192, 157752, 11842, 220823, and 15775),
and methicillin-resistant S. aureus (MRSA) (Z, 11, 12, 21, 22,
41, 42, 51, and 52)) were also used in the antimicrobial assay.
Luria−Bertani (LB) medium was widely used for the
cultivation of bacteria. According to previous studies from
our group17,29 and others,30 all bacterial strains were cultured
in LB medium.

2.5. Cytotoxic and Hemolytic Activity Assays. The
potential cytotoxic and hemolytic activities of the peptide
tested were determined according to our previous methods.29

Briefly, the mammalian cells (human HaCaT keratinocytes and
HEK293 embryonic cells) were used and first cultured in 96-
well plates (5 × 105 cells/well) with Dulbecco’s modified
Eagle’s medium containing 1% antibiotics and 10% fetal bovine
serum at 37 °C in CO2 (5%). Varied concentrations of
peptides (3.125−100 μg/mL) were then added and incubated
for 24 h, followed by the addition of CCK-8 agent and
incubation at 37 °C for another 2 h according to the
manufacturer’s instructions (CCK-8, Lot. no. 159077, Med
Chem Express). The absorbance at 450 nm was measured with
a microplate reader (Epoch, Bio Tek, USA). The percentage of
cell viability was calculated relative to the control group
without peptide after solution background (without peptide
and cells) subtraction.
Freshly obtained mouse red blood cells were used in the

hemolytic activity assay. Aliquots (125 μL) of the blood
suspension were mixed with an equal volume of peptide
solution (1.563−100 μg/mL). Hemoglobin released in the
supernatant was then determined at 540 nm with a microplate
reader.

2.6. Biofilm Inhibition and Eradication. In brief, A.
baumannii ATCC19606, S. aureus ATCC6538, and MRSA-Z
were cultured in LB medium to their exponential phase
(OD600 = 1.0), followed by dilution to 5 × 106 CFU/mL in
PRMI 1640 medium containing 2% glucose. For biofilm
inhibition assays, aliquots of bacterial solution (100 μL) and
the test sample were mixed in a 96-well plate, followed by
incubation at 37 °C for 24 h. For biofilm eradication assays,
100 μL of bacterial solution was first added to the wells of a 96-
well plate, followed by incubation at 37 °C for 24 h. Then, the
medium was discarded, and 100 μL of the test sample was
added, followed by treatment for another 24 h. After the final
incubation, all liquid was removed, and the wells were stained
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with 150 μL of 0.1% crystal violet for 15 min. The dye was
then removed, and the wells were washed with saline. Finally,
95% ethyl alcohol (200 μL) was used to resolubilize the stain,
and the absorbance was measured at 600 nm using a
microplate reader (Epoch, Bio Tek, USA).

2.7. Bacterial Killing Kinetics. Briefly, three strains of
bacteria, including P. aeruginosa ATCC27853, A. baumannii
ATCC19606, and S. aureus ATCC6538, were first cultured to
their exponential phase (OD600 = 1.0), followed by dilution to
1 × 105 CFU/mL with the same medium and incubated with
peptide or control [5 × minimal inhibitory concentration
(MIC)]. At different time points (0, 1, 10, 30, 60, and 180
min), two microliter aliquots were taken out and diluted to an
appropriate multiple with saline. The dilutions (50 μL) were
then plated on LB agar plates and cultured overnight at 37 °C.
The bacterial colonies were then counted and expressed as lg
CFU/mL. Each test was conducted in triplicate.

2.8. Drug Resistance Assay. Liquid LB medium was used
for passaging the bacteria every 24 h, following our previous
research.28,29 Throughout this process, the bacteria were
cultured on LB medium with increasing concentrations of
AMPs: 25% MIC for generations 1−10, 50% MIC for
generations 11−20, 75% MIC for generations 21−30, 100%
MIC for generations 31−40, 150% MIC for generations 41−
50, and 200% MIC for generations 51−60. After 60
consecutive passages, the bacteria were taken from the culture
at five-generation intervals, and the MIC values of the samples
against the tested bacteria were determined.

2.9. Bacterial Membrane Permeabilization Assay. The
effects of TC-LAR-18 on membrane permeabilization were
measured by a fluorescence assay according to our previous
report.28 Briefly, logarithmic-phase bacteria cultured in LB
broth were harvested by centrifuging and resuspended to 2 ×
108 CFU/mL after washing three times with sterile normal
saline. Thereafter, 100 μL of bacterial suspension was added to
a black 96-well plate, and 10 μL of 50 μg/mL propidium
iodide (PI) was also added to the wells. Subsequently, 100 μL
of peptide (final concentrations of 1, 5, 10 × MIC) was added
to the wells, followed by detecting the fluorescence changes at
an excitation wavelength of 535 nm and an emission
wavelength of 615 nm. Colistin (or vancomycin) in a final
concentration of 5 × MIC was used as the positive control, and
saline was used as the negative control.

2.10. Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM) Observation
of the Morphological Changes of Bacteria. Logarithmic-
phase bacteria (P. aeruginosa ATCC27853 and S. aureus
ATCC6538) were resuspended to 2 × 109 CFU/mL after
three times of washing with sterile normal saline. The resulting

suspension was then incubated with the test samples in a
concentration of 10 × MIC for 2 h at 37 °C. Subsequently, the
cell pellets were obtained by centrifugation at 2000g for 5 min
and fixed overnight at 4 °C using 2.5% glutaraldehyde. For
SEM observations, the samples were dehydrated using a
graded series of ethanol and tert-butanol, dried using liquid
CO2, sputtered with gold−palladium, and observed using SEM
(Regulus 8220, Hitachi, Japan). For TEM observations, the
samples were dehydrated with a graded series of ethanol,
embedded with epoxy resin, sectioned with an ultramicrotome,
stained with uranyl acetate and lead citrate, and finally
observed using TEM (JEM-1400Flash, JEOL, Japan).

2.11. Acute Toxicity Analysis. Ten female C57BL/6 mice
(6−8 weeks old) were intravenously injected with a single dose
of TC-LAR-18 or controls (colistin and vancomycin) at 10
mg/kg. Saline was used as a negative control. Then, their
behaviors were observed at different time points (10 min−96
h), as described in our previous studies.28,29

2.12. Mouse Skin Wound Infections. The therapeutic
effects of TC-LAR-18 were evaluated using a mouse skin
wound infection model following our previous study.28 Briefly,
healthy female BALB/c mice were first randomly divided into
five groups with eight replicates per group (n = 8). After
anesthetization, the dorsal skin of mice was shaved, disinfected
with 75% ethanol, and cut with scissors to produce a round
incision with 6 mm in diameter. Four hours after inoculating
the skin wounds with 20 μL of S. aureus (6538) and A.
baumannii (19606) at 1 × 108 CFU/mL, a 20 μL dose of TC-
LAR-18 was then applied (0.1 to 2 mg/mL). Saline, colistin,
and vancomycin (0.5 mg/mL) were used as controls. After 2 h,
the incision area of the mice skin was excised, homogenized,
and serially diluted in sterile saline. The dilutions were plated
on LB agar plates and incubated overnight at 37 °C to quantify
the number of bacterial colonies.

2.13. Statistical Analysis. Differences in mean values
among different groups were determined and expressed as the
mean ± standard deviation (SD). The Kolmogorov−Smirnov
test was first used for normal distribution analysis, thereafter by
a one-way analysis of variance (ANOVA) with post hoc
Dunnett adjustment for p values. Data were analyzed using
Prism v9.0 (GraphPad Software), and differences were
considered significant at p < 0.05.

3. RESULTS
3.1. Design of TC-LAR-18 and Functional Screening.

Cationicity is crucial for the direct antibacterial efficacy of
AMPs, as it facilitates initial electrostatic interactions with
negatively charged bacterial membrane components.13 A
strong correlation exists between cationicity and antimicrobial

Table 1. Physicochemical Properties and Antimicrobial Activities of TC-LAR-18 and Its Analoguesa

peptide or
controls sequence length

net
charge

hydrophobic moment
(μH) MIC (μg/mL)

A.
baumannii

P.
aeruginosa E. coli

S.
aureus

TC-33 LLRRGGEKLAEKFEKIGQKIKNFFRKLLPETES 48 +4 0.542 75 37.5 150 75
TC-LAE-18 LAEKFEKIGQKIKNFFRK 30 +4 0.706 37.5 37.5 75 37.5
TC-LAR-18 LARKFRKIGQKIKNFFRK 18 +8 0.737 2.34 9.38 4.69 1.17
Colistin - - - - 0.59 2.34 0.59
Vancomycin - - - - - - - 1.17

aFour bacterial strains, including A. baumannii ATCC19606, P. aeruginosa ATCC27853, E. coli ATCC8739, and S. aureus ATCC6538, were used in
the antibacterial assays. MICs represent mean values of three independent experiments. “-”, not shown or determined.
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activity.11 TC-33 contains 5 glutamates, which reduce its
cationicity and likely contribute to its poor antimicrobial
activity.12,17 In addition, AMPs with short primary sequences
show advantages including reduced cost of peptide synthesis,
good permeability, high bioavailability, and low immunoge-
nicity. We thus initially designed a smaller peptide, termed TC-
LAE-18, by removing eight residues from the N-terminus and
seven from the C-terminus of TC-33 (Table 1). TC-LAE-18,
with two Glu residues at positions 3 and 6, with a net charge of
+4 at pH 7. To enhance the cationicity of the peptide, we
substituted the Glu residues at positions 3 and 6 in TC-LAE-
18 with cationic residues. Compared to Lys, Arg substitution
can yield enhanced antibacterial activity and may minimize the
required length to achieve functional AMPs;29,31,32 we thus
chose Arg residue to substitute the Glu residue in TC-LAE-18,
and creating TC-LAR-18 (Table 1). TC-LAR-18 exhibited
high cationicity, exhibiting a net charge of +8 at physiological
pH. In addition, TC-LAR-18 also showed a higher hydro-
phobic moment (μH) than TC-LAE-18 (Table 1). PyMOL
was used to visualize the surface electrostatic potentials of TC-
LAR-18, TC-LAE-18, and TC-33 (Figure 1). The amino acid
substitution in TC-LAR-18 led to a significant increase in
surface electrostatic potential compared with TC-LAE-18 and
TC-33. Given the high charge, hydrophobic moment, and
surface electrostatic potential of TC-LAR-18, we hypothesized
that its antimicrobial activity would be further enhanced. To
test this, we synthesized TC-LAR-18 and TC-LAE-18 with a
C-terminal amide and evaluated their antimicrobial activity
against four standard bacterial strains, including A. baumannii,
P. aeruginosa, E. coli, and S. aureus. The MIC value of TC-33
against the tested bacteria26 was also showed. As shown in
Table 1, TC-LAE-18 exhibited antimicrobial activity similar to
that of TC-33. However, TC-LAR-18 displayed significantly
improved antimicrobial activity, with MICs of 1.17 to 9.38 μg/

mL, representing a 4−64-fold and 4−128-fold increase in
activity relative to TC-LAE-18 and TC-33, respectively.
Strong antimicrobial activity often correlates with cytotox-

icity and hemolysis,33−35 which are critical factors in
therapeutic drug selection for in vivo studies.36−38 Con-
sequently, we evaluated the hemolytic and cytotoxic effects of
TC-LAR-18 and TC-LAE-18. Despite the considerable
differences in their antimicrobial activity (Table 1), neither
peptide exhibited hemolytic (hemolysis at the highest
concentration of 100 μg/mL was 0.73 and 1.61% for TC-
LAR-18 and TC-LAE-18, respectively, Figure S1A,B) nor
cytotoxic activity against human HaCaT keratinocytes (cell
viability at the highest concentration of 100 μg/mL was 103.95
and 102.73% for TC-LAR-18 and TC-LAE-18, respectively,
Figure S1C,D).

3.2. TC-LAR-18 Is Effective at Killing Planktonic and
Biofilm-Associated Bacteria. To further study the anti-
bacterial efficacy of TC-LAR-18, we tested its activity against
26 clinically isolated bacterial strains, including three strains of
A. baumannii, four strains of P. aeruginosa, three strains of E.
coli, seven strains of S. aureus, and nine strains of MRSA, which
have shown varying degrees of drug resistance in our previous
studies.28,29 As illustrated in Table S1, TC-LAR-18 exhibited
potent and broad-spectrum antibacterial activity against these
drug-resistant clinical isolates, with MICs of 2.34 to 4.69, 4.69,
and 2.34 to 4.69 μg/mL against A. baumannii, P. aeruginosa, E.
coli, and S. aureus, respectively.
The role of bacterial biofilms in infectious diseases has

garnered substantial attention.39,40 Biofilm-forming bacteria are
implicated in approximately 65−80% of infectious diseases.41

Bacteria within biofilms can evade the immune system, making
infections more challenging to treat. Furthermore, biofilms can
survive on the surface of medical devices and implants,
increasing the risk of infection when undergoing surgical or

Figure 1. Helical wheel projections and surface electrostatic potentials of TC-LAR-18 and its analogues. Yellow indicates hydrophobic residues,
blue represents positively charged hydrophilic residues, red represents glutamic acid, and gray denotes alanine and glycine. Surface electrostatic
potentials were determined by PyMOL. Blue represents positive charge and red represents negative charge.
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other medical procedures.42−44 We evaluated the effects of
TC-LAR-18 on biofilms formed by A. baumannii, S. aureus, and
MRSA-Z. Notably, TC-LAR-18 significantly inhibited A.
baumannii biofilm formation, showing greater activity than
colistin (Figure 2A). Similarly, TC-LAR-18 markedly and
dose-dependently inhibited the formation of S. aureus (Figure
2B) and MRSA-Z (Figure 2C) biofilm formation. Vancomycin,
used as a positive control, was effective in inhibiting biofilm
formation by S. aureus but not by MRSA-Z, likely due to its
weaker antimicrobial activity against MRSA-Z (Table S1). An
ideal antibiofilm agent should also disrupt preformed biofilms.
As illustrated in Figure 2D−F, TC-LAR-18 eradicated the
preformed A. baumannii (Figure 2D), S. aureus (Figure 2E),
and MRSA-Z (Figure 2F) biofilms, although its activity was
slightly less potent than its biofilm-eradicating activity. These
findings suggest that TC-LAR-18 holds considerable potential
in preventing bacterial infections due to its antimicrobial and
antibiofilm properties.

3.3. TC-LAR-18 Shows Rapid Bactericidal Effects and
Is Less Likely to Induce Resistance. To evaluate the
bactericidal capacity of TC-LAR-18, bactericidal kinetic studies
were performed using P. aeruginosa, A. baumannii, and S.
aureus. TC-LAR-18 demonstrated time-dependent bactericidal
activity, completely eradicating P. aeruginosa within 30 min

(Figure 3A) and A. baumannii (Figure 3B) within 180 min at 5
× MIC. Colistin exhibited comparable activity against P.
aeruginosa and A. baumannii. A TC-LAR-18 eradicated 99% of
S. aureus cells within 180 min at 5 × MIC (Figure 3C), while
vancomycin was less effective, likely due to its mechanism of
inhibiting peptidoglycan synthesis without immediate bacterial
killing.
Drug-resistant bacterial infections pose a significant threat to

public health.45 To evaluate the potential for drug resistance
development to TC-LAR-18, we subjected the bacteria to
serial passaging (up to 60 cycles) under exposure to varying
concentrations of the peptide or controls. As illustrated in
Figure 3D, P. aeruginosa exposed to TC-LAR-18 showed no
propensity to develop resistant isolates, while colistin treat-
ment led to a twofold increased MIC values after 30 passages.
Unexpectedly, exposure of S. aureus to TC-LAR-18 resulted in
a twofold increase in MIC values (Figure 3E), whereas
vancomycin incubation resulted in a fourfold increased MIC.

3.4. TC-LAR-18 Induces Bacterial Membrane Perme-
abilization and Rupture. We next explored the effect of TC-
LAR-18 on bacterial membrane permeabilization using a
fluorescence assay. PI, a small fluorescent molecule, fluoresces
more intensely upon interacting with DNA or RNA yet is
unable to cross the plasma membrane of intact cells. As shown

Figure 2. Biofilm inhibition and eradication. Biofilm inhibition and eradication of A. baumannii (19606) (A and D), S. aureus (6538) (B and E),
and MRSA-Z (C and F). Negative control (NC) was saline. Data represent the mean ± SD of three individual experiments. One-way ANOVA with
Dunnett post hoc test compared with NC. *p < 0.05, ***p < 0.001, ns, no significant difference.
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in Figure 4A−D, PI fluorescence intensity increased immedi-
ately following the addition of TC-LAR-18, indicating rapid
alteration in bacterial membrane permeability, which was
positively correlated with the duration of exposure. Colistin
exhibited comparable activity in inducing membrane perme-
abilization. In contrast, vancomycin did not significantly alter

the membrane permeability, as evidenced by minimal changes
in PI fluorescence intensity (Figure 4D).
We further investigated changes in the morphology of P.

aeruginosa and S. aureus cells after TC-LAR-18 exposure using
SEM and TEM. Normal P. aeruginosa treated with saline
(vehicle) revealed rod-shaped with an intact and smooth
surface (Figure 5A). However, TC-LAR-18-treated bacteria

Figure 3. Bactericidal capacity of TC-LAR-18 in vitro and drug resistance. Bactericidal kinetics of TC-LAR-18 against P. aeruginosa (27853) (A), A.
baumannii (19606) (B), and S. aureus (6538) (C). CFU: colony forming unit; NC: saline. Resistance development of P. aeruginosa (27853) (D)
and S. aureus (6538) (E), following long-term exposure (60 generations) to the peptide, colistin, or vancomycin.

Figure 4. TC-LAR-18 induces bacterial plasma membrane permeabilization. E. coli (0894) (A), A. baumannii (0357) (B), P. aeruginosa (90068)
(C), and S. aureus (6538) (D) were incubated with PI for 15 min, followed by the addition of test samples. Fluorescence intensities of PI were
monitored over a 90 min period. Arrows indicate points where addition PI (a) and samples (b) were introduced. Data are representative
measurements of three independent replicates.
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exhibited marked structural changes, including cell wall
disruption and content leakage. TEM images further revealed
cell membrane lysis with blurred borders accompanied by
flocculent material. Colistin treatment led to significant cell
wall irregularities and protrusions but without cellular leakage.
Notably, TC-LAR-18 incubation of S. aureus resulted in visible
structural changes, including cell wall rupture, leakage of
bacterial inclusion bodies, blurring of cell membrane
boundaries, and cytoplasmic clearing. Vancomycin treatment
caused slight cell lysis and membrane blurring in S. aureus but
no cytoplasmic clearing (Figure 5B). These findings indicate
that TC-LAR-18 operates via a mechanism distinct from that
of traditional antibiotics.

3.5. TC-LAR-18 Protects Mice against Skin Infection.
Toxicity and poor bioavailability are major barriers to the
therapeutic application of AMPs.46 Therefore, we performed
an acute toxicity assessment of TC-LAR-18 before starting the
in vivo experiments. As shown in Figure S2, administration of
TC-LAR-18 and vancomycin (10 mg/kg) did not cause any
observable signs of toxicity within a 96 h time frame. However,
colistin administration at the same dose caused mild signs of
toxicity in mice, such as ruffled fur and poor motility at 10 min,
although these symptoms later resolved.
The skin serves as a barrier against mechanical damage,

chemical, and exogenous substances.47 Treating skin wounds
topically presents specific challenges, such as maintaining a
moist environment, managing localized pain, and addressing

Figure 5. TC-LAR-18 induces bacterial membrane rupture. SEM and TEM images showing changes in P. aeruginosa (27853) (A) and S. aureus
(6538) (B) morphology, following treatment with TC-LAR-18 or controls (5 × MIC). Saline treatment was used as a control. Images are
representative of at least three individual replicates.

Figure 6. TC-LAR-18 exhibits protective effects against skin infection in mice. Female BALB/c mice were infected through skin wounds with either
S. aureus (6538) (n = 8) (A) or A. baumannii (19606) (n = 8) (B) through skin wounds. At 4 h postinfection, 20 μL of TC-LAR-18 (0.1−2 mg/
mL) or controls [saline, vancomycin, or colistin (0.5 mg/mL)] was then applied. Bacterial colonization levels were measured 2 h after sample
application. One-way ANOVA with Dunnett post hoc test relative to vehicle group. ***p < 0.001, ns, no significant difference.
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the presence of inflammatory cells and molecules within the
wound tissue.48 These conditions are ideal for testing the
therapeutic efficacy of AMPs. To assess the therapeutic efficacy
of TC-LAR-18, we established a murine model of skin wound
infection induced by S. aureus and A. baumannii. As shown in
Figure 6A, TC-LAR-18 reduced the S. aureus load in a dose-
dependent manner, achieving reductions of 88.6 and 97.8% in
skin colonization at doses of 0.5 and 2 mg/mL, respectively.
Vancomycin, used as a positive control, showed a 90.3%
reduction in the colony counts at a dose of 0.5 mg/mL. A
similar dose-dependent decrease in A. baumannii load was
observed following TC-LAR-18 treatment (Figure 6B).
Colistin, a first-line therapeutic drug, was more effective at
reducing the bacterial load. These results indicate that topical
application of TC-LAR-18 has significant therapeutic potential
for treating skin infections.

4. DISCUSSION
AMPs are considered promising alternatives to traditional
antibiotics for combating bacterial infections, with several
already undergoing clinical trials.49 Structure−activity relation-
ship studies have elucidated the mechanisms by which AMP
functions, primarily involving their binding to and penetration
of bacterial cell membranes, leading to membrane lysis and cell
death.12,50 Initial bacterial membrane binding is predominantly
driven by electrostatic interactions, while membrane perme-
ation is facilitated by the hydrophobic characteristics of AMPs.
The number of cationic residues and the overall net charge are
crucial for antimicrobial potential because they enhance initial
electrostatic interactions with negatively charged bacterial
membrane components.13 However, evidence suggests that an
optimal range of positive charges (+4 to +8) exists for α-helical
cationic AMPs, and deviation from this range can markedly
reduce antimicrobial efficacy and increase hemolytic activity.51

Most native AMPs possess a net charge within this optimal
range, which likely maximizes their effectiveness.5,21 In the
present study, we first designed TC-LAE-18 by truncating the
peptide to include two Glu residues at positions 3 and 6,
resulting in a net charge of +4 at pH 7 (Table 1). Due to the
weak antimicrobial activity of TC-LAE-18, we aimed to
enhance its activity by increasing its net positive charge by
substituting the two Glu residues with Arg, creating the highly
cationic peptide TC-LAR-18, with a net charge of +8 at
physiological pH (Table 1). TC-LAR-18 exhibited greater
activity than TC-LAE-18 but showed no signs of cytotoxicity
and hemolysis (Figure S1), likely because its net positive
charge remained within the optimal range.51 Our finding, along
with previous observations, suggests that designing novel
AMPs with a net charge of +8 is an effective strategy for
maintaining antimicrobial activity while minimizing hemolytic
and cytotoxic activity.
TC-14, another peptide analogue derived from TC-33,

contains 14 amino acids and possesses a net positive charge of
+5, which may serve as the active region of TC-33.27 Although
TC-LAR-18 exhibited similar antimicrobial activity against
Gram-negative bacteria as TC-14, it exhibited fourfold
increased potency against S. aureus, suggesting that alterations
in peptide length and number of cationic residues can impact
the antimicrobial activity and selectivity of AMPs. Using the
parent AMP cathelicidin-BF, we designed a series of peptide
derivatives with varying selectivity and activity, including LZ1,
which is effective against Propionibacterium acnes, Staph-
ylococcus epidermidis, and S. aureus, all these bacteria play

roles in the development of acne vulgaris,52 ZY13, which
exhibits strong antimicrobial activity against Candida albi-
cans,53 and ZY4, a cyclic peptide with an intramolecular
disulfide bridge, which shows potent antimicrobial activity
against P. aeruginosa and A. baumannii.17 While AMPs show
varied activity or selectivity, the precise structural determinants
responsible for their selectivity remain to be elucidated. The
differences in the bacterial cell membrane composition and
interactions between AMPs and bacterial cell membrane
components may significantly contribute to the selectivity of
AMPs.
Most antibiotics target microbes through a single primary

mechanism, which partly explains the high tendency for
resistance development.54 Generally, modifying their mem-
brane composition is difficult and costly for most micro-
organisms, although recent studies have indicated that bacteria
can induce resistance to AMPs.55−57 In our study, we found
that TC-LAR-18 killed bacteria by permeabilizing and
disrupting the bacterial membrane (Figures 4 and 5), which
may explain the low propensity of TC-LAR-18 to induce
resistance (Figure 3D,E). Furthermore, TC-LAR-18 killed
bacteria rapidly within 30−180 min (Figure 3A−C), resulting
in fewer bacterial generations for resistance to evolve.
Membrane integrity is essential for the survival of bacteria,
irrespective of their metabolic stage. As TC-LAR-18 targeted
bacterial membrane, it also showed high activity against
biofilms. Recent studies have identified several Trp/Arg-
containing AMPs that can kill biofilms.16,17,58,59 Thus,
antimicrobial agents with both antimicrobial and antibiofilm
activities, such as TC-LAR-18, represent promising candidates
for developing new antimicrobials. This study provides insight
into the importance of positively charged residues for
antibacterial activity and introduces a potential drug candidate
for combating multidrug-resistant bacterial pathogens.
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