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With the growing threat of antibiotic-resistant bacteria, the need for innovative antibacterial treatments is more
urgent than ever. Antimicrobial peptides (AMPs) are gaining attention due to their unique mechanisms of action.
We utilized a Wasserstein generative adversarial network (WGAN) with a gradient penalty to expedite the dis-
covery of new AMP candidates. Among the promising peptides identified, GAN-pep3 stood out with its
impressive antibacterial activity against Gram-negative and Gram-positive bacteria. It achieved a low geometric

mean minimum inhibitory concentration (MIC) of 0.90 pM and 4.21 pM, respectively. Although GAN-pep3
showed slight hemolytic activity, its low MIC provided a high therapeutic index, particularly against Gram-
negative bacteria. This study highlights the potential of Al-designed AMPs as powerful antimicrobial agents
with broad-spectrum activity. It instills hope for significant therapeutic applications in the fight against

antibiotic-resistant bacteria.

1. Introduction

Antimicrobial resistance (AMR) occurs when microbes evade anti-
biotics that were once effective against them. Microbes with antimi-
crobial resistance (AMR) properties continue to grow, making
conventional treatment strategies ineffective [1-3]. Insufficient anti-
biotic dosing, non-compliance with medical treatment protocols, and
the excessive or improper use of antibiotics in agriculture and livestock
operations contribute to the selection pressure that favors antibiotic-
resistant microbes [3,4]. Given the time-consuming and costly nature
of discovering new antibiotics and the challenges associated with scaling
up production through purification or de novo synthesis, it is imperative
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to develop new strategies to combat microbial threats in human medical
care and veterinary medicine.

Antimicrobial peptides (AMPs) are found in various species and
typically consist of 6 to 50 amino acids. They are known for their ability
to eliminate microbes and are being studied as potential candidates for a
new class of antibiotic agents [5,6]. AMPs are part of the host’s innate
immune response against bacteria, fungi, viruses, and cancer cells [7].
Discovering novel antimicrobial peptides (AMPs) typically involves
collecting these peptides from various organisms, which often requires
significant time and financial investments [8]. The mechanism of target
killing by AMPs involves peptide aggregation on the cell surface, which
ultimately causes membrane rupture [9-13]. For clinical applications,
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antimicrobial peptides (AMPs) must distinguish effectively between
bacterial and host cell membranes to avoid cytotoxicity in mammalian
cells, a challenge often seen with cationic AMPs [14].

To accelerate the discovery of novel antimicrobial peptides (AMPs),
we employed a deep learning framework based on generative adversa-
rial networks (GANs) [15-17]. Our initial efforts utilized a deep con-
volutional GAN (DCGAN) trained on known AMP sequences. However,
to overcome the limitations of training instability and mode collapse
inherent in the original GAN architecture, we implemented the Was-
serstein GAN with Gradient Penalty (WGAN-GP). This enhanced archi-
tecture provides improved stability, enabling the model to learn key
sequences and physicochemical features more effectively, critical to
AMP activity. The WGAN-GP model was trained on encoded AMP se-
quences and generated novel peptide candidates from random noise
inputs.

In our previous study [18], we validated the model’s generative
performance by comparing the amino acid composition and eight
physicochemical properties, including charge, hydrophobicity, Boman
index, and aliphatic index, of GAN-designed peptides with those of real
AMPs, randomly shuffled sequences, and helical controls. As shown in
Figs. 1-3 of that study, the GAN-designed peptides closely mirrored real
AMPs in both sequence and property distribution. t-SNE analysis further
confirmed that GAN-generated peptides clustered closely with real
AMPs and distinctly from control sequences, highlighting the model’s
ability to generate AMP-like molecules in silico.

Building on these findings, we applied an Al-guided screening
pipeline using AI4AMP (http://axp.iis.sinica.edu.tw/AI4AMP), an in-
silico AMP activity predictor developed by our team, to prioritize can-
didates with high predicted antimicrobial potential. Of the eight top-
scoring peptides synthesized, seven demonstrated in vitro antimicro-
bial activity. Among them, GAN-pep 3 and GAN-pep 8 exhibited broad-
spectrum efficacy, including activity against methicillin-resistant
Staphylococcus aureus (MRSA) and carbapenem-resistant Pseudomonas
aeruginosa (CRPA). Notably, GAN-pep 3 showed superior potency, with
lower MIC values, compared to the positive control Polyphemusin I.
Together, these results support the use of WGAN-GP as a robust platform
for the rational and efficient design of next-generation AMPs with
therapeutic potential against antibiotic-resistant pathogens [18,19].

In this study, the goals included assessing how the synthetic AMP
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sequence affected the growth and reproduction of both Gram-positive
and Gram-negative bacteria, such as methicillin-susceptible Staphylo-
coccus aureus (MSSA) and methicillin-resistant Staphylococcus aureus
(MRSA), as well as Escherichia coli (E. coli), carbapenem-susceptible
Pseudomonas aeruginosa (CSPA), and carbapenem-resistant Pseudo-
monas aeruginosa (CRPA). In addition, the antimicrobial action of AMPs
was validated by scanning electron microscopy (SEM), confocal laser
scanning microscopy (CLSM), and cryo-soft X-ray tomography (Cryo-
SXT). Furthermore, hemolyticity was examined by assessing the effects
of the synthesized AMPs on red blood cells in vitro. This work in-
vestigates the antimicrobial properties and in vitro effects of these
peptides, providing new insights into their potential as innovative
therapeutic agents.

2. Materials and methods
2.1. Reagents and bacterial strains

Sodium bicarbonate (CAS No. 144-55-8, NaHCO3), sodium phos-
phate dibasic (CAS No. 7558-79-4, NayHPO,4), sodium phosphate
monobasic (CAS No. 7558-80-7, NaH,POy), glutaraldehyde (CAS No.
111-30-8, grade I), 4,6-diamidino-2-phenylindole (CAS No. 28718-90-
3, DAPI), propidium iodide (CAS No. 25535-16-4, PI), and lipopoly-
saccharide (LPS) from Escherichia coli serotype O111:B4 were purchased
from Sigma-Aldrich (USA). Potassium chloride (CAS No. 7447-40-7,
KCl), dodecyl sulfate sodium salt (CAS No. 151-21-3, SDS), and 2,2,2-tri-
fluoroethanol (CAS No. 75-89-8, TFE) were purchased from Acros Or-
ganics (Belgium). Potassium phosphate monobasic (CAS No. 7778-77-7,
KH,PO4) was purchased from Riedel-de Haén (Germany). Agar (CAS No.
9002-18-0), bio-tryptone (CAS No. 91079-40-2), and yeast extract (CAS
No.8013-01-2) were purchased from BioShop (Canada). Sodium chlo-
ride (CAS No. 7647-14-5, NaCl) was purchased from Honeywell (Ger-
many). Ethanol (CAS No. 64-17-5, EtOH) was purchased from Echo
Chemical Co., Ltd. (Taiwan). E. coli (S§G13009) is a strain with an RG
grade of 1, which is derived from E. coli K12. Four clinical bacterial
isolates, including methicillin-susceptible S. aureus (MSSA; S01-10-
0202), methicillin-resistant S. aureus (MRSA; N07-10-0043), carbape-
nem-susceptible P. aeruginosa (CSPA; S07-10-0059), and carbapenem-
resistant P. aeruginosa (CRPA; M06-06-0213), were screened from the
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Fig. 1. Workflow of WGAN-PG model for training to generate and validate AMPs.
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Fig. 2. CD spectra of peptides in different environments. AMPs were dissolved in 10 mM PB, 10 mM SDS, 50% TFE, and 20 uM LPS.
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Fig. 3. Zone of inhibition introduced by 500 pg/mL of peptides and cipro-
floxacin against E. coli cell (1.0 x 10® cfu/mL) after 18 h. Error bars represent
the standard deviation of three repeated measurements. Groups labeled with
different small letters (a, b, c, d, e, f, and g) indicate significant differences (p <
0.05) among treatments. Please refer to the legend for the specific grouping of
each category.

Taiwan Surveillance of Antimicrobial Resistance (TSAR) program
[20,21]. The bacteria used in this study were as follows. Microorganisms
were cultured and propagated according to standard protocols. The
stocks of bacteria were stored at —80 °C. All strains were grown aero-
bically at 37 °C in sterile Luria-Bertani (LB) media.

2.2. Peptide designed by the generative adversarial network (GAN)

The AMP candidates used in this study were generated from the
prediction model published [18]. All data on AMPs were collected from
four AMP databases [22-25]. Peptides with fewer than 10 amino acids
or containing uncommon amino acids, including Asx (B), Xle (J), Pyl
(0), Sec (U), Glx (Z), or Unk (X), were excluded from consideration. Due
to the challenges and high costs associated with synthesizing longer
peptides, only those with fewer than thirty amino acids were selected. A
collection of 3195 AMPs was assembled to build and validate the model.

The fundamental architecture of GAN includes a discriminator and a
generator [26]. The discriminator aims to differentiate between real
data and artificial data created by the generator. The generator,
conversely, attempts to produce artificial data that can deceive the
discriminator. To enhance performance, the discriminator is updated to
maximize its score for real data and minimize its score for artificial data.
On the other hand, the generator is updated to maximize the discrimi-
nator’s score for the artificial data it generates. The proposed GAN
model for generating AMPs is based on DCGAN, a convolutional
network-based GAN [15]. Convolution-transpose and convolution
layers’ kernel size, stride, and padding parameters were modified to suit
the dimensions of the data better. To prevent mode collapse, the method
outlined in WGAN-GP was employed [18]. Fig. 1 shows the entire pro-
cess of training the GAN to produce AMPs.

2.3. The physicochemical properties of peptides

Mission Biotech (Taiwan) generated peptides with a purity
exceeding 95% through traditional solid-phase peptide synthesis. The
vendor supplied data on peptides characterized by mass spectrometry
and high-performance liquid chromatography. All peptides were stored
in a —80 °C refrigerator in powder form and then dissolved in sterile
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water before use in experiments. The net charge (eV) and percentage of
hydrophobicity of peptides are calculated using a peptide property
calculation provided by Peptide 2.0 Inc. (https://www.peptide2.com/).

2.4. Circular dichroism spectroscopy

The peptide secondary structure in the solution was determined
using circular dichroism (CD) spectroscopy. The CD spectra of peptides
were measured on a spectropolarimeter (Jasco, K-815, Tokyo, Japan).
The spectra were captured using a time constant of 1 s, scanning at a rate
of 50 nm/min and an interval of 1 nm, spanning a wavelength range
from 250 to 200 nm. For CD measurement, 10 pM of peptides was in 10
mM phosphate buffer (PB), 10 mM sodium dodecyl sulfate (SDS), 50%
trifluoroethanol (TFE), and 20 pM lipopolysaccharide (LPS), respec-
tively. The BeStSel web server (https://bestsel.elte.hu/) calculates the
secondary structures of peptides such as a-helix, parallel, anti-parallel,
turn, and others. It offers a beta structure selection technique for eval-
uating the CD spectra generated by synchrotron radiation and conven-
tional CD equipment [27].

2.5. Zone of inhibition

A well-diffusion technique was employed to test the antimicrobial
activity against E. coli on LB agar. Paper discs (100% cotton fiber, Mini
Trans-Blot®, Bio-Rad, USA) with a diameter of 6.3 mm were sterilized
before use. 100 pL of diluted bacteria suspensions (1.0 x 108 colony-
forming units per milliliter, or cfu/mL) was applied to the surface of
the plate to solidify. After the paper discs were put on LB plates, 40 pL of
500 pg/mL peptide solution was added to each disc. The sizes of inhi-
bition zones were measured by ImageJ (version 1.53a, National In-
stitutes of Health, Bethesda, MD, USA) after incubation at 37 °C for 18 h.
All experiments were performed in triplicate.

2.6. Minimum inhibitory concentration and minimum bactericidal
concentration

The National Committee for Clinical Laboratory Standards (NCCLS)
modified technique was used to estimate the minimum inhibitory con-
centration (MIC) of peptides against different bacterial strains [27].
Bacteria were inoculated at 37 °C in LB broth. Through UV-vis moni-
toring of the optical density (OD) at 600 nm (ODgo), the growth phase
of bacteria was determined. The bacteria were diluted with LB broth to
10° cfu/mL as the final concentration. A 96-well plate (Cat # 269620,
Thermo Fisher Scientific, Waltham, MA, USA) included 180 pL of the
bacteria cells in each well, along with 20 pL of peptide solution that had
been serially diluted with sterile water from 64 pg/mL. The peptide-free
solution served as the positive control, while the bacterial-free LB broth
was used as the negative control. Ciprofloxacin is a potent and widely
used antibiotic that has been thoroughly researched and is now
employed in current medicine [28-30]. Furthermore, with MICs ranging
from 0.125 to 0.5 pg/mL, polyphemusin I is an antimicrobial peptide
that demonstrates strong antimicrobial activity against Gram-negative
and Gram-positive bacteria [31]. Therefore, ciprofloxacin and poly-
phemusin I were introduced as inhibitory groups. MIC values were
determined as the lowest concentration by visually observing the degree
of turbidity and measuring the absorbance ODg( in each well after in-
cubation at 37 °C for 18 h, while the lowest concentration of bactericidal
causing at least 99% killing of the initial inoculums was considered the
minimum bactericidal concentration (MBC). MBC values were deter-
mined by extracting samples from wells with no apparent growth, fol-
lowed by serial dilution and plating on LB agar plates for counting CFU.
Every experiment was run three times.

2.7. Localization of FAM-labeled peptides in bacteria

To investigate the intracellular distribution of GAN-pep3 within
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bacterial cells, we modified the N-terminus of GAN-pep3 with the
fluorescent dye 5-carboxyfluorescein (5-FAM). The concentration of
FAM-labeled GAN-pep3 was 1 x MIC for Gram-positive bacteria and 2 x
MIC for Gram-negative bacteria, consistent with previous experimental
conditions.

Bacterial cultures containing FAM-labeled GAN-pep3 and 0.1% PI (1
mg/mL) were incubated with shaking (150 rpm) at 37 °C. The concen-
tration and incubation time of FAM-labeled GAN-pep3 were 1 x MIC for
10 min and 2 x MIC for 20 min for Gram-positive and Gram-negative
bacteria, respectively. After incubation, the bacteria were centrifuged
for 5 min at room temperature at 5000 xg. The bacteria were rinsed
twice with PBS buffer to remove the staining solution. The bacteria were
subsequently fixed in 2.5% glutaraldehyde (GA) for 30 min in the dark.
After fixation, the bacteria were centrifuged for 5 min at room tem-
perature at 5000 xg and resuspended in PBS buffer.

The bacterial cells were resuspended in 50 pL of PBS to prepare
samples for microscopy. A mixture of 3.5 L of this suspension and 1.5
pL of the mounting medium was applied onto the sliding glass and
covered with a coverslip. The Leica TCS SP8 X Confocal Microscope
(Leica Microsystems, Wetzlar, Germany) was used for confocal micro-
scopic observation. Using a 488 nm laser as the excitation source, the
emission for FAM was measured between 500 and 550 nm. The excita-
tion and emission wavelengths for Propidium Iodide (PI) were 535 nm
and 580-650 nm, respectively.

2.8. Scanning electron microscopy (SEM)

The bacteria culture that grew overnight was centrifuged for 7 min at
5500 rpm, and the pellets were then rinsed three times with 0.1 M PB.
Bacteria were distributed in PB at a final concentration of 10° cfu/mL.
Bacterial cultures containing GAN-pep3 at 1 x MIC were incubated with
shaking (150 rpm) at 37 °C for 18 h. As control groups, bacterial cultures
without GAN-pep3 were used. The bacteria were fixed overnight at 4 °C
with 2.5% GA after being centrifuged for 10 min at 14000 xg. The
suspensions were resuspended in PB after centrifuging for 7 min at
14000 xg three times. Pellets were dried using ethanol concentrations
ranging from 30 to 100%. Subsequently, pellets were placed on a critical
point dryer, and an ion sputter was used to cover the strains with gold.
Samples were observed and imaged using a cold-filed emission scanning
electron microscope (Hitachi S-4800).

2.9. Cryo soft X-ray tomography (Cryo-SXT)

Sample preparation before freezing followed a protocol like fluo-
rescence microscopy experiments. E. coli was resuspended in PBS and
diluted to 107 cfu/mL. Bacterial cultures containing FAM-labeled GAN-
pep3 at 2 x MIC, 0.07% DAPI (1 mg/mL) and 0.1% PI (1 mg/mL) were
incubated with shaking (150 rpm) at 37 °C for 20 min. Samples without
FAM-labeled GAN-pep3 served as control groups. After incubation, the
bacteria were centrifuged for 5 min at room temperature at 5000 xg.
The bacteria were rinsed twice with PBS buffer to remove the staining
solution.

To prepare samples for pre-mapping and correlative imaging mo-
dalities [29], bacterial cells were resuspended in 50 pL of PBS. Then, an
equal volume of gold nanoparticles (100 nm diameter, BBI Solutions,
UK) was added for tilt series reconstruction [30]. Before the suspended
samples were dropped onto the 3.05 mm gold grid (Quantifloil, Model:
N1-C16nAuG1-01, Germany), the carbon side of the gold grid was
treated with a glow discharger (PELCO easiGlowTM, USA) to increase
hydrophilicity. A plunge freezer under liquid ethane was used to rapidly
cool the gold grid containing the samples to temperatures below
—170 °C. Fluorescence screening of the samples was then performed
under cryo-correlative light with X-ray microscopy (CLXM) to facilitate
subsequent soft X-ray tomography (SXT) image comparison. Data were
collected from the beam line TPS 24A1 soft X-ray tomography end-
station of NSRRC. The batch reconstruction procedures in IMOD aligned
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and rebuilt the tilt series [28].

2.10. Hemolysis assay

Fresh rat erythrocyte cells (RBCs) were collected in 3.2% sodium
citrate vials, supported by Prof. Li-Jiuan Shen at the National Taiwan
University Hospital. RBCs were centrifuged for 10 min at 3000 xg at
4 °C. Following three times of PBS washing, RBCs were finally distrib-
uted in PBS at a final concentration of 8 x 10° cells/mL. Spectroscopic
tests were used to measure the hemolytic activity. 180 pL of peptides
with a diluted concentration mixed with 20 pL of RBCs into a 96-well
microplate. The mixture was incubated for 30 min without shaking at
37 °C. Centrifuge the 96-well microplate at 300 xg for 10 min by
centrifuge (Eppendorf™, 5810R). 100 pL of supernatants were added to
another 96-well microplate. The absorbance (A = 540 nm) of samples
with positive (distilled water) and negative (PBS) controls was measured
with a microplate reader to determine the percentage of hemolysis [31].
Every experiment was run three times. Eq. (1) here we used to compute
the percent of hemolysis.

ODte:t - ODnegarive control

Dpositive control — OD, negative control

x 100% 1)

Hemolysis rate (%) =

2.11. Cell viability assay

Cells were plated in a 96-well microplate (5 x 103 cells/well) with 5
replicates per group for viability testing. Following a 24-h incubation
period, peptides at various concentration (0-100 pM) were applied to
cells for 48 h. Before using the microplate reader, the cells were treated
with 10 pL of CCK-8 solution at 37 °C for an hour. In this investigation,
there was a definite correlation between the absorbance at 450 nm and
the number of cells. The half inhibitory concentration (IC50) value was
computed using the percentage of inhibitory cells for peptides at
different concentrations [32].

ODtreat — ODblank

Cell viability (%) = D ODm e
control — blank

x 100% (2)
where ODtest, ODcontrol, and ODblank represent the absorbance of

cells treated with both peptide and CCK-8, cells treated with CCK-8
alone, and CCK-8 solution without cells, respectively.

2.12. Statistical analysis

Descriptive statistics of the results, derived from at least three in-
dependent experiments, were presented as mean + standard deviation
(SD). One-way ANOVA was employed to compare the means between
the groups, and Tukey’s multiple comparisons test was then performed.
The program GraphPad Prism 9.0 (GraphPad Software, San Diego, CA,
USA) was used to conduct statistical analyses at a significance level of
0.05.

3. Results
3.1. Characterization of antimicrobial peptides

The physicochemical properties of the designed peptides were
determined by BACHEM and Peptide 2.0 Inc. (Table 1). All peptides
range in length from 13 to 30 amino acids. The molecular weights range
from 1440.64 to 3868.29 g/mol. Most of these peptides are positively
charged from +1.0 to +9.8 eV under neutral conditions, whereas Pep-1v
(—4.2 eV) and Pep-7c (—1.0 eV) are negatively charged. The hydro-
phobicity of peptides in this study ranges from 16.67% to 62.50%.
However, peptides such as Pep-1v, Pep-3 m, and AFP_23_gag 18, with
respective hydrophobicities of 20.00%, 30.00%, and 16.67%.
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Table 1
Physicochemical properties of peptides.

Peptide Length  Molecular Net charge Hydrophobicity
weight (g/ (eV) at pH (%) °
mol) 7.4°

GAN-pepl 19 1941.31 +1.9 52.63

GAN-pep2 27 3074.79 +5.4 48.51

GAN-pep3 26 2906.54 +5.8 53.85

GAN-pep4 26 2886.55 +5.8 50.00

GAN-pep5 29 3034.61 +3.9 55.17

GAN-pep6 22 2498.12 +4.5 59.06

GAN-pep7 25 2623.16 +2.7 44.00

GAN-pep8 21 2430.98 +4.9 47.62

Pep-1v 30 3868.29 —4.2 20.00

Pep-3m 20 2552.21 +9.8 30.00

Pep-6f 13 2000.47 +6.9 46.15

Pep-7c 13 1440.64 -1.0 46.15

Pep-8 m 24 2782.56 +9.8 58.33

Pep-9m_g 26 2977.59 +5.0 42.31

ACP_23_gag 24 24 2595.26 +3.1 62.50

AMP_23 _gag 20 20 2371.94 +5.9 45.00

AFP_23 gag 18 18 2227.84 +4.5 16.67

AVP23.gagl 23 23 2453.83 +1.0 43.38

@ BACHEM (https://www.bachem.com/) computed the net charge at pH 7.4.
b Hydrophobicity (%) is the relative abundance of hydrophobic amino acids in
a peptide estimated by Peptide 2.0 Inc. (https://www.peptide2.com/).

3.2. Secondary structure analysis of peptides by circular dichroism (CD)

Circular dichroism (CD) spectroscopy evaluated each peptide’s sec-
ondary structure in different environments. As shown in Fig. 2, the CD
spectra of peptides prepared in 10 mM PB revealed a big negative peak
at 200 nm, indicating the random coil conformation. In contrast, all the
peptides except for Pep-6f and AFP_23_gag 18 altered their secondary
structures when mixed with SDS micelles, which can operate as a model
for the surface of bacteria [33,34]. These peptides displayed typical
a-helical conformations with a significantly increased fractional hel-
icity. TEF buffer could induce peptides to form a-helical conformation at
low concentrations and reach the highest fractional helicity at 50% TFE
[35,36]. However, the fractional helicity shown in TFE represents the
relative propensity of the peptides to adopt an a-helical conformation
rather than the actual secondary structure of the peptides [37]. When
mixed with 50% TFE buffer, most of the peptides also changed their
structures into a-helical conformations. However, Pep-6f and AFP_23 -
gag_ 18 favored forming f-sheet structures such as parallel or anti-
parallel configurations rather than a-helical conformation. Gram-
negative bacteria have a significant amount of LPS in their outer
membranes. It is the initial contact site for peptides when interacting
with bacteria [38,39]. Most peptides showed distinctive peaks from the
a-helical conformation. Nevertheless, compared to 50% TFE, various
peptides such as GAN-pep3, GAN-pep5, GAN-pep6, GAN-pep7, GAN-
pep8, Pep-3 m, Pep-6f, Pep-7c, Pep-8 m, and Pep-9m_g presented a
higher percentage of anti-parallel structure in LPS micelles.

3.3. Zone of inhibition

The disk diffusion experiment was first used to evaluate the anti-
bacterial activity of peptides. Ciprofloxacin, a broad-spectrum antibiotic
targeting DNA gyrase [40], and polyphemusin I, a cationic peptide from
horseshoe crab [41], were the controls. The inhibition zone with the
mean value + standard deviation of each peptide and ciprofloxacin is
shown in Fig. 3. A one-way ANOVA revealed a significant difference in
inhibition zone among the different peptide treatments (F(19, 40) =
1860, p < 0.01). Post-hoc Tukey’s HSD tests indicated that groups
marked with letters differed significantly (p < 0.05). The results depic-
ted in Table 2 reveal that ciprofloxacin-loaded cotton fibers exhibited
the largest inhibition zone of 2.97 + 0.05 cm against E. coli compared
with all other treatments (p < 0.05). In the case of polyphemusin I, it
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Table 2
Inhibition zone of AMPs and ciprofloxacin at 500 pg/mL against E. coli (1.0 x
10® cfu/mL) after 18 h.

AMPs Inhibition zone (cm) AMPs Inhibition zone (cm)
GAN-pepl 0.07 £ 0.01 Pep-6f 1.29 + 0.03
GAN-pep2 1.47 £ 0.01 Pep-7c 0.06 + 0.00
GAN-pep3 1.45 + 0.06 Pep-8 m 1.40 £ 0.03
GAN-pep4 1.48 + 0.04 Pep-9m_g 1.51 + 0.06
GAN-pep5 1.30 + 0.04 ACP_23 gag 24 0.08 + 0.01
GAN-pep6 0.06 + 0.00 AMP_23 _gag 20 1.34 +0.03
GAN-pep7 0.06 + 0.00 AFP_23 gag 18 0.09 + 0.01
GAN-pep8 1.43 £+ 0.02 AVP_23 gagl 23 0.08 + 0.01
Pep-1v 0.10 £ 0.00 Polyphemusin I 1.54 +0.01
Pep-3m 1.31 £ 0.07 Ciprofloxacin 2.97 £0.05

showed strong antimicrobial activity against E. coli, while other pep-
tides, including GAN-pep2, GAN-pep3, GAN-pep4, and Pep-9m_g, also
showed a similar effect, with inhibition zones ranging from 1.45 to 1.54
cm. Among the peptides we designed, GAN-pep2, GAN-pep3, GAN-
pep4, GAN-pep8, Pep-8 m, and Pep-9m_g caused similar inhibition
zone sizes, ranging from 1.40 to 1.51 cm. The inhibition zones for other
peptides, including GAN-pep5, Pep-3 m, Pep-6f, and AMP_23_gag 20,
were smaller, measuring 1.29 to 1.34 cm. Conversely, other peptides
exhibited less evident inhibition zones, including GAN-pep1, GAN-pep6,
GAN-pep7, Pep-lv, Pep-7c, ACP_23_gag 24, AFP 23 gag 18, and
AVP_23 gagl 23 (the results were provided in S2).

3.4. Minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC)

The MIC and MBC values of AMPs and ciprofloxacin are shown in
Table 3 and Table 4. Most of the designed peptides showed antimicrobial
activity against E. coli, with MICs ranging from 0.42 to 26.1 pM. Poly-
phemusin I demonstrated remarkable antimicrobial activity against
E. coli, with a MIC of 0.29 pM. Notably, the antimicrobial activities of
GAN-pep2, 3, 4, and AMP_23_gag 20 were comparable to that of poly-
phemusin I. Some peptides, including GAN-pep3, Pep-9m_g, and
ACP_23_gag_24, exhibited broad-spectrum antimicrobial activity. These
peptides had MICs ranging from 1.03 to 15.1 pM against both tested
Gram-negative bacterium carbapenem-susceptible and carbapenem-
resistant P. aeruginosa. Furthermore, their MIC values were between
1.54 and 3.56 pM for the methicillin-susceptible strain of S. aureus and
3.08 and 15.1 pM for the methicillin-resistant strain. Notably, the MBC
of GAN-pep3 was >3 times the MIC against Gram-positive bacteria but
only 1 to 2 times the MIC against Gram-negative bacteria. For Pep-9m_g,
only the MBC of E. coli was 2 times its MIC; all other values were
identical. ACP_23_gag_24 had an MBC value of 2 times or higher than its
MIC for all bacteria.

3.5. GAN-pep3 localization within bacterial cell membranes

Peptide localization experiments were conducted using confocal
microscopy to observe FAM-labeled GAN-pep3. All images were ac-
quired using a x 100 oil immersion lens. For clarity, a representative
region of each image was selected and magnified digitally at x5. The
fluorescence of FAM-labeled GAN-pep3 and PI overlapped in E. coli,
indicating that GAN-pep3 translocated into the cell (Fig. 4). Addition-
ally, the stronger green fluorescence on the E. coli bacterial membrane
suggested that GAN-pep3 localized primarily on the bacterial membrane
(Fig. 5A). Similarly, FAM-GAN-pep3 predominantly accumulated on the
bacterial membranes of P. aeruginosa and CRPA. In the merged images,
the red fluorescence of PI was present within the bacteria and at the sites
of bacterial fragments (Fig. 5B and C), indicating severe membrane
damage caused by GAN-pep3, with no green fluorescence from the
peptide detected. For S. aureus and MRSA, FAM-GAN-pep3 accumulated
on the bacterial membrane and exhibited yellow fluorescence in the
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Table 3
Antimicrobial activity (MIC, pg/mL or pM) of designed peptides, polyphemusin
I, and ciprofloxacin against five tested bacterial strains.
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Table 4
The minimal bactericidal concentration (MBC, pg/mL or pM) of designed pep-
tides and ciprofloxacin against five tested bacterial strains.

Bacteria Species Gram-negative Gram-positive

Bacteria Species Gram-negative Gram-positive

E. coli P. aeruginosa S. aureus E. coli P. aeruginosa S. aureus
Strain S$SG12009 CSPA* CRPA" MSSA®© MRSA! Strain SG12009 CSPA CRPA MSSA MRSA
S07-10- MO06-06- S01-10- NO07-10- S07-10- MO06-06- S01-10- NO07-10-
0059 0213 0202 0043 0059 0213 0202 0043
GAN-pepl NA© NA NA NA NA GAN-pepl NA NA NA NA NA
GAN-pep2 2/0.62 50/16.3 5/1.63 NA NA GAN-pep2 3.12/ 50/16.3 10/ 3.25 NA NA
GAN-pep3 2/0.69 3/1.03 3/1.03 5/1.72 30/10.3 1.01
GAN-pep4 2/0.69 50/17.3 3/1.03 NA NA GAN-pep3 4/1.38 3/1.03 3/1.03 >15/ >60/
GAN-pep5 225/ NA NA NA NA >5.16 >20.6
7.41 GAN-pep4 4/1.39 50/17.3 9/3.12 NA NA
GAN-pep6 NA NA NA NA NA GAN-pep5 >64/ NA NA NA NA
GAN-pep7 NA NA NA NA NA >21.1
GAN-pep8 50/ 20.6 NA NA 10/4.11 45 /18.5 GAN-pep6 NA NA NA NA NA
Pep-1v NA NA NA NA NA GAN-pep7 NA NA NA NA NA
Pep-3m 8/3.13 NA 10/ 3.91 NA NA GAN-pep8 >64/ NA NA >30/ >45/
Pep-6f 45/ 22.5 NA NA NA NA >26.3 >12.3 >18.5
Pep-7c NA NA NA NA NA Pep-1v NA NA NA NA NA
Pep-8 m 25/ 8.98 NA NA NA NA Pep-3 m 24 /9.40 NA 20/7.84 NA NA
Pep-9m_g 6/ 2.02 45 /15.1 45 /15.1 10/ 3.56 45 /15.1 Pep-6f >64/ NA NA NA NA
ACP_23_gag 24 16 / 6.17 32/123 32/123 4/1.54 8/ 3.08 >32.0
AMP_23 gag 20 2/ 0.42 32/13.5 32/13.5 NA NA Pep-7c NA NA NA NA NA
AFP_23 gag 18 NA NA NA NA NA Pep-8 m >64/ NA NA NA NA
AVP_23 gagl 23 64/ 26.1 32/13.0 32/13.0 32/13.0 64/ 26.1 >23.0
Polyphemusin I 0.7 / 0.29 NA NA NA NA Pep-9m_g 12/ 4.03 45 /15.1 45/15.1 10/3.56 45/15.1
Ciprofloxacin 0.031/ 0.13/ 8/24 0.25/ 0.25/ ACP_23_gag 24 32 /123 64 / 24.6 >64/ >12/ >24/
0.097 0.38 0.75 0.75 >24.6 >4.62 >9.25
2 P. aeruginosa S07-10-0059 is a carbapenem-susceptible strain which is AMP 23 gag 20 4/1.69 ig;‘/o 647270 NA NA
known as CSPA. AFP23.gag18  NA NA NA NA NA
b p aeruginosa N06-06-0213 is a carbapenem-resistant strain which is known AVP 23 gagl 23 64 /26.1 64/26.1 32/13.0 >64/ >64/
as CRPA. >26.1 >26.1
¢ S. aureus S01-10-0202 is a methicillin-susceptible strain which is known as Ciprofloxacin 0.063/ 0.25/ 32/96 0.25/ 05715
MSSA. 0.19 0.75 0.75

4'S. aureus N07-10-0043 is a methicillin-resistant strain which is known as
MRSA.

¢ NA: the peptide was shown to be ineffective against the bacteria when they
kept growing at the highest concentration (64 pg/mL) that was applied.

merged images, suggesting that GAN-pep3 may penetrate the bacterial
and enter the interior (Fig. 5D and E). Furthermore, the red fluorescence
of PI surrounding the bacteria indicated the absence of an intact bac-
terial membrane, with internal substances exposed.

3.6. SEM visualization of GAN-pep3-induced bacterial membrane
disruption

We investigated the morphological effects of GAN-pep3 at 1 x MIC
on E. coli, P. aeruginosa, CRPA, S. aureus, and MRSA. The findings
demonstrated that the membrane shape of treated and untreated bac-
teria differed significantly (Fig. 6). Bacterial membranes without treat-
ment were smooth, turgid, and undamaged (Fig. 6A, C, E, G, and I). In
contrast, the addition of GAN-pep3 significantly altered the cellular
morphology of E. coli, causing flaky membrane pieces, surface wrinkles,
and holes (Fig. 6B). Similarly, GAN-pep3 treatment caused wrinkled
membranes and cell debris in P. aeruginosa and CRPA (Fig. 6D and F).
For S. aureus, GAN-pep3 treatment led to minor blebbing on the surface
(Fig. 6H). The damage was even more pronounced in MRSA, where the
original form was unrecognizable (Fig. 6J).

3.7. Bacterial membrane visualized by soft x-ray tomography (SXT)

E. coli was selected as a model organism to investigate the
membrane-disrupting effects of GAN-pep3. Reconstructed slices from
Cryo-Soft X-ray Tomography (Cryo-SXT) are shown in Fig. 7. In the
untreated group, bacterial membranes appeared smooth and intact, with
clearly defined nucleoids observed as lighter zones within the denser

# NA: the peptide was shown to be ineffective against the bacteria when they
kept growing at the highest concentration (64 pg/mL) that was applied.

cytoplasm (Fig. 7A, blue arrows). In contrast, cells treated with GAN-
pep3 exhibited clear signs of membrane damage, including discontinu-
ities and faults along the membrane surface (Fig. 7B, red arrows). These
defects were accompanied by the appearance of transparent regions,
indicating cytoplasmic loss [42]. Additionally, the internal contrast of
treated bacteria was greatly reduced, resembling that of the carbon film,
suggesting leakage of intracellular contents (Fig. 7C, red arrow).

Consistent with these observations, GAN-pep3 was shown to cause
holes and surface depressions in the bacterial membrane, as evidenced
by alterations in membrane structure and surface morphology seen in
Figs. 7 and 8. Interestingly, Fig. 7B and C, captured during the same
experiment, displayed different stages or outcomes of peptide-induced
damage. We hypothesize that GAN-pep3 induces pore formation in the
E. coli membrane, leading to cytoplasmic leakage at varying degrees. In
some cells, membrane permeability increased, resulting in partial con-
tent loss (Fig. 7B), while in others, nearly complete leakage occurred,
leaving only the bacterial outline visible (Fig. 7C). These findings sup-
port the membrane-disruptive mechanism of GAN-pep3 as a key
contributor to its antibacterial activity.

The continuous slices of treated E. coli are shown in Fig. 8. The top
slice showed a disruption in the membrane border of E. coli and a
decrease in internal contrast, suggesting internal materials were leaking
(Fig. 8A, red arrow). The membrane rupture hole grew wider as the slice
descended, and an interior cavity was visibly created. This suggests that
GAN-pep3 may concentrate here, damaging the bacterial membrane and
further leakage of internal substances (Fig. 8B, C, and D, red arrow).
These results demonstrate that GAN-pep3 can directly harm the bacte-
rial membrane and cause the leakage of internal substances.
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Fig. 4. Translocation of FAM-GAN-pep3. Fluorescence confocal microscopy images depict E. coli treated with FAM-labeled GAN-pep3 at 2 x MIC and stained with PI
dye. Green fluorescence indicates the localization of the peptide within the cells. Red fluorescence shows the nucleic acids stained by PI. Scale bar: 10 pm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.8. Safety and therapeutic index of peptides

Erythrocytic cells incubated with various peptide concentrations
were used to determine the lysis rate and assess the peptides’ hemolytic
activity (Fig. 9). Most AMPs exhibited a dose-dependent response, with
an increased hemolysis rate corresponding to higher peptide concen-
trations. Pep-3 m, Pep-6f, Pep-7c, AMP_23 gag 20, and AFP_23 _gag 18
showed minimal hemolytic activity among the tested peptides.
Conversely, other AMPs exhibited hemolytic activity. The values of
MHC;( from the highest to the lowest were AVP_23_gagl_23 (36.9 pM),
ACP_23_gag_24 (16.8 pM), GAN-pep3 (13.9 pM), Pep-8 m (10.5 pM), and
Pep-9m_g (3.95 pM) (Table 5). It is noteworthy that four AMPs,
including ACP_23_gag 24, AMP_23 _gag 20, AFP_23 gag 18, and
AVP_23 gagl 23, were designed to have low hemolytic activity from Al
models and indeed exhibited reduced hemolysis compared to other
AMPs.

The selectivity of antimicrobial drugs for bacteria instead of eryth-
rocytes is used to assess their therapeutic potential [12]. The therapeutic
index (TI) measures peptide selectivity by taking the geometric mean
(GM) of MIC values against tested bacteria and the concentration of
peptide leading to 10% fresh red blood to lyse [43,44]. Among all tested
peptides, AMP_23_gag 20 and Pep-3 m demonstrated the highest TI
value against Gram-negative bacteria, with TI (—) values of 30.1 and
23.5, respectively, attributed to their low hemolysis rates. Although
GAN-pep3 had broad-spectrum antimicrobial activity, it exhibited some
hemolytic activity; however, its GM was the lowest among all peptides
against Gram-negative bacteria, resulting in a TI (—) value of 15.
Furthermore, ACP_23_gag_24 showed the highest TI (4) value against
Gram-positive bacteria at 7.71, due to the lowest GM (+) value.

3.9. The cytotoxicity to human normal cells

The cytotoxicity of AMPs was tested in human pulmonary fibroblast
HPF-a cells. Most AMPs were cytotoxic to HPF-a cells (Fig. 10). Table 6
displays the AMP concentrations required to decrease HPF-a cell
viability by 50% (ICsg), which were determined. The most cytotoxic
substances against HPF-a cells were Pep-8 m and GAN-pep8, which had
ICsp values of 3.99 and 4.54 pM, respectively. The ICsq values for GAN-
pep3 and Pep-9m_g was 9.96 and 9.32 pM, respectively, indicating
moderate cytotoxicity. However, at the highest concentrations of Pep-3
m and Pep-6f, cell viability was significantly reduced. Finally, at all
investigated concentrations, Pep-7c exhibited negligible cytotoxicity
and no discernible cell mortality.

4. Discussion

Leveraging the powerful capabilities of Generative Adversarial Net-
works (GANs), the rapid development of highly effective and low-toxic

antimicrobial peptides (AMPs) has become an achievable goal. AMPs
possess a unique antibacterial mechanism: they form a specific sec-
ondary structure on the bacterial outer membrane, subsequently leading
to bacterial membrane perforation and reduced stability, thereby su-
perseding traditional antibiotics [45]. In this study, we selected the
WGAN-GP model primarily due to its exceptional training stability and
notable ability to mitigate mode collapse, a significant hindrance to
diversity in generative models. With WGAN-GP, we successfully gener-
ated diverse peptide candidates that retained AMP-like physicochemical
characteristics. While we compared WGAN-GP with the original GAN
model in our previous work, we acknowledge that we have not yet
benchmarked our approach against newer generative models such as
Diffusion Models or Variational Autoencoders (VAEs). This remains a
limitation, and we plan to address these more extensive comparisons in
our next publications.

This study proposes an innovative approach to AMP discovery and
design, utilizing Al-guided methodologies to enhance antimicrobial ac-
tivity. We selected top-ranked 18 AMP candidates (GAN-pep1-8, Pep-1v
— Pep-9m_g, and ACP_23 gag 24 — AVP_23_gagl _23) to evaluate their
antimicrobial efficacy.

Disk diffusion testing revealed that 10 candidates exhibited antimi-
crobial activity against E. coli. GAN-pep3, Pep-9m_g, and ACP_23_gag 24
were identified as having broad-spectrum antimicrobial effects, showing
their effectiveness in suppressing antibiotic-resistant bacteria growth
used in MIC assay. Notably, GAN-pep3 demonstrated remarkable and
rapid broad-spectrum antimicrobial activity, comparable to antibiotics
like vancomycin and ciprofloxacin [46,47]. However, it is worth noting
that the MIC of GAN-pep3 against Gram-negative bacteria is lower than
that against Gram-positive bacteria. This variation could be attributed to
the structural differences between Gram-negative and Gram-positive
bacteria.

Studies have shown that AMPs with net charges ranging from +3 to
+8 enhance antimicrobial activity [48,49]. Our findings align with this
observation, showing that GAN-pep3, Pep-9m_g, and ACP_23_gag_24,
with net charges of +5.8, +5.0, and + 3.1, respectively, exhibit broad-
spectrum antimicrobial activity. However, excessive charge can reduce
peptide efficacy by causing repulsion between adjacent peptides [50].
Pep-3 m and Pep-8 m, with net charges of +9.8, exhibit low antimi-
crobial activity against E. coli. Their MIC values are 4.5 times (3.13 uM)
and 13 times (8.98 uM) that of GAN-pep3 (MIC = 0.69 pM), respectively.

Furthermore, the secondary structures of peptides affect their anti-
microbial activity. Peptides can interact with and disrupt microbial cell
membranes because of their amphipathic a-helical structures [51]. Ac-
cording to our findings, the broad-spectrum antimicrobial properties of
GAN-pep3, Pep-9m_g, and ACP_23_gag_24 have a-helical proportions
ranging from 21.1 to 51.3%. Nevertheless, the a-helical proportions of
GAN-pep6, GAN-pep7, Pep-1v, and Pep-7c, which exhibited no antimi-
crobial activity, ranged from 0.00 to 8.80%. GAN-pepl and
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Fig. 5. Localization of FAM-GAN-pep3 within bacterial cells. Fluorescence confocal microscopy images depict (A) E. coli, (B) P. aeruginosa, and (C) CRPA treated with
FAM-labeled GAN-pep3 at 2 x MIC, and (D) S. aureus and (E) MRSA treated with FAM-labeled GAN-pep3 at 1 x MIC. All bacterial cells were stained with PI dye.
Green fluorescence indicates the localization of the peptide within the cells. Red fluorescence shows the nucleic acids stained by PI. Scale bar: 10 pm. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. HRSEM images of bacteria. (A), (B) E. coli, (C), (D) P. aeruginosa, (E), (F) CRPA, (G), (H) S. aureus, and (I), (J) MRSA treated with or without GAN-pep3 at 1

x MIC.

Fig. 7. Tomographic reconstructed slices of E. coli (A) without treatment and
(B) (C) treated with GAN-pep3. The blue triangles indicate the nucleoids inside
the bacteria, and the red ones indicate the membrane damage caused by
designed peptides. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

AFP_23 gag 18 did not show any antimicrobial properties despite hav-
ing a-helical proportions of 25.9% and 22.0%, respectively. GAN-pep1
had an inadequate charge (+1.9 eV), and AFP_23 gag 18 had insuffi-
cient hydrophobicity (16.67%), which prevented them from interacting
with the bacterial cell membrane surface.

We speculate that GAN-pep3 uses a carpet-like mechanism to pro-
mote membrane permeabilization and destruction. According to the
mechanism analysis, GAN-pep3 exhibits a random coil configuration in
an aqueous solution environment. Once it contacts the bacterial surface,
it transforms into an a-helical structure and attaches to the bacterial cell
membrane. Six consecutive hydrophobic amino acids (Ala®’, Leu?!,
Pro?2, Ala?3, 11e?*, and Ile?®) at its C-terminal can partially penetrate the
bilayer hydrocarbon core and promote membrane permeabilization.
GAN-pep3 damaged the bacterial cell membrane, causing holes and
depressions on the bacterial surface, as validated by observations of
alterations on the bacterial surface and cell membrane. X-ray tomogra-
phy revealed a discontinuous cell membrane surface (Fig. 7B and 8).
Furthermore, it was discovered that Fig. 7B and C exhibited distinct
results within the identical experimental process. We hypothesized that
GAN-pep3 caused a hole in the E. coli cell membrane, allowing some
cytoplasm to leak (Fig. 7B, red arrow). The bacteria, on the other hand,
merely left a more noticeable outline. This could be due to GAN-pep3
making the cell membrane more permeable, allowing more cytoplasm
to escape (Fig. 7C, indicated by the red arrow).

Finally, the biological activity of synthetic AMPs used in medicine
should be assessed. The biosafety of these peptides was evaluated using
hemolysis assays. The results showed that AMP_23_gag_20 (TI = 30.1),
Pep-3 m (TI = 23.5), and GAN-pep3 (TI = 15.4) exhibited great thera-
peutic index values against Gram-negative bacteria, and ACP_23_gag 24

10

(TI = 7.71) exhibited the greatest value against Gram-positive bacteria.
These peptides demonstrated higher therapeutic potential than Melittin
(TI = 0.18) [31], Cecropin A (TI = 21.3) [52], and HEA-9 (TI = 6.32)
[53].

On the other hand, HPF-a cells were used to conduct the peptide’s
cytotoxicity assay. The findings demonstrated the considerable cyto-
toxicity of several AMPs to HPF-a, including GAN-pep8 and Pep-8 m.
The interactions between peptides and healthy cell membranes are
mostly driven by hydrophobic interactions [54]. Consequently, one of
the potential causes of the harmful effects of Pep-8 m on healthy cells is
its high hydrophobicity (58.33%). Furthermore, the peptide orientation
affects the interaction between peptides and cell membranes [55]. The
survival of HPF-a cells was somewhat affected by the helical GAN-pep3,
GAN-pep8, Pep-8 m, and Pep-9m_g. In contrast, HPF-a cells were barely
affected by Pep-6f and Pep-7c.

This study highlights the strengths of the WGAN-GP architecture in
generating AMP candidates that closely mimic natural AMPs in sequence
and function, with high success rates in vitro. Its stability and resistance
to mode collapse allow for reliable exploration of novel sequence space.
Still, the lack of structure-based learning and the need to benchmark
against other generative models remain limitations. The identified
peptides, particularly GAN-pep3, show promising therapeutic potential,
outperforming known AMPs in both potency and selectivity. These
candidates could be applied in clinical settings, such as topical antimi-
crobials or catheter coatings. However, commercialization will require
overcoming key challenges, including synthesis cost, in vivo stability,
and delivery. Future work will focus on refining the model through
structure-aware training, conducting in vivo studies aligned with the 3R
principles, and integrating high-throughput screening pipelines. These
efforts aim to bridge the gap between in silico peptide generation and
clinical application.

5. Conclusions

We successfully designed novel antimicrobial peptides (AMPs) to
investigate their antimicrobial properties and biosafety features. The
intended AMPs ranged in charge from —1.0 to +9.8, their hydropho-
bicity from 16.67% to 59.06%, and their length ranged from 13 to 30
amino acids. Given that the secondary structure of antimicrobial pep-
tides (AMPs) plays a crucial role in their antimicrobial properties, our
findings indicate that most AMPs in this study exhibit a helical structure
in a bacterial membrane-like environment. According to the data, the
results showed that the designed peptides exhibited desirable antimi-
crobial activity, which was significantly better than that of antibiotics.
GAN-pep3-induced damage and increased membrane permeabilization
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Fig. 8. Tomographic reconstruction of different slices of E. coli treated with GAN-pep3. The vertical slices are (A) to (D) from top to bottom. The red triangles
indicate the membrane damage caused by designed peptides. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 9. The hemolytic activity of peptides. Error bars represent the + standard
deviations of three repeated measurements.

Table 5

Geometric mean (GM) of MIC for Gram-negative (—) and positive bacteria (+),
minimal hemolytic concentration (MHC), and therapeutic index (TI)? for the
analyzed AMPs.

AMPs GM(-) GM(4)  MHC” (M)  TI(-) TI (+)
GAN-pep3 0.90 4.21 13.9 15.4 3.30
GAN-pep8 38.5 8.72 8.36 0.217  0.959
Pep-3m 8.50 50.2 > 100 23.5 3.98
Pep-6f 45.2 64.0 > 100 4.43 3.13
Pep-7c¢ 88.8 88.8 > 100 2.25 2.25
Pep-8 m 26.7 46.0 10.5 0.393  0.23
Pep-9m_g 7.72 7.33 3.95 0.51 0.54
ACP_23 gag 24 9.77 2.18 16.8 1.72 7.71
AMP_23_gag_20 4.25 54.0 > 64 30.1 2.37
AFP_23_gag 18 57.4 57.4 > 64 2.23 2.23
AVP 23 gagl 23  16.4 18.4 36.9 2.25 2.00

2 TI was calculated as MHC;o/GM.
b 10% of minimal hemolysis concentration (MHC,() was characterized as the
lowest concentration inducing 10% hemolysis.

were observed due to its broad-spectrum antimicrobial activity. The
carpet-like mechanism of destroying bacterial membranes was linked to
this peptide’s antimicrobial effect. Additionally, GAN-pep3 offered
benefits for medicinal applications and was more selective for bacteria
than red blood cells.

Although it appears promising, further research and refinement are
necessary before Al-designed AMPs can be effectively utilized in clinical
settings. Future clinical trials are necessary to evaluate the safety and
effectiveness of these approaches in human participants, as in vivo
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Fig. 10. Cell viability rate of HPF-a after treated with GAN-pep3, GAN-pep8, Pep-3 m, Pep-6f, Pep-7c, Pep-8 m, and Pep-9m_g for 48 h. Data is expressed as the mean

+ SD. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. 0 pM group.

studies employing animal models have yielded valuable insights. Their
potential as useful additions to the toolkit of contemporary medicine in
the fight against infectious diseases will be ascertained through further
research and clinical studies.
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