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Abstract

Background/Objectives: Staphylococcus aureus virulence is tightly regulated by the agr (ac-
cessory gene regulator) quorum-sensing system. Targeting AgrC, the histidine kinase re-
ceptor that serves as a core regulator of agr signaling, represents a promising antivirulence
strategy that circumvents conventional bactericidal pressure. Methods: In this study,
structure-based virtual screening using AutoDock Vina was performed, followed by mo-
lecular dynamics simulations, to identify potent analogs of known AgrC inhibitors. Re-
sults: A cyclo[Ala-Phe-OLeu-Phe-D-Leu] exhibiting high binding affinity and stable re-
ceptor interaction was selected for further evaluation. Antimicrobial susceptibility testing
confirmed that the compound did not inhibit bacterial growth. However, at a concentra-
tion of 16 pug/mL, it significantly inhibited hemolytic activity with high reproducibility,
and the inhibition rate reached 77.60%. Quantitative reverse transcription PCR (RT-qPCR)
demonstrated that the compound decreased some key AgrC-mediated genes, including
agrC, agrA, saeS, hla, spa, fnbA, and lukS. Conclusions: These findings identify a promising
cyclic pentapeptide inhibitor of AgrC that effectively attenuates S. aureus virulence with-
out exerting bactericidal pressure. This work provides a valuable lead compound and of-
fers novel insights for the development of advanced, safe, and effective antivirulence ther-
apeutics.

Keywords: Staphylococcus aureus; quorum-sensing quenching; AgrC histidine kinase;
microbial antagonist; computer-aided drug design

1. Introduction

Staphylococcus aureus is a typical zoonotic Gram-positive pathogen that frequently
contaminates animal-derived foods, such as livestock and poultry products, and spreads
through the food chain. It can cause superficial skin infections in humans, as well as life-
threatening severe illnesses including sepsis, pneumonia, and toxic shock syndrome [1].
As a major etiological agent responsible for healthcare-associated, community-acquired,
and foodborne infections, the emergence of methicillin-resistant (MRSA), vancomycin-
intermediate, and vancomycin-resistant S. aureus (VISA/VRSA) has not only complicated
clinical treatment but also exacerbated the global burden on food safety and public health
[2,3]. Global burden of disease estimates indicate that the mortality and morbidity rates
associated with antimicrobial-resistant infections are continuously increasing, and S. au-
reus ranks among the leading pathogens. Its induced infections and food contamination-
related hazards impose substantial medical and economic burdens [4,5]. These
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increasingly severe challenges underscore an urgent need to decipher the pathogenic
mechanisms of S. aureus and develop innovative prevention and control strategies.

The pathogenicity of S. aureus is driven by the synergistic action of surface adhesins,
secreted toxins, and robust biofilm formation, which collectively mediate host tissue col-
onization, immune evasion, and antibiotic tolerance [6-9]. Furthermore, the pathogen’s
capacity for metabolic reprogramming and stress adaptation facilitates sustained infection
and dissemination [10,11]. Confronted with multidrug-resistant strains and biofilm-asso-
ciated infections, conventional antimicrobial therapies demonstrate diminishing efficacy,
highlighting the limitations of current treatment paradigms [12,13]. Consequently, anti-
virulence strategies, which aim to suppress bacterial virulence rather than viability, have
garnered significant interest [14].

This approach offers a promising alternative to mitigate the selective pressure for
resistance and preserve host microbiota homeostasis [15,16]. Central to the virulence reg-
ulation of S. aureus is its quorum-sensing system, particularly the accessory gene regulator
(agr) pathway [17]. This autoinducing peptide-mediated two-component system senses
cell density and, primarily through the effector RNAIII, orchestrates a phenotypic switch
from an adhesive to a toxin-producing state [18,19]. This transition enables precise spati-
otemporal control over virulence expression, phenotypic plasticity, and biofilm dynamics,
ultimately determining infection outcomes [20,21]. Therefore, targeted disruption of the
agr system represents a highly promising therapeutic strategy for attenuating S. aureus
pathogenicity [22].

Within this system, the membrane-bound histidine kinase AgrC functions as a core
enzymatic receptor with a well-defined substrate and product: its substrate is the autoin-
ducing peptide (AIP) secreted by S. aureus, and its enzymatic product is the phosphory-
lated form of AgrC (AgrC-P), generated via autophosphorylation at the conserved histi-
dine residue (His-239) [23]. AgrC-P then transfers the phosphate group to the cytoplasmic
response regulator AgrA, initiating the transcription of RNAIII (the key effector of the agr
system) and ultimately regulating the expression of more than 100 virulence genes [18].
Thus, AgrC is the upstream “switch” of S. aureus virulence—its inactivation blocks the
entire agr signaling pathway, preventing toxin secretion and biofilm maturation [22]. Alt-
hough several AgrC inhibitors—including natural product-derived compounds such as
rhein and 1,8-Dihydroxy-3-(hydroxymethyl)anthraquinone (aloe-emodin), as well as syn-
thetic peptides—have been identified, their structural diversity remains constrained, often
relying on the native AIP scaffold [24,25]. The native AIP of S. aureus is a cyclic octapeptide.
The cyclic peptides have three features: (1) cyclic scaffolds exhibit higher structural stabil-
ity than linear peptides (resistant to proteolytic degradation by bacterial proteases) [26];
(2) their rigid conformation enables precise binding to the hydrophobic active pocket of
AgrC [27]; (3) they have low cytotoxicity to mammalian cells compared with small-mole-
cule inhibitors [28]. Moreover, their detailed structure-activity relationships and precise
molecular mechanisms are incompletely understood, hindering rational optimization
[29]. To address these gaps and discover novel chemotypes, we implemented a structure-
based virtual screening strategy [30].

We hypothesize that compounds sharing high three-dimensional similarity with
known AgrC inhibitors may engage the target through analogous binding modes, thereby
retaining inhibitory potential [31]. By systematically screening for such structural analogs
and employing integrated computational and experimental validation, this study aims to
identify new AgrC-targeting candidates that effectively suppress virulence, providing ad-
vanced starting points for the development of next-generation antivirulence therapeutics
[32]. Some potential drugs were screened as quorum-sensing quenching agents. Subse-
quently, they were tested for antimicrobial susceptibility and hemolytic activity, and RT-
qPCR was used to determine whether they were suitable as antivirulence factors.
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2. Results
2.1. Virtual Screening Identifies Potential Cyclic Pentapeptide Compounds

In this study, a compound library for virtual screening was constructed by collecting
3387 structural analogs from the PubChem database (Table 1). These compounds cover a
wide range of inhibitor classes; they are all analogs of candidate compounds, which were
proven to be AgrC inhibitors. To overview the in silico screening, the key results are sum-
marized as follows: (1) Compound library: 3387 structural analogs covering seven inhibi-
tor families (Sitagliptin, Trelagliptin, Omarigliptin, Goldenseal, Hispidulin, Savirin, Solo-
namide B), with quantities ranging from 12 (Savirin) to 997 (Hispidulin). (2) Binding en-
ergy range: —7.875 kcal/mol (Savirin analog, CID:146597383) to —9.863 kcal/mol (Golden-
seal analog, CID:46906937), showing broad affinity spectrum. (3) Hit compound: The cy-
clic pentapeptide (Solonamide B analog, CID:44578450) had a binding energy of -8.474
kcal/mol and predicted interaction with PHE-382/PHE-386/LEU-412, meeting the screen-
ing criteria. A binding energy lower than 5.0 kcal/mol indicates a strong binding ability,
and when the binding energy is lower than —8.0 kcal/mol, it indicates an ideal binding
affinity. It was prioritized for validation due to stable binding with hydrophobic interac-
tions and hydrogen bonds and structural compatibility with the AgrC active pocket. This
cyclo[Ala-Phe-OLeu-Phe-D-Leu] compound (solonamide B analogs, hereinafter referred
to as the cyclic pentapeptide) showed potential in preliminary screening (Figure 1). The
target cyclic pentapeptide cyclo[Ala-Phe-OLeu-Phe-D-Leu] has a primary structure with
a cyclic backbone formed by peptide bonds between the N-terminus (Ala) and C-terminus
(D-Leu).

Table 1. Screening of seven inhibitor analogs.

Candidate The Quantity of The Best Candidate = Maximum Binding Energy Reference
Compounds Structural Analogs Compound (CID) (Kcal/mol)
Sitagliptin 709 24777177 -9.442 [33]
Trelagliptin 442 168958264 -8.429 [33]
Omarigliptin 437 118613955 -9.111 [33]
Goldenseal 405 46906937 -9.863 [34]
Hispidulin 997 5281627 -8.68 [35]
Savirin 12 146597383 ~7.875 [36]
Solonamide B 338 44578450 -8.474 [37]
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Figure 1. Two-dimensional structure of the cyclic pentapeptide.

The molecular scaffold of the compound establishes close interactions with the aro-
matic residues PHE-382 and PHE-386 through hydrophobic interactions and m-m stacking,
which serve as the primary driving force for ligand binding (Figure 2). Additionally, polar
atoms in the ligand form two crucial hydrogen bonds with the backbone atoms of LEU-
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412, with bond lengths of 3.7 A and 3.9 A, respectively. These hydrogen bonds further
stabilize the orientation and stability of the ligand within the active pocket.

T~ PHE-382

PHE-386

Figure 2. Molecular docking of the cyclic pentapeptide with AgrC.

2.2. Molecular Dynamics Simulations Confirm the Dynamic Stability of the Complex

To validate the dynamic stability of the cyclic pentapeptide binding to the AgrC re-
ceptor, a 100 ns molecular dynamics (MD) simulation of the formed complex was con-
ducted. A comprehensive evaluation was performed using metrics such as the gyration
radius (Rg), root mean square deviation (RMSD), and root mean square fluctuation (RMSF)
of residues, as shown in Figure 3. The total gyration radius of the complex remained con-
sistently stable within the range of 1.4 + 0.05 nm, with fluctuations in the x/y/z directions
all below 0.1 nm, indicating that its spatial conformation maintained high compactness,
without protein backbone loosening or conformational collapse (Figure 4A). The RMSD
of the AgrC protein alone and the complex stabilized after 20 ns of simulation, with the
complex RMSD remaining within 0.22-0.30 nm, consistent with the trend of AgrC alone
but with smaller fluctuations. This confirms that ligand binding did not induce significant
conformational rearrangement of the protein backbone, ruling out the possibility of static
docking artifacts (Figure 4B). The RMSF values of most AgrC residues were below 0.3 nm,
with the binding region residues (residues 380-420) having RMSF values below 0.2 nm,
indicating that the cyclic pentapeptide restricted the local flexibility of the binding region
residues, thereby further locking the ligand-binding conformation (Figure 4C).
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Figure 3. The interaction of the cyclic pentapeptide with AgrC.
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Figure 4. Molecular dynamics simulation of the cyclic pentapeptide-AgrC protein complex. (A) Ra-
dius of gyration analysis. (B) RMSD line graph. (C) RMSF line graph.
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2.3. Minimum Inhibitory Concentration (MIC) of Cyclic Pentapeptide

The minimum inhibitory concentration (MIC) was defined as the lowest compound
concentration that inhibited bacterial growth by <5% compared with the growth control
(CK group), according to CLSI guidelines. The MIC of the cyclic pentapeptide against
MRSA was determined by the microbroth dilution method (Figure 5). The growth control
(CK group) showed a high AODew value, indicating normal bacterial growth. In the range
of 1024 pug/mL to 2 ug/mL (serial two-fold dilutions: 1024, 512, 256, 128, 64, 32, 16, §, 4,2
ug/mL), no significant difference was observed in the AODeo values between the com-
pound-treated groups and the CK group (denoted as “ns,” p > 0.05), indicating no appar-
ent reduction in bacterial turbidity. Even at the highest concentration (1024 ug/mL), no
significant inhibitory effect was observed, indicating that the cyclic pentapeptide has
weak antibacterial activity against S. aureus.
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Figure 5. The inhibitory effect against S. aureus of the cyclic pentapeptide. “ns” indicates no signif-
icant difference (p = 0.05).

2.4. Inhibitory Effect of Cyclic Pentapeptide on a-Hemolysin Formation

The rabbit erythrocyte hemolysis assay (Figure 6) was performed with a final DMSO
concentration of 0.1% (v/v) in all treatment groups. The untreated control (0 pg/mL) and
DMSO solvent control (0.1% v/v) exhibited nearly 100% hemolytic activity with no signif-
icant difference (ns, p > 0.05), confirming that DMSO had no interfering effect and validat-
ing the assay’s reliability. Gross observation (Figure 6A) revealed deep reddish-brown
supernatants in the two controls (indicating robust hemolysis) versus pale yellow in the
negative control; as the cyclic pentapeptide concentration increased from 2 to 16 pug/mL,
the supernatant color gradually faded, with the 16 pg/mL group nearly indistinguishable
from the negative control. Quantitative analysis (Figure 6B) further confirmed the inhibi-
tory effect: the hemolytic activity decreased to approximately 50% at 2 and 4 pg/mL,
slightly rebounded at 8 ug/mL, yet remained significantly lower than that of the control
group, and dropped to around 20% at 16 pg/mL (relative standard deviation, RSD = 3.2%,
n = 3 biological replicates and 3 technical replicates per experiment), and the inhibition
rate reached 77.60%. Notably, the difference was extremely significant compared with the
untreated control group (**** p <0.0001).
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Figure 6. Inhibitory effect of the cyclic pentapeptide on the hemolytic activity of S. aureus. (A) The
hemolysis of rabbit red blood cells was observed in different concentrations of the cyclic pentapep-
tide and in the control group. (B) The hemolytic activity of erythrocytes treated with cyclic pen-
tapeptide. The darker the color of the column indicates the more significant the hemolysis effect.
s p < 0.0001.

2.5. Effect of Cyclic Pentapeptide on the Gene Expression of S. aureus

The impact of the cyclic pentapeptide on the expression of target genes in S. aureus
was evaluated using RT-qPCR. The genes examined included those associated with the
quorum-sensing system (saeS, agrA, agrC), virulence factors (hla, [ukS, fubA), and an im-
mune-evasion gene (spa) (Figure 7). With gyrB serving as the internal reference gene, the
RT-qPCR results demonstrated that, compared with the control group (CK), the relative
expression level of saeS was significantly reduced in the group treated with 16 pg/mL of
the cyclic pentapeptide. Similarly, the expression of agrC, agrA, hla, spa, fnbA, and lukS was
markedly downregulated.
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Figure 7. Relative expression levels of quorum-sensing and virulence-related genes in S. aureus. The

samples were treated with 16 ug/mL cyclic pentapeptide. gyrB as the internal reference gene; n =3
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biological replicates; * p < 0.05, **** p < 0.0001 vs. CK group. The darker the color of the column

indicates the higher level of gene expression.

3. Discussion

Different substances were screened out. Some hypoglycemic agents such as
Sitagliptin and Trelagliptin were weakly antivirulent; some natural chemicals such as
Goldenseal and Hispidulin mainly showed antimicrobial activity. Savirin is a well-stud-
ied drug as a quorum-sensing quenching agent, but it targets AgrA. Solonamide B directly
affects AgrC and is a pure quenching agent [38]. Furthermore, it has a cyclic peptide, more
like S. aureus’ natural AIP cyclic octapeptide. An identical structure determines an identi-
cal function. Therefore, the cyclo[Ala-Phe-OLeu-Phe-D-Leu] identified through structure-
based virtual screening functions was selected as an antivirulence agent against S. aureus.
Although the compound exhibited negligible antibacterial activity, it effectively attenu-
ated virulence by targeting the AgrC receptor and suppressing downstream toxin pro-
duction [39,40]. This finding is consistent with the emerging paradigm of antivirulence
therapeutics, which aims to “disarm” pathogens without exerting bactericidal pressure.
The Agr system represents a central regulatory axis controlling quorum sensing, toxin
secretion, and biofilm dynamics in S. aureus [40,41].

Here, molecular docking and molecular dynamics simulations revealed that the cy-
clic pentapeptide binds stably to the AgrC active pocket through a combination of hydro-
phobic interactions and hydrogen bonding with key residues, supporting the compound’s
ability to interfere with receptor activation [42]. The binding energy of the cyclic pentapep-
tide to AgrC (-8.474 kcal/mol) is primarily determined by two types of interactions: (1)
hydrophobic interactions and m-m stacking between the peptide’s Phe/OLeu residues and
AgrC’s PHE-382/PHE-386 (contributing ~60% of the binding free energy) and (2) two hy-
drogen bonds between the peptide’s polar atoms and LEU-412’s backbone atoms (bond
lengths 3.7 A and 3.9 A), which lock the ligand in the active pocket. Compared with Solo-
namide B, whose binding energy with AgrC is -8.2 kcal/mol, the additional hydrogen
bond in our compound reduces the binding energy by 0.274 kcal/mol, enhancing the bind-
ing stability. The stable binding conformation observed throughout the simulations fur-
ther confirms the structural compatibility between the ligand and AgrC, reinforcing the
proposed mechanism of action [43].

Functionally, the compound’s ability to markedly inhibit a-hemolysin production
without affecting bacterial viability highlights its specificity toward quorum-sensing reg-
ulation rather than essential physiological pathways [44]. The concentration-dependent
hemolysis inhibition (2 pg/mL: 50% inhibition — 8 pg/mL: 60% inhibition — 16 ug/mL:
77.6% inhibition) shows a slight rebound at 8 pg/mL, which may be attributed to S. au-
reus’s compensatory stress response. At low concentrations (2—4 pg/mL), the peptide par-
tially occupies AgrC, inhibiting a-hemolysin production. At 8 pg/mL, the bacterium acti-
vates the sarA regulon (a backup virulence regulator [9]), leading to the partial recovery
of hemolysin synthesis. At 16 ug/mL, the peptide fully blocks AgrC, suppressing both agr,
resulting in maximal inhibition.

The cyclic pentapeptide downregulates each target gene through distinct mecha-
nisms: (1) agrC/agrA: Direct binding to AgrC inhibits its autophosphorylation, blocking
the phosphorylation of AgrA and subsequent RNAIII transcription [41,42]. (2) saeS: The
sae two-component system cross-talks with agr [20]; so, AgrC inhibition indirectly re-
duces saeS expression. (3) hla/lukS: These toxin-encoding genes are direct targets of
RNAIII [18]; so, reduced RNAIII levels lead to their downregulation. (4) fnbA: This adhe-
sion gene is regulated by both agr and sarA [7], and the peptide’s suppression of both
pathways reduces its expression. (5) spa: The immune-evasion gene spa is repressed by
RNAIII [19]; so, AgrC inhibition relieves this repression, but our data show
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downregulation, likely due to indirect effects of saeS suppression [20]. This pattern mir-
rors that of other reported Agr-targeting inhibitors, yet the present study expands the cur-
rent knowledge by providing detailed dynamic insights into AgrC-ligand interactions
and by demonstrating pronounced transcriptional repression of both regulatory (agrA,
agrC, saeS) and virulence-associated genes (hla, [ukS, fnbA, spa) [45,46]. The significant
downregulation of these genes at 16 pg/mL further underscores the compound’s potential
as a potent quorum-quenching molecule.

Compared with previous studies focusing primarily on AIP analogs or AgrA inhibi-
tors, our findings offer a distinct perspective by emphasizing direct inhibition at the re-
ceptor level and integrating computational modeling with experimental validation
[27,39]. The selected cyclic pentapeptide has three distinct advantages: (1) a higher bind-
ing affinity to AgrC (-8.474 kcal/mol vs. aloe-emodin’s 7.8 kcal/mol and solonamide B’s
-8.2 kcal/mol; (2) a broader inhibitory spectrum on virulence genes (simultaneously tar-
geting agr, sae, and spa pathways); (3) a lower cytotoxicity (IC50 > 100 pug/mL in human
intestinal epithelial cells [36] vs. rhein’s IC50 = 65 pg/mL).

This combined approach not only strengthens confidence in the proposed molecular
mechanism but also provides a framework for the rational optimization of AgrC-targeting
scaffolds. This cyclic pentapeptide may be applied not only to medicine for antivirulence
but also for use as a food preservative to prevent S. aureus-secreting toxins.

4. Materials and Methods
4.1. Bacterial Strain

A methicillin-resistant Staphylococcus aureus (MRSA) reference strain, USA300 (Zhili-
zhongte Biotechnology, Wuhan, China), was maintained as glycerol stocks at —80 °C and
used for all experiments. The S. aureus strain used in this study was identified as methi-
cillin-resistant S. aureus (MRSA) via the disk diffusion method, according to the Clinical
and Laboratory Standards Institute (CLSI) guidelines (2023 edition). The inhibition zone
diameter of methicillin (1 pg/disk) was 9 mm (<10 mm, MRSA phenotype), and the van-
comycin MIC was 2 ug/mL (susceptible phenotype).

4.2. Chemicals and Reagents

The cyclic pentapeptide compound (purity > 98%) was synthesized by Yuhao Chem-
ical Technology Co., Ltd. (Hangzhou, China). Dimethyl sulfoxide (DMSO) was obtained
from Kelong Chemical Reagent Co., Ltd. (Chengdu, China). Luria—Bertani (LB) broth,
Mueller-Hinton broth (MHB), and tryptic soy broth (TSB) were purchased from Aoboxing
Biotechnology Co., Ltd. (Beijing, China). Phosphate-buffered saline (PBS, pH 7.2-7.4) was
supplied by Lanjie Ke Technology (Beijing, China). A 4% rabbit erythrocyte suspension,
crystal violet staining solution, and destaining buffer were acquired from Xinboyan Bio-
technology (Lanzhou, China) and YuanYe Biotechnology (Shanghai, China), respectively.

The purity and identity of the cyclic pentapeptide were verified by electrospray ion-
ization mass spectrometry (ESI-MS, Agilent 6545 Q-TOF MS, Agilent, San Jose, CA, USA).
The molecular ion peak [M + H]+ was detected at m/z 586.3, which is consistent with the
theoretical molecular weight (586.2 Da) of cyclo[Ala-Phe-OLeu-Phe-D-Leu]. The purity of
the compound was determined to be 295%, using high-performance liquid chromatog-
raphy (HPLC, Agilent 1260, Agilent, San Jose, CA, USA) with a C18 column (Figure 8).
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Figure 8. The mass spectrum of the cyclic pentapeptide. The red part indicates the R configuration

of the molecular.

4.3. Revival and Activation of Strains

The cyclic pentapeptide was dissolved in dimethyl sulfoxide (DMSO) to prepare a
stock solution at a concentration of 20 mg/mL. The solution was sterilized by passage
through a 0.22 pm polyethersulfone (PES) membrane filter and stored at —20 °C until fur-
ther use. Frozen glycerol stocks were thawed on ice, and 0.5 mL was inoculated into 50
mL sterile LB broth. The cultures were incubated at 37 °C for 18-24 h under 200 rpm shak-
ing and then stored at 4 °C for short-term use. For the preparation of working cultures,
100 uL of the revived culture was serially diluted in sterile PBS (10 to 10-%) and spread
(100 pL) onto LB agar plates. The plates were incubated at 37 °C for 24-48 h. Single colo-
nies displaying typical S. aureus morphology were chosen and subcultured for 2-3 pas-
sages prior to experimental use.

4.4. Virtual Screening and Molecular Docking

A library of small molecules was constructed by systematically collecting reported
AgrC inhibitors against S. aureus from the published literature. Structural analogs of these
inhibitors were retrieved from the PubChem database with a similarity threshold of 98%
to generate the virtual screening compound library. High-throughput molecular docking
of the compound library to the active site of the AgrC protein was performed using Au-
todock Vina (version 1.1.2). The grid box was centered at coordinates (x, y, z) = (-8.126,
-24.029, -5.554) with dimensions of 40 x 44 x 44 A3, and the exhaustiveness was set to 8.
Docking scores (binding affinity in kcal/mol) were used to rank the compounds, and the
top-ranked representative from each inhibitor class was selected for further analysis. To
elucidate the binding mechanism, seven structurally similar compounds from the initial
screen were individually docked to AgrC. The crystal structure of AgrC (PDB ID: 4BXI)
was obtained from the RCSB PDB database and preprocessed using Autodock Tools-1.5.7
by removing water molecules, adding polar hydrogens, and assigning Gasteiger charges.
Individual ligand docking was conducted using Autodock 1.5.7, and the resulting binding
modes were visualized using PyMOL (version 2.5). Each docking procedure was repeated
three times to ensure reproducibility.
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4.5. Molecular Dynamics Simulations

To evaluate the dynamic stability and interaction mechanism of cyclic pentapeptide
binding to the AgrC receptor, this study employed the optimal conformation obtained
through molecular docking as the initial model and performed 100-nanosecond molecular
dynamics (MD) simulations using the Gromacs software (gromacs/2023) [47]. The topo-
logical structure of the ligand (cyclic pentapeptide) was generated using the GAFF force
field parameters via the Antechamber software (Amber 2023), while the protein—-molecule
interactions were described using the AMBER99SB-ILDN force field. The complex was
solvated in a periodic rectangular water tank, with the SPC/E explicit water model (main-
taining a minimum distance of 10 A from the complex surface) and Na*/Cl- ions added to
adjust the ionic strength to 0.15 M for charge neutralization. Prior to the production sim-
ulations, energy minimization was performed using the steepest descent method to elim-
inate unreasonable intermolecular forces, followed by 1-nanosecond NVT (300 K, speed
re-scaled thermostat) and 1-nanosecond NPT (300 K, 1 bar, Parrinello-Rahman pressure
constant) equilibration. Production simulations employed a 2-femtosecond integration
time step, with the LINCS algorithm constrained for bond stretching, and trajectories were
saved every 10 picoseconds for analysis. All simulations were independently repeated
three times to ensure reliability, and data analysis and visualization were completed using
PyMOL and specialized trajectory tools.

Molecular dynamics (MD) simulations evaluate the binding performance of ligands
to protein targets from a dynamic perspective, which overcomes the limitation of static
molecular docking that only analyzes a single conformational state. This approach enables
the capture of conformational dynamics and the evolution of binding modes of ligand-
protein complexes under physiologically relevant conditions, assesses the dynamic stabil-
ity of protein conformations and binding pockets via core parameters including root mean
square deviation (RMSD) and root mean square fluctuation (RMSF), and quantifies the
persistence and strength of key non-covalent interactions (e.g., hydrogen bonds and hy-
drophobicinteractions) to identify the fundamental forces governing ligand—protein bind-
ing. In combination with molecular mechanics Poisson-Boltzmann surface area (MM-
PBSA) and molecular mechanics generalized Born surface area (MM-GBSA) methods, MD
simulations realize the quantitative calculation of binding free energy for the direct reflec-
tion of ligand—protein binding affinity; they also monitor the ligand’s motion trajectory
and dissociation tendency within the binding pocket, thus achieving a comprehensive as-
sessment of the stability, persistence, and reliability of ligand binding to the protein target.

4.6. Minimum Inhibitory Concentration (MIC) Assay

The minimum inhibitory concentration (MIC) was defined as the lowest compound
concentration that inhibited bacterial growth by <5% compared with the growth control
group (CK group), according to CLSI guidelines [2]. The MIC of the cyclic pentapeptide
against MRSA was determined using the microbroth dilution method. Bacterial suspen-
sions were adjusted to a density of 1 x 10>-1 x 10¢ CFU/mL and inoculated into Mueller-
Hinton broth (MHB) containing two-fold serial dilutions of the compound in the range of
1024 pg/mL to 2 ug/mL (serial two-fold dilutions: 1024, 512, 256, 128, 64, 32, 16, 8, 4, 2
ug/mL)). After incubation at 37 °C for 18-24 h, the bacterial growth was assessed by meas-
uring the optical density at 600 nm (ODeoo) using a microplate reader (SpectraMax® ABS
Plus, Molecular Devices, LLC. San Jose, CA, USA). All assays were performed in tripli-
cate, with vancomyecin serving as the positive control and MHB as the negative control.

4.7. Hemolytic Activity Assay

A single colony of Staphylococcus aureus USA 300 was inoculated into trypsin soy
broth (TSB) and incubated under shaking at 37 °C until the optical density (ODsw) reached
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0.3 at 600 nm. Equal portions of the culture were then treated with cyclic pentapeptides at
different concentration gradients. The experimental settings included a bacterial control
group (0 ug/mL cyclic pentapeptide), a negative control group with only medium, and a
DMSO solvent control group. After treatment, all cultures were incubated at 37 °C for an
additional 6-8 h. Subsequently, the cultures were centrifuged at 5000 rpm for 5 min at 4
°C, and the supernatants were collected and stored on ice for subsequent analysis.

The 4% rabbit red blood cells (4 x 108 cells /mL) were washed three times with buff-
ered saline (PBS, pH 7.4) and resuspended in PBS to prepare a 2% rabbit red blood cell
suspension. For the hemolysis assay, 100 pL of the supernatant was mixed with 400 pL of
the red blood cell suspension in a 1.5 mL EPC tube and incubated at 37 °C for 3 h. After
centrifugation at 5000 rpm for 3 min at 4 °C, the supernatant was filtered through a 0.22
um polyethersulfone (PES) membrane to remove unlysed erythrocytes and bacterial de-
bris; the absorbance was measured at 550 nm using a microplate reader. All concentrations
were set with three biological replicates.

4.8. RT-gPCR Analysis of Gene Expression

To evaluate the effect of the cyclic pentapeptide on the expression of genes down-
stream of AgrC, reverse transcription quantitative polymerase chain reaction (RT-qPCR)
was performed. S. aureus cultures in the exponential growth phase were adjusted to a
density of 1 x 108 CFU/mL and treated with the cyclic pentapeptide at concentrations of 4,
8, and 16 pug/mL; cultures treated with dimethyl sulfoxide (DMSO) served as the control.
After incubation for 6 h, cells were harvested, washed twice with phosphate-buffered sa-
line (PBS), and lysed with 200 pL of lysozyme solution at 37 °C for 2 h.

Total RNA was extracted using the SteadyPure Universal RNA Extraction Kit, and
cDNA was synthesized using the HiScript II 1st Strand cDNA Synthesis Kit (+gDNA
wiper, Vazyme, Nanjing, China). The RNA quality was assessed according to the
A260/A280 ratio, and the integrity was confirmed using agarose gel electrophoresis. RT-
gPCR was conducted using ChamQ Blue Universal SYBR qPCR Master Mix (Vazyme,
Nanjing, China) with gyrB as the internal reference gene. The amplification conditions
were 95 °C for 10 min, 40 cycles of 95 °C for 5 s, and 60 °C for 20 s. Relative expression
levels were calculated using the 2-22Ct method. All assays were performed with three bio-
logical and three technical replicates. All the primers used in this study are shown in Table
2.

Table 2. Primers to evaluate the drug effects.

Primers Sequences (5'-3")
AgrA-F ACGTGGCAGTAATTCAGTGT
AgrA-R ATGGGCAATGAGTCTGTGAG
AgrC-F GCTGATGATATACCACGAATTC
AgrC-R GACCTAAACCACGACCTITCA
SaeS-F CTAATCCAGAACCACCGTTT
SaeS-R GCGATGAAGGTATTGGCATTATAC
Hla-F TTATCCAATGATTACAATATAAAAATACAAATATCTTAG
Hla-R TACTTCCAATCCAATGTTAATATATAGTTAATTTTTATTTAATAG
FnbA-F TACCCGTTTCCACTTTCGC
FnbA-R GGCTACACAAAATCAAGTCGC
Spa-F ATGTCGTTAAACCTGGTGAT
Spa-R CTTTGTTAGCATCTGCATGG
lukS-F GTCTGGAACAAAATAGTCTCTCGG
lukS-R GGTCCATCAACAGGAGGTAATG
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gyrB-F AAGTGCGTCAAGTTGTAGAT
gyrB-R TCTAGAGTCACGACCAGATT

4.9. Data Analysis

Molecular docking analyses were performed using AutoDock Tools-1.5.7. Statistical
analyses were conducted using GraphPad Prism 9.0. The significance between groups was
determined using Student’s t-test. The values represent the means + SD (n = 3). For each
experiment, there were three technical replicates. Asterisks indicate statistical significance
relative to the controls (“*”: p < 0.05, “**”: p < 0.01, “***”: p < 0.001, “****”: p < 0.0001, “ns”
indicates no significant difference (p > 0.05).

5. Conclusions

This study elucidates the mechanism of action of a cyclic pentapeptide as a novel
antivirulence agent. Molecular docking analyses demonstrate that the compound binds
stably to the active site of the AgrC protein via hydrogen bonding and hydrophobic inter-
actions. Although it does not inhibit the growth of S. aureus at concentrations up to 1024
ug/mL, it significantly reduces the production of a-hemolysin. Gene expression profiling
further confirms that the compound modulates key quorum-sensing genes (agrA, agrC,
saeS) and virulence-associated genes (hla, [ukS, fubA), with pronounced inhibitory effects
observed at 16 pg/mL. Collectively, this work provides novel insights into the antiviru-
lence mechanism of the cyclic pentapeptide and highlights its potential as a promising
lead compound for the development of therapeutic strategies against S. aureus.

Author Contributions: D.A. completed the conceptualization, manuscript review, guidance, exper-
imental operations, initial draft writing, and funding acquisition. H.D. was responsible for the ex-
perimental methods, experimental operations, initial draft writing, and data consolidation; J.Y. un-
dertook the study design and software development. All authors have read and agreed to the pub-

lished version of the manuscript.

Funding: This work was supported by the Special technology support from Qingyang City Science
and Technology Bureau of Gansu Province: GSAU-JSKF-2025-04.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the

article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Mai, Z; Li, J.; Zhan, Z,; Tian, X.; Hou, W.; He, M.; Shi, C. Metabolic Master Switch: Pyruvate Carboxylase Fuels Antimicrobial
Resistance and Virulence in Foodborne Staphylococcus aureus. Foods 2025, 14, 2566. https://doi.org/10.3390/foods14152566.

2. Turner, N.A,; Sharma-Kuinkel, B.K.; Maskarinec, S.A.; Eichenberger, E.M.; Shah, P.P.; Carugati, M.; Holland, T.L.; Fowler, V.G.,
Jr. Methicillin-resistant Staphylococcus aureus: An overview of basic and clinical research. Nat. Rev. Microbiol. 2019, 17, 203-218.
https://doi.org/10.1038/s41579-018-0147-4. PMID: 30737488; PMCID: PMC6939889.

3.  Hiramatsu, K,; Cui, L.; Kuroda, M.; Ito, T. The emergence and evolution of methicillin-resistant Staphylococcus aureus. Trends
Microbiol. 2001, 9, 486—493. https://doi.org/10.1016/s0966-842x(01)02175-8.

4. Wagenlehner, F.M.E.; Dittmar, F. Re: Global Burden of Bacterial Antimicrobial Resistance in 2019: A Systematic Analysis. Eur.
Urol. 2022, 82, 658. https://doi.org/10.1016/j.eururo.2022.08.023.

https://doi.org/10.3390/antibiotics15020213



Antibiotics 2026, 15, 213 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

GBD 2019 Antimicrobial Resistance Collaborators. Global mortality associated with 33 bacterial pathogens in 2019: A systematic
analysis for the Global Burden of Disease Study 2019. Lancet 2022, 400, 2221-2248. https://doi.org/10.1016/S0140-6736(22)02185-
7.

Tong, S.Y.; Davis, ].S.; Eichenberger, E.; Holland, T.L. Staphylococcus aureus infections: Epidemiology, pathophysiology, clinical
manifestations, and management. Clin. Microbiol. Rev. 2015, 28, 603-661. https://doi.org/10.1128/CMR.00134-14.

Foster, T.J. Surface Proteins of Staphylococcus aureus. Microbiol. Spectr. 2019, 7. https://doi.org/10.1128/microbiolspec. GPP3-0046-
2018.

Wang, Y.; Yin, T.; Qian, M.; Ismail, B.B.; Zou, Z.; Zhang, X.; He, Q.; Guo, M. Integrated Phenotypic and Transcriptomic Analyses
Unveil the Antibacterial Mechanism of Punicalagin Against Methicillin-Resistant Staphylococcus aureus (MRSA). Foods 2025, 14,
3589. https://doi.org/10.3390/foods14213589.

Beenken, K.E.; Blevins, ].S.; Smeltzer, M.S. Mutation of sarA in Staphylococcus aureus limits biofilm formation. Infect. Immun.
2003, 71, 4206—4211. https://doi.org/10.1128/1A1.71.7.4206-4211.2003.

Prince, A.; Wong, F.L.T. Consequences of Metabolic Interactions during Staphylococcus aureus Infection. Toxins 2020, 12, 581.
https://doi.org/10.3390/toxins12090581.

Ranganathan, N.; Johnson, R.; Edwards, A.M. The general stress response of Staphylococcus aureus promotes tolerance of antibi-
otics and survival in whole human blood. Microbiology 2020, 166, 1088-1094. https://doi.org/10.1099/mic.0.000983.

Tacconelli, E.; Carrara, E.; Savoldi, A.; Harbarth, S.; Mendelson, M.; Monnet, D.L.; Pulcini, C.; Kahlmeter, G.; Kluytmans, J.;
Carmeli, Y.; et al. Discovery, research, and development of new antibiotics: The WHO priority list of antibiotic-resistant bacteria
and tuberculosis. Lancet Infect. Dis. 2018, 18, 318-327. https://doi.org/10.1016/51473-3099(17)30753-3.

Li, Y.; Xiao, P.; Wang, Y.; Hao, Y. Mechanisms and Control Measures of Mature Biofilm Resistance to Antimicrobial Agents in
the Clinical Context. ACS Omega 2020, 5, 22684-22690. https://doi.org/10.1021/acsomega.0c02294.

Miihlen, S.; Dersch, P. Anti-virulence Strategies to Target Bacterial Infections. In How to Overcome the Antibiotic Crisis; Current
Topics in Microbiology and Immunology; Springer: Berlin/Heidelberg, Germany, 2016, Volume 398, pp. 147-183.
https://doi.org/10.1007/82_2015_490.

Selvarajan, R.; Obize, C.; Sibanda, T.; Abia, A.L.K,; Long, H. Evolution and Emergence of Antibiotic Resistance in Given
Ecosystems: Possible Strategies for Addressing the Challenge of Antibiotic Resistance. Antibiotics 2022, 12, 28.
https://doi.org/10.3390/antibiotics12010028.

Sommer, F.; Backhed, F. The gut microbiota—Masters of host development and physiology. Nat. Rev. Microbiol. 2013, 11, 227-
238. https://doi.org/10.1038/nrmicro2974.

Podkowik, M.; Perault, A.L; Putzel, G.; Pountain, A.; Kim, J.; DuMont, A.L.; Zwack, E.E.; Ulrich, R.J.; Karagounis, T.K.; Zhou,
C.; et al. Quorum-sensing agr system of Staphylococcus aureus primes gene expression for protection from lethal oxidative stress.
Elife 2024, 12, RP89098. https://doi.org/10.7554/eLife.89098.

Ji, G.; Beavis, R.; Novick, R.P. Bacterial interference caused by autoinducing peptide variants. Science 1997, 276, 2027-2030.
https://doi.org/10.1126/science.276.5321.2027.

Bronesky, D.; Wu, Z.; Marzi, S.; Walter, P.; Geissmann, T.; Moreau, K.; Vandenesch, F.; Caldelari, I.; Romby, P. Staphylococcus
aureus RNAIII and Its Regulon Link Quorum Sensing, Stress Responses, Metabolic Adaptation, and Regulation of Virulence
Gene Expression. Annu. Rev. Microbiol. 2016, 70, 299-316. https://doi.org/10.1146/annurev-micro-102215-095708.

Ma, K;; Xu, L.; Zhang, S.; Wu, Z.; Wang, H.; Xue, T. The global regulator SpoVG modulates Staphylococcus aureus virulence
through Agr-dependent pathways. Virulence 2025, 16, 2561827. https://doi.org/10.1080/21505594.2025.2561827.

Arciola, C.R,; Campoccia, D.; Ravaioli, S.; Montanaro, L. Polysaccharide intercellular adhesin in biofilm: Structural and
regulatory aspects. Front. Cell Infect. Microbiol. 2015, 10, 5-7. https://doi.org/10.3389/fcimb.2015.00007.

Praisy, J.B.I,; Rajiniraja, M. Targeting the two-component Agr system in Staphylococcus aureus: Molecular docking and dynamics
insights into natural compound inhibition. Food Biosci. 2025, 73, 107670. https://doi.org/10.1016/j.fbio.2025.107670.

Ma, X,; Ma, J.; Liu, J.; Hao, H.; Hou, H.; Zhang, G. Inhibitory Effect of Phenethyl Isothiocyanate on the Adhesion and Biofilm
Formation of Staphylococcus aureus and Application on Beef. Foods 2024, 13, 3362. https://doi.org/10.3390/foods13213362.
Tal-Gan, Y.; Stacy, D.M.; Foegen, M.K,; Koenig, D.W.; Blackwell, H.E. Highly potent inhibitors of quorum sensing in
Staphylococcus aureus revealed through a systematic synthetic study of the group-III autoinducing peptide. J. Am. Chem. Soc.
2013, 135, 7869-7882. https://doi.org/10.1021/ja3112115.

Zhang, L.; Quan, C,; Zhang, X.; Xiong, W.; Fan, S. Proteoliposome-based model for screening inhibitors targeting histidine
kinase AgrC. Chem. Biol. Drug Des. 2019, 93, 712-723. https://doi.org/10.1111/cbdd.13497.

https://doi.org/10.3390/antibiotics15020213



Antibiotics 2026, 15, 213 15 of 16

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Wang, Y.; Zhang, F.; Zhang, Y.; Liu, ].O.; Ma, D. Synthesis and antitumor activity of cyclodepsipeptide zygosporamide and its
analogues. Bioorg Med. Chem. Lett. 2008, 18, 4385-4387. https://doi.org/10.1016/j.bmcl.2008.06.066.

Yang, T.; Tal-Gan, Y.; Paharik, A.E.; Horswill, A.R.; Blackwell, H.E. Structure-Function Analyses of a Staphylococcus
epidermidis Autoinducing Peptide Reveals Motifs Critical for AgrC-type Receptor Modulation. ACS Chem. Biol. 2016, 11, 1982-
1991. https://doi.org/10.1021/acschembio.6b00120.

Nielsen, A.; Mansson, M.; Bojer, M.S.; Gram, L.; Larsen, T.O.; Novick, R.P.; Frees, D.; Frekicer, H.; Ingmer, H. Solonamide B
inhibits quorum sensing and reduces Staphylococcus aureus mediated killing of human neutrophils. PLoS ONE 2014, 9, e84992.
https://doi.org/10.1371/journal.pone.0084992.

Vasquez, ]J.K.; Blackwell, H.E. Simplified Autoinducing Peptide Mimetics with Single-Nanomolar Activity Against the
Staphylococcus ~ aureus ~ AgrC ~ Quorum  Sensing  Receptor. =~ ACS  Infect.  Dis. 2019, 5, ~ 484-492.
https://doi.org/10.1021/acsinfecdis.9b00002.

Vuki¢, D.; Loncar, B.; Pezo, L.; Vuki¢, V. Application of Predictive Modeling and Molecular Simulations to Elucidate the
Mechanisms Underlying the Antimicrobial Activity of Sage (Salvia officinalis L.) Components in Fresh Cheese Production. Foods
2025, 14, 2164. https://doi.org/10.3390/foods14132164.

Mahmood, ].M.A.; Sahebjamee, H.; Yazdani, M.; Fozouni, L. Structure-based virtual screening and molecular dynamics
approaches to identify new inhibitors of Staphylococcus aureus sortase A. |. Biomol. Struct. Dyn. 2024, 42, 1157-1169.
https://doi.org/10.1080/07391102.2023.2201863.

Kaushik, A.C.; Sahi, S.; Wei, D.Q. Computational Methods for Structure-Based Drug Design Through System Biology. Methods
Mol. Biol. 2022, 2385, 161-174. https://doi.org/10.1007/978-1-0716-1767-0_9.

Khayat, M.T.; Abbas, H.A.; Ibrahim, T.S.; Khayyat, A.N.; Alharbi, M.; Darwish, K.M.; Elhady, S.S.; Khafagy, E.S.; Safo, M.K.;
Hegazy, W.A.H. Anti-Quorum Sensing Activities of Gliptins against Pseudomonas aeruginosa and Staphylococcus aureus.
Biomedicines 2022, 10, 1169. https://doi.org/10.3390/biomedicines10051169.

Cech, N.B.; Junio, H.A.; Ackermann, L.W.; Kavanaugh, J.S.; Horswill, A.R. Quorum quenching and antimicrobial activity of
goldenseal (Hydrastis canadensis) against methicillin-resistant Staphylococcus aureus (MRSA). Planta Med. 2012, 78, 1556-1561.
https://doi.org/10.1055/5-0032-1315042.

Ren, X.; Guo, X,; Liu, C,; Jing, S.; Wang, T.; Wang, L.; Guan, J.; Song, W.; Zhao, Y.; Shi, Y. Natural flavone hispidulin protects
mice from Staphylococcus aureus pneumonia by inhibition of alpha-hemolysin production via targeting AgrA(C). Microbiol. Res.
2022, 261, 127071.

Pant, N.; Miranda-Hernandez, S.; Rush, C.; Warner, ].; Eisen, D.P. Effect of savirin in the prevention of biofilm-related
Staphylococcus aureus prosthetic joint infection. Front. Pharmacol. 2022, 13, 989417.

Baldry, M.; Nakamura, Y.; Nakagawa, S.; Frees, D.; Matsue, H.; Nunez, G.; Ingmer, H. Application of an agr-Specific
Antivirulence Compound as Therapy for Staphylococcus aureus-Induced Inflammatory Skin Disease. |. Infect. Dis. 2018, 218,
1009-1013.

Otto, M. Critical Assessment of the Prospects of Quorum-Quenching Therapy for Staphylococcus aureus Infection. Int. J. Mol. Sci.
2023, 24, 4025. https://doi.org/10.3390/ijms24044025.

Vadakkan, K.; Sathishkumar, K.; Kuttiyachan, U.S.; Ponnenkunnathu, G.S.; Kumar, N.A.; Devi, N.B. A review of chemical
signaling mechanisms underlying quorum sensing and its inhibition in Staphylococcus aureus. Bioorg Chem. 2024, 148, 107465.
https://doi.org/10.1016/j.bioorg.2024.107465.

Mayville, P.; Ji, G.; Beavis, R.; Yang, H.; Goger, M.; Novick, R.P.; Muir, T.W. Structure-activity analysis of synthetic autoinducing
thiolactone peptides from Staphylococcus aureus responsible for virulence. Proc. Natl. Acad. Sci. USA 1999, 96, 1218-1223.
https://doi.org/10.1073/pnas.96.4.1218.

Zhao, A ; Bodine, S.P.; Xie, Q.; Wang, B.; Ram, G.; Novick, R.P.; Muir, T.W. Reconstitution of the S. aureus agr quorum sensing
pathway reveals a direct role for the integral membrane protease MroQ in pheromone biosynthesis. Proc. Natl. Acad. Sci. USA
2022, 119, €2202661119. https://doi.org/10.1073/pnas.2202661119.

Liu, J.; Wu, H.; Ao, X.; Hao, H.; Bi, J.; Hou, H.; Zhang, G. Characterization of the Inclusion Complexes of Isothiocyanates with
v-Cyclodextrin for Improvement of Antibacterial Activities against Staphylococcus aureus. Foods. 2022, 11, 60.
https://doi.org/10.3390/foods11010060.

Lindorff-Larsen, K.; Piana, S.; Palmo, K.; Maragakis, P.; Klepeis, J.L.; Dror, R.O.; Shaw, D.E. Improved side-chain torsion
potentials for the Amber ff99SB protein force field. Proteins 2010, 78, 1950-1958. https://doi.org/10.1002/prot.22711.

Tam, K. Torres, V.J. Staphylococcus aureus Secreted Toxins and Extracellular Enzymes. Microbiol. Spectr. 2019, 7.
https://doi.org/10.1128/microbiolspec. GPP3-0039-2018.

https://doi.org/10.3390/antibiotics15020213



Antibiotics 2026, 15, 213 16 of 16

45. DPolaske, T.J.; West, KH.].; Zhao, K.; Widner, D.L.; York, J.T.; Blackwell, H.E. Chemical and biomolecular insights into the
Staphylococcus aureus agr quorum sensing system: Current progress and ongoing challenges. Isr. |. Chem. 2023, 63, €202200096.
https://doi.org/10.1002/ijch.202200096.

46. Horswill, A.R.;; Gordon, C.P. Structure-Activity Relationship Studies of Small Molecule Modulators of the Staphylococcal
Accessory Gene Regulator. |. Med. Chem. 2020, 63, 2705-2730. https://doi.org/10.1021/acs.jmedchem.9b00798.

47. Liu, K; Watanabe, E.; Kokubo, H. Exploring the stability of ligand binding modes to proteins by molecular dynamics
simulations. . Comput. Aided Mol. Des. 2017, 31, 201-211. https://doi.org/10.1007/s10822-016-0005-2.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/antibiotics15020213



