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Purpose: This research aimed to develop novel membrane-targeting antibacterial agents via rational design and synthesis of hybrid
compounds derived from cannabigerol (CBG) and antimicrobial peptide (AMP) motifs. This approach targeted key limitations of
CBG, specifically its poor aqueous solubility, restricted activity against Gram-negative pathogens, and low bioavailability. By
incorporating AMP domains, we intended to exploit their membrane-disruptive capability, thereby achieving enhanced broad-spectrum
activity, diminished propensity for resistance, and improved pharmacological properties.

Methods: A library of membrane-active cannabigerol derivatives was designed and synthesized through conjugation of antimicrobial
peptides structural motifs to the cannabigerol core scaffold by a flexible chemical linker. All compounds were characterized by 'H,
13C NMR, and high-resolution mass spectrometry. Antibacterial activity was evaluated using a broth microdilution method. Hemolytic
activity was assessed against sheep erythrocytes, and cytotoxicity was determined using human cell lines. Mechanistic studies included
molecular dynamics simulations, scanning electron microscopy, membrane depolarization and permeabilization assays, and quantifica-
tion of reactive oxygen species generation. In vivo efficacy was validated in a murine peritonitis-sepsis model.

Results: The compound 5d demonstrated potent broad-spectrum activity against both Gram-positive and Gram-negative bacteria with
low hemolytic toxicity and negligible cytotoxicity. Moreover, 5d exhibited rapid bactericidal action, resistance development preven-
tion, and robust antibiofilm efficacy. Molecular dynamics simulations revealed the selective affinity of 5d for bacterial membranes.
Mechanistic studies indicated membrane disruption via specific binding to phosphatidylglycerol and cardiolipin, leading to reactive
oxygen species accumulation, DNA/proteins leakage, and bacterial death. In a murine peritonitis-sepsis model, 5d achieved superior
survival rates and bacterial clearance compared to vancomycin.

Conclusion: Compound 5d demonstrated potent broad-spectrum antibacterial activity, an advantageous safety margin, and a low
resistance propensity. Its membrane-disruptive mode of action underpins both efficacy and the reduced potential for resistance
development. These attributes identify 5d as a promising lead for novel membrane-targeted anti-infective agents.
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Introduction

Antibiotics have long served as critical clinical tools for combating bacterial infections.! However, the widespread
overuse and misuse of these agents have accelerated the emergence of antimicrobial resistance (AMR), posing substantial
challenges in infectious disease management and driving global healthcare expenditures.>* The severity of AMR is
highlighted through epidemiological data. In 2021 alone, approximately 4.71 million deaths worldwide were linked to
bacterial infections resistant to antimicrobial medications, with 1.14 million of these directly attributable to AMR.’
Current projections suggest annual mortality rates could escalate to 10 million deaths by 2050, with economic losses

exceeding $100 trillion if unmitigated.®’
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Graphical Abstract
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The World Health Organization (WHO) has highlighted several Gram-positive (G") bacteria as priorities for research
and control.® Among these, methicillin-resistant Staphylococcus aureus (MRSA), classified as a high-priority pathogen,
is of particular concern due to its high prevalence and associated mortality.” Streptococci also contribute significantly to
the global burden, causing diseases ranging from pharyngitis and pneumonia to invasive conditions such as sepsis and
meningitis.'® Notably, Streptococcus pneumoniae, Group A Streptococcus (GAS), and Group B Streptococcus (GBS) are
all designated as medium-priority pathogens by the WHO.'' Meanwhile, Gram-negative (G*) bacteria, including
Escherichia coli, Pseudomonas aeruginosa, and Klebsiella pneumoniae, are frequently responsible for various infections
such as urinary tract infections, hospital-acquired pneumonia, and bloodstream infections.'* Despite this growing threat,
the conventional antibiotic development pipelines have failed to match the accelerating pace of AMR."? This critical gap
underscores the urgent need for innovative antimicrobial agents featuring novel chemical architectures and non-tradi-
tional mechanisms of action to bypass existing resistance mechanisms.

Antimicrobial peptides (AMPs), evolutionarily conserved components of the innate immune system, constitute
pivotal defense mechanisms against microbial invasion.'*'® These molecules exhibit potent antimicrobial activity
through membrane-disruptive action mechanisms, making them promising alternatives to traditional antibiotics.'”'®
Distinct from traditional antibiotics that target specific molecular pathways, AMPs primarily compromise bacterial cell
membranes, which is a non-specific mode that dramatically reduces the resistance development potential.'>*° In contrast
to mammalian cell membranes which predominantly contain phosphatidylcholine, phosphatidylethanolamine (PE), and
phosphatidylinositol, bacterial cell membranes are primarily composed of PE along with anionic lipids such as
phosphatidylglycerol (PG) and cardiolipin (CL).?'** The cationic domains of AMPs selectively accumulate on bacterial
membrane surfaces via electrostatic interactions with negatively charged phospholipids (eg, PG and CL), whereupon
their hydrophobic residues insert into the phospholipid bilayer, thereby disrupting membrane integrity and ultimately
leading to bacterial cell death.”> ** The selective targeting of bacterial membranes through electrostatic interactions
effectively minimizes the potential mammalian cell toxicity associated with AMPs. Nevertheless, AMPs face significant
translational barriers, including suboptimal in vivo stability, unfavorable pharmacokinetic properties, and prohibitively
high production costs.”**’ To circumvent these limitations, researchers have developed biomimetic strategies to design
synthetic membrane-targeting agents that recapitulate AMPs’ structural motifs and functional characteristics.”® ' These
efforts have achieved clinical relevance: small-molecule peptidomimetics including Lytixar (LTX-109) and Brilacidin
(PMX30063), engineered to mimic AMP functionality while addressing their limitations, have progressed to clinical

trials. >34
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Cannabigerol (CBG, 1, Figure 1), a geranylated phenol derived from Cannabis sativa,®® demonstrates diverse pharmaco-

3738 neuroprotective,®® and antibacterial activities.** Emerging

logical potential, encompassing antitumor,>® anti-inflammatory,
evidence highlights its efficacy against G pathogens such as Streptococcus mutans and MRSA, which may involve membrane
targeting or biofilm inhibition.*'** For instance, CBG can disrupt the bacterial cell membrane,*” and it also inhibits S. mutans
biofilm formation through dual mechanisms: directly as an antibacterial agent and indirectly by interfering with metabolic
pathways that regulate biofilm development.*> However, CBG shows limited activity against G~ bacteria (eg, E. coli and
Acinetobacter baumannii), attributed to the low permeability of their outer membranes.*® Additionally, its therapeutic utility is
hampered by poor aqueous solubility, rapid first-pass metabolism, and low oral bioavailability.** These pharmacological
limitations necessitate strategic structural modifications to improve solubility and expand its antibacterial spectrum.
Drawing inspiration from the amphiphilic architecture of AMPs,* this study aimed to develop novel membrane-
targeting antibacterial agents through the rational modification of CBG derivatives. Our central hypothesis was that
conjugating cationic AMP motifs to the lipophilic CBG core via a flexible chemical linker (Figure 1) would yield hybrid
compounds capable of synergistic membrane disruption. We postulated that the cationic AMP moiety would enhance
aqueous solubility and mediate electrostatic interactions with negatively charged bacterial membranes, while the CBG
core would facilitate integration into the phospholipid bilayer. This dual-action design was expected to collectively
enhance membrane destabilization and improve bactericidal efficacy. To test this hypothesis, we pursued the following
objectives: design and synthesize a library of AMP-CBG hybrid derivatives to improve solubility and broaden anti-
bacterial activity; evaluate the antibacterial profile of the resulting compounds, including bactericidal kinetics, potential
for resistance development, and biofilm inhibition/disruption; investigate the mechanism of action, with a focus on
membrane targeting and destabilization; and assess in vivo antibacterial efficacy in a relevant infection model. Through
this systematic approach, we seek to provide a rational design strategy and actionable insights for developing novel
membrane-targeting antibacterials, thereby laying a foundation for future agents with clinical translation potential.

Materials and Methods
Chemistry

Unless otherwise stated, the synthetic chemicals were purchased from Shanghai Macklin Biochemical Technology Co.,
Ltd. (Shanghai, China) and used as received. Column chromatography was performed using commercially available
silica gel (200-300 mesh). Reactions were monitored by thin-layer chromatography (TLC) on glass silica gel plates
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Figure | Design of amphiphilic Antimicrobial peptide-Cannabigerol (AMP-CBG) derivatives.
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(0.25 mm, GF254), visualized under UV light (254 nm). "H and '>C NMR spectra were acquired on a Bruker Avance 600
NMR instrument (Germany) with DMSO-ds or CDCI; as deuterated solvents. High-resolution mass spectral (HRMS)
data were acquired on an Impact HD Q-TOF (Bruker, Germany) equipped with an ESI source.

Synthesis of CBG (1)
Olivetol (1.5 mmol, 270.2 mg) and geraniol (1.0 mmol, 173.5 pL) were dissolved in anhydrous 1,2-dichloroethane

(12 mL) in a round flask, and acidic alumina (75-150 mesh, 2.0 g) was added as a catalyst. The mixture was
stirred magnetically and refluxed for 6 h with continuous TLC monitoring. Completion of the reaction was
confirmed by TLC analysis, showing disappearance of starting materials. After cooling to room temperature, the
acidic alumina was removed by vacuum filtration, and the filter cake was thoroughly washed with ethyl acetate (3
x 15 mL) to ensure complete recovery of the product. The combined filtrates were concentrated under reduced
pressure (7.0 mbar) and purified by column chromatography on silica gel (200-300 mesh) using an eluent system
of hexane/ethyl acetate (20/1, v/v). The pure CBG (1) was obtained as a pale yellow solid with a yield of 53%.*°

Synthesis of Intermediates 2A-D

CBG (1) (1.0 mmol, 316.2 mg) was dissolved in 10 mL of dry acetone with potassium carbonate (5.0 mmol,
691.1 mg) and the corresponding brominated alkanes (1,2-dibromoethane; 1,3-dibromopropane; 1,4-dibromobutane
and 1,5-dibromopentane; 15.0 mmol). The mixture was subjected to reflux conditions for 24 h, with progress
monitored by TLC until completion. After cooling, the mixture was filtered and concentrated. The resulting
residue was diluted with ethyl acetate (20 mL) and washed with water twice. The organic solvent was evaporated
in vacuo, and the crude product was purified by silica gel column chromatography using petroleum ether/ethyl
acetate (200/1, v/v) as eluents to afford intermediates 2A-D in moderate yields (19-77%).

Synthesis of Compounds 4E-I

The corresponding amine (10.0 mmol) and potassium carbonate (15.0 mmol, 2.1 g) were dissolved in a mixed solvent of
CH,Cl,/H,O (1:1, 200 mL). Bromoacetyl bromide (15.0 mmol, 3.0 g) was added dropwise to the mixture at 0°C under
stirring. After continuous stirring for 30 min, the reaction was warmed to ambient temperature, and stirred further for
3-5 h. Progress was monitored by TLC. The organic layer was isolated, and aqueous phase was extracted with CH,Cl, (three
times). The combined organic layers were dried over anhydrous Na,SO,4 and concentrated under reduced pressure (7.0 mbar)
to yield intermediates 3E-I, which were used directly for the next reaction. Subsequently, intermediates 3E-I (5.0 mmol) and
aqueous solution of dimethylamine (20.0 mmol, 40%, m/m) were dissolved in anhydrous ethanol (30 mL) and subjected to
reflux at 100°C for 10 h under a nitrogen atmosphere. After cooling, the reaction mixture concentrated under reduced
pressure (7.0 mbar). The crude product was dissolved in water (30 mL), and the aqueous layer was extracted with CH,Cl,
(three times). The organic extracts were combined, dried, and concentrated. The resulting residue was purified by silica gel

column chromatography with dichloromethane/methanol (50/1, v/v) as eluents to produce compounds 4E-I.*7

Synthesis of Amphiphilic CBG Derivatives 5a-t

A mixture of intermediates 2A-D (0.2 mmol) and compounds 4E-I (0.6 mmol) in anhydrous ethanol (6 mL) was
placed in a screw-top pressure tube. The reaction mixture was heated to 85°C under stirring for 48 h. After
cooling, the mixture was concentrated under reduced pressure (7.0 mbar). The crude product was purified by silica
gel column chromatography using dichloromethane/methanol (30:1 to 15:1, v/v) as eluents to afford the target
products (yield: 35-80%). Structures of 5a-t were characterized by "H NMR, '>C NMR and HRMS. The spectral
data of 5a-t were provided in the Supplementary Materials (Supplementary Data 1-20) '"H NMR, "°C NMR and
HRMS spectra of 5a-t are provided in the Supplementary Materials (Figures S1-S60).
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Biological Evaluation

In vitro Antibacterial Assay

The antibacterial activity of all compounds was determined using the broth microdilution method in accordance with the
CLSI guidelines. Four G" bacterial strains (S. aureus ATCC 29213, MRSA ATCC 43300, Enterococcus faecalis ATCC
29212, and Bacillus subtilis ATCC 6051) and four G~ bacterial strains (4. baumannii ATCC 19606, K. pneumoniae
ATCC 13883, E. coli ATCC 25922 and P. aeruginosa PAO1) were maintained in our laboratory. Bacterial strains were
cultured overnight in Mueller Hinton Broth (MHB) medium (Oxoid, UK) at 37°C and 200 rpm. The formulation of MHB
medium per liter is as follows: beef, dehydrated infusion from 300.0 g; casein hydrolysate 17.5 g; starch 1.5 g. The
bacterial concentration was adjusted to 1x10° CFU/mL. All of the tested compounds were dissolved in DMSO or H,O to
prepare stock solutions at a concentration of 5120 pg/mL. The stock solutions were diluted to 256 pg/mL by serial two-
fold dilution method using MHB medium. These solutions were placed in 96-well plates, and then serially diluted twice
to reach concentrations ranging from 256 to 0.5 ug/mL. A 100 pL aliquot of bacterial suspension was transferred into 96-
well plates and mixed with 100 pL of serially diluted compounds. After incubation at 37°C for 24 h, the minimum
inhibitory concentrations (MICs) of the compounds were determined as the lowest concentration that completely
inhibited bacterial growth. The experiment was performed in triplicate.

Hemolysis Assay

The assay was performed as previously described with minor modifications.*® Red blood cells (RBCs) were isolated via
centrifugation (3500 rpm, 5 min) of sheep blood. The RBCs were washed three times with phosphate buffered saline
(PBS) and resuspended at a concentration of 5% (v/v). All compounds were dissolved in DMSO and then serially diluted
twice with PBS to obtain various concentrations. A total of 150 puL of RBC suspension was mixed with 50 pL of
compound solution in a 96-well plate. After incubation at 37°C for 1 h, the mixture was centrifuged at 3500 rpm for
3 min. The absorbance of the supernatant was measured at 540 nm to evaluate hemolysis. The hemolysis percentage was
calculated as: Hemolysis (%) = (AbSes - AbSpegative control)/(AbSpositive control = AbSnegative control) X 100%. Triton X-100
(1%) and 1% DMSO in PBS were used as positive and negative controls, respectively. The experiment was performed in
triplicate.

Time-Kill Kinetics Assay

The assay was performed as previously described with minor modifications.*® The bacterial suspension (1 x 10° CFU/
mL) was treated with compound 5d at concentrations of 1x, 2%, and 4x MIC. Aliquots 100 puL were taken at different
time points (0, 0.5, 1, 2, 4, 8, and 24 h), serially diluted, and spread on MHA agar plates. The colonies were counted after
incubation for 24 h. Vancomycin and colistin (final concentrations of 4%, 8x MIC) served as positive controls against
S. aureus ATCC 29213 and E. coli ATCC 25922, respectively. The experiment was performed in triplicate.

Resistance Development Assay

The assay was performed as previously described with minor modifications.>' The initial MIC of compound 5d against
S. aureus ATCC 29213 and E. coli ATCC 25922 were determined by the method described above. Bacterial suspensions
were exposed to sublethal concentrations of the compound to investigate potential resistance development. Vancomycin
and colistin were used as positive controls. After each exposure, the bacteria were collected, re-suspended in fresh
medium, and subjected to subsequent MIC determinations. This process was repeated over 20 consecutive passages to
assess the stability of compound activity. The experiment was performed in quintuplicate.

Biofilm Inhibition Assay

The assay was performed as previously described with modifications.*’ Single colonies of S. aureus ATCC 29213 and
E. coli ATCC 25922 were picked, suspended in MHB medium, and cultured overnight at 37°C and 200 rpm. The
bacterial suspension was adjusted to a final concentration of 1x10° CFU/mL using fresh MHB medium. A 100 pL aliquot
of the bacterial solution was mixed with an equal volume of serially diluted compound 5d in a 96-well plate. After
incubation at 37°C for 24 h, the plates were gently washed three times with PBS buffer to remove planktonic cells. The
biofilms were then fixed with 150 puL of methanol for 30 min and stained with 200 pL of 0.1% crystal violet for 10 min.
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The excess dye was removed by washing three times with PBS buffer, and the plates were air-dried. Biofilm-associated
crystal violet was dissolved using 200 puL of 33% acetic acid. After mixing 50 pL of the resulting solution with 150 pL of
acetic acid, the absorbance was measured at 575 nm to quantify biofilm formation. The experiment was performed in
quintuplicate.

Biofilm Disruption Assay

The assay was performed as previously described with modifications.’® A 200 pL aliquot of bacterial suspension (1x 10°
CFU/mL) was dispensed into 96-well plates and incubated at 37°C for 24 h without shaking to allow biofilm formation.
After incubation, the supernatant was carefully removed, and the plates were gently washed three times with PBS buffer
to remove unattached cells. Subsequently, 200 puL of compound Sd at various concentrations was added to the wells
containing the biofilms. The plates were then incubated at 37°C for an additional 24 h. Following this, the treated
biofilms were quantified using a crystal violet staining assay as described above. The experiment was performed in
quintuplicate.

Confocal Laser Scanning Microscopy (CLSM) Observation

Mature biofilms of S. aureus ATCC 29213 and E. coli ATCC 25922 were prepared using the method described above.
The biofilms were treated with compound 5d at a concentration of 8x MIC for 24 h. PBS buffer was used as a negative
control. After treatment, CLSM (LSM900, ZEISS, Germany) was employed to analyze the biofilms stained by LIVE/
DEAD® BacLight Bacterial Viability Kit (Invitrogen, Molecular Probes Inc., USA) according to the manufacturer’s
instructions. Quantitative analysis was carried out in accordance with the previously reported procedure.’’

Scanning Electron Microscopy (SEM) Observation

Overnight cultures of S. aureus ATCC 29213 and E. coli ATCC 25922 were resuspended in PBS buffer and diluted to a
final ODggp of 0.5. The bacterial suspensions were incubated with compound 5d at a final concentration of 8x
MIC for 4 h at 37°C. Subsequently, the mixture was centrifuged at 3500 rpm and 4°C for 10 min, and the supernatant
was removed. The bacterial cells were washed three times with PBS buffer. Following this, 1 mL of 2.5% glutaralde-
hyde was used to fix the bacterial cells at 4°C overnight. After washing with PBS buffer, the samples were dehydrated
using a graded series of ethanol solutions, dried, and coated with gold. Finally, the cell morphology was observed and
imaged using a SEM (Quanta 250 FEG, Field Electron and Ion Company, USA).

Molecular Dynamics (MD) Simulations

All-atom MD simulations were conducted based on three membrane systems (G~ bacterial outer membrane, G bacterial

membrane, and mammalian plasma membrane) obtained from CHARMM-GUI (http://www.charmm-gui.org). >

Details of their lipid compositions are shown in Tables S1-S3. The membranes were oriented such that they lay in the
xy-plane, with the z-axis perpendicular to the membrane surface. Construction and simulation of the membrane systems
employed the CHARMMS36 force field™* for the lipid molecules, with a simulation box size of approximately
100x100x90 A*. The small molecule 5d was positioned above the upper leaflet of each membrane using GROMACS
(version 2023.2) and its gmx editconf command. The force-field parameters and topology for 5d were generated by the
SwissParam 2023 online tool (https://www.swissparam.ch).>

For the free-diffusion simulation, 5d was positioned on the membrane surface. Extended MD simulations were
performed with GROMACS to observe its spontaneous transmembrane diffusion and assess energetic changes in the
absence of external pulling. The simulation protocol began with energy minimization via the steepest descent method,
followed by six equilibration steps during which positional restraints on lipid molecules were gradually removed. The
production run was carried out under a semi-isotropic NPT ensemble. The temperature was maintained at 313 K using the
v-rescale thermostat (coupling constant = 1.0 ps), with separate coupling groups for membrane lipids, solvent, and the
small molecule. Pressure was controlled at 1.0 bar via the C-rescale algorithm with a coupling constant of 5.0 ps,
allowing independent adjustment of the membrane plane and normal direction to preserve area density and thickness.
Hydrogen-involving bonds were constrained using the linear constraint solver (LINCS) algorithm with constraints
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applied to h-bonds. The integration time step was set to 0.002 ps/step, with a total of ~1.0x10” steps corresponding to
approximately 2 ps of simulation time under periodic boundary conditions in all spatial dimensions. Van der Waals
interactions were handled using a force-switch scheme between 1.0 and 1.2 nm, while electrostatic interactions were
treated with the PME method at a cutoff distance of 1.2 nm. System energies and log information were recorded every 2
ps, and coordinates/velocities were saved every 100 ps. Throughout the simulations, 5d was free to diffuse without
additional restraints, enabling observations of its spontaneous transmembrane movement over microsecond timescales.
This setup allowed for both qualitative analysis of the translocation mechanism and quantitative assessment of energetics
associated with transmembrane diffusion.

In the replica-exchange umbrella sampling (REUS), also known as bias-exchange US (BEUS), umbrella sampling
was systematically performed on the same three membrane systems to determine the free energy profile of Sd
translocation across each membrane. Specifically, along the membrane normal (z-axis), a set of initial distances
(DIST) was selected for each system, and a harmonic restraint with a force constant of ~5000 kJ-mol '-nm > was
applied. Each window underwent a short equilibration (eq) run followed by a production (prd) run. For G* bacterial inner
membranes and mammalian membranes, the distances ranged from —5.5 nm to 5.0 nm with an interval of 0.05 nm, while
for the G bacterial outer membrane, the distance ranged from —5.5 nm to 8.0 nm at the same interval (0.05 nm). The
equilibration phase employed an integration time step of 0.001 ps/step (~500 ps in duration), and the production phase
used a larger time step of 0.002 ps/step (~5 ns). Neighbor lists were updated every 20 steps, and Van der Waals
interactions were smoothly switched between 1.0 and 1.2 nm to minimize artifacts. Electrostatic interactions were
handled using the PME algorithm with a cutoff distance of 1.2 nm. Bonds involving hydrogens were constrained using
LINCS to reduce computational cost while maintaining numerical stability.

The system was simulated under a semi-isotropic NPT ensemble, where C-Rescale was used to maintain a pressure of
1 bar (coupling constant of 5.0 ps), and v-rescale was employed to control the temperature at 313 K for the membrane,
solvent, and the small molecule (coupling constant of 1.0 ps). To ensure accurate calculation of free energy profiles
despite multi-state sampling challenges, the multistate Bennett acceptance ratio estimator (MBAR) method®® was utilized
for post-processing the umbrella windows due to its ability to provide an unbiased estimator with reduced variance. This
approach allowed us to obtain the free energy surfaces from individual windows and ultimately combine them into
a complete potential of mean force (PMF) describing 5d’s transmembrane pathway. By merging the results from
windows on both the upper and lower leaflets, the free energy landscape of 5d was thoroughly captured, spanning
from the extracellular to the intracellular side of each membrane.

Membrane Depolarization Assay

The assay was performed as previously described with minor modifications.’”->® Bacterial cells of S. aureus ATCC 29213
and E. coli ATCC 25922 were resuspended in HEPES buffer (5 mM, pH = 7.4) to an ODgg of 0.05. A 150 pL aliquot of
bacterial suspension was mixed with 50 pL of 3,3'-dipropylthiadicarbocyanine iodide [DiSC3(5)] (10 uM) in a 96-well
black plate. The plates were then incubated in the dark for 30 min (for S. aureus ATCC 29213) and 40 min
(for E. coli ATCC 25922). Fluorescence intensity was measured at an excitation wavelength of 622 nm and an emission
wavelength of 670 nm using a fluorescent microplate reader (SpectraMax Gemini XPS, Molecular Devices, USA). After
8 min, 10 pL of compound 5d (1%, 2x, 4%, and 8x MIC) was added to the wells. Fluorescence intensity was monitored at
intervals of 2 min for a total duration of 40 min. The experiment was performed in triplicate.

Bacterial Membrane Permeabilization Assay

The assay was performed as previously described with minor modifications.”” Bacterial cells of S. aureus ATCC 29213
and E. coli ATCC 25922 were resuspended in HEPES buffer (5 mM, pH 7.4) to an ODggo of 0.3. A 150 pL aliquot of
bacterial suspension was mixed with 50 pL of 10 uM propidium iodide (PI) in a 96-well black plate. The plates were then
incubated in the dark for 30 min (for S. aureus) and 40 min (for E. coli). Fluorescence intensity was measured at an
excitation wavelength of 535 nm and an emission wavelength of 617 nm using a fluorescent microplate reader. After
8 min, 10 pL of compound Sd (at concentrations of 1x, 2x, 4x, and 8% MIC) was added to the wells. Fluorescence
intensity was monitored at intervals of 2 min for a total duration of 40 min. The experiment was performed in triplicate.
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Membrane Component Competition Assays

The checkerboard assay was performed to determine the effect of exogenous phospholipids and lipopolysaccharide (LPS)
on the antibacterial activity of compound 5d.%° Bacterial cells (S. aureus ATCC 29213 and E. coli ATCC 25922) were
cultured for 24 h and diluted in MHB medium to obtain a bacterial suspension at a concentration of 1x10° CFU/mL. All
lipids including PG (Sigma-Aldrich), CL (Sigma-Aldrich), PE (Sigma-Aldrich) were dissolved in methanol to prepare
stock solutions at a concentration of 5120 pg/mL. LPS (Sigma-Aldrich) was resuspend in sterile double distilled water to
prepare stock solutions at a concentration of 5120 pg/mL. A 50 pL aliquot of PG, CL, PE, or LPS (0-32 pg/mL) were
mixed with 50 pL of compound Sd (0-32 pg/mL) in 96-well plates. Afterward, 100 pL bacterial suspension was added to
each well. The plates were incubated at 37°C for 18 h, and the MIC value was interpreted. The experiment was
performed in triplicate.

Intracellular DNA and Protein Leakage

Mid-logarithmic phase bacterial cells of S. aureus ATCC 29213 and E. coli ATCC 25922 were resuspended in PBS buffer
and diluted to an ODgq of 0.3. The bacterial suspensions were treated with different concentrations of compound 5d (1x,
2%, 4x, and 8% MIC) for 4 h. The concentration of DNA and protein in the supernatant was measured at wavelengths of
260 nm and 280 nm using a microspectrophotometer, respectively. The experiment was performed in triplicate.

Reactive Oxygen Species (ROS) Determination

The assay was performed as previously described with minor modifications.?>®' The intracellular ROS level was
assessed using the fluorescent probe 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) from a Reactive Oxygen
Species Assay Kit (Beyotime, China), with the kit-provided Rosup used as the positive control to induce oxidative
stress.®? S. aureus ATCC 29213 and E. coli ATCC 25922 cells, grown for 6 h, were washed and resuspended in PBS
buffer to prepare bacterial solutions with an ODggo of 0.5. The bacterial suspension was then incubated with 100 uM
DCFH-DA for 30 min. After incubation, the supernatant was removed, and the residual probe was washed three times
with PBS buffer. Subsequently, 180 pL of the bacterial suspension was transferred to black 96-well plates and mixed
with 20 pL of compound 5d (final concentrations: 1%, 2%, 4x, and 8% MIC) at 37°C for 40 min. The fluorescence
intensity was measured using a microplate reader with an excitation wavelength of 488 nm and an emission wavelength
of 530 nm. The experiment was performed in quintuplicate.

In vitro Cytotoxicity Assay

The cytotoxicity of compound Sd toward human liver cancer HepG2 and lung adenocarcinoma A549 cell lines was
determined by the Cell Counting Kit-8 (CCK-8) assay.®> Human liver cancer HepG2 and lung adenocarcinoma A549 cell
lines were all purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured
in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin.
Briefly, 100 pL of cell suspension (final density 2x10* cells/well) was inoculated into sterile 96-well plates and cultured
at 37°C for 24 h with 5% CO,. After the cells adhered to the plate surface, the medium was carefully removed. Then,
100 pL of compound 5d at two-fold serial dilutions was added to each well, and the plates were incubated at 37°C for
24 h. Subsequently, 10 pL. of CCK-8 solution was added to each well, and the plates were further incubated at 37°C for
1 h. The absorbance of each well was detected using a microplate reader at 450 nm. The cell survival rate was calculated
using the following formula: Cell viability (%) = [(AbSes: — AbSnegatve control) (AbSpasiive control — AbSnegative control)] X
100%. The experiment was performed in triplicate.

In vivo Antibacterial Assay

Female BALB/c mice were used for evaluating the in vivo efficacy of compound 5d. These mice were purchased from
Jinan Pengyue Experimental Animal Breeding Co., Ltd. (Jinan, China), with a weight of approximately 18-20 g and an
age of 6-8 weeks. All mice were housed under specific pathogen-free conditions in individually ventilated cages and
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provided ad libitum access to food and water. The animal house conditions maintained a controlled environment at 22 +
2°C and 40-60% humidity under a 12 h light/dark cycle.

For the survival assay, mice were randomly divided into seven groups (6 mice/group). The sample size was
determined based on a previous mouse sepsis model, as no formal power calculation was performed.®* Each mouse
received intraperitoneal injection of 100 uL S. aureus ATCC 29213 at a concentration of 1x10” CFUs. After 1 h post-
infection, mice were treated with a single intraperitoneal dose of compound 5d (5, 10, or 15 mg/kg) or the positive
control vancomycin (5, 10, or 15 mg/kg). The blank control group received PBS buffer alone. Survival status was
monitored for 7 days, and survival curves were plotted.

For bacterial load detection in various organs, mice were randomly assigned to five groups (6 mice/group). Each
mouse underwent intraperitoneal injection of 100 uL S. aureus ATCC 29213 at a concentration of 5x10° CFUs. After
1 h post-infection, mice were treated with a single intraperitoneal dose of compound 5d (10 or 15 mg/kg) or vancomycin
(10 or 15 mg/kg). The negative control group received PBS buffer only. Forty-eight hours after administration, all mice
were euthanized by cervical dislocation and dissected. Liver, spleen, and kidneys were collected from each mouse,
homogenized in sterile PBS buffer, and subjected to 10-fold serial dilution. Dilutions were plated onto MHA plates for
CFU counting.

Statistical Analysis

All data are reported as mean + standard deviation (SD). Each experiment comprised at least three independent biological
replicates (n > 3), and inferential statistics were computed only when n > 5. Group comparisons were carried out with the
Student’s #-test (for two groups) or one-way analysis of variance (ANOVA, for multiple groups) using GraphPad Prism
software (version 10.0). Prior to parametric testing, the normality of data distribution was assessed using the Shapiro—
Wilk test, and homogeneity of variances was evaluated with Levene’s test. If the data violated either the normality
assumption (Shapiro—Wilk test, p < 0.05) or the homogeneity of variances assumption (Levene’s test, p < 0.05), non-
parametric tests were applied accordingly: the Mann—Whitney U-test was used in place of the Student’s ¢-test, and the
Kruskal-Wallis H-test replaced one-way ANOVA. A two-sided p-value < 0.05 was considered statistically significant.

Results and Discussion
Chemistry

The synthetic routes of amphiphilic CBG derivatives are illustrated in Scheme 1. Initially, commercially available
olivetol was reacted with geraniol in the presence of acidic alumina to generate CBG (1).*® Subsequent alkylation
of 1 using a,@-dibromoalkanes in basic conditions (K,COj3) yielded intermediates 2A-D with variable alkyl chain lengths
(n). In parallel, bromoacetyl bromide was reacted with primary amines to produce intermediates 3E-I, which underwent
dimethylamine treatment to afford cationic AMP fragments 4E-I featuring tunable alkyl chain lengths (m). Finally,
amphiphilic CBG derivatives Sa-t were obtained via coupling intermediates 2A-D with cationic AMP fragments 4E-
I under reflux conditions. All final compounds 5a-t were characterized by '"H NMR, '>C NMR and HRMS.

Biological Evaluation

In vitro Antibacterial and Hemolytic Analysis

Antimicrobial susceptibility testing was performed using a broth microdilution method against eight clinically relevant
strains listed in Table 1. Reference antibiotics vancomycin, levofloxacin, and colistin served as comparators. Hemolytic
activity (HCso) was quantified against sheep erythrocytes to assess mammalian cell toxicity.

As summarized in Table 1, unmodified CBG (1) exhibited selective activity against G* bacteria (MICs = 2 pg/mL)
but was inactive against G strains (MICs > 128 pg/mL). This spectrum of activity aligns with that reported for other
major cannabinoids. For example, cannabidiol (CBD) has been shown to exhibit potent activity against G bacteria
(MICs = 1.56-3.125 pg/mL) yet demonstrates only weak activity against G~ bacteria (MICs > 50 pg/mL).'®
Strikingly, conjugation of AMP-mimetic fragments to CBG’s phenolic hydroxyl groups produced derivatives Sc-t with
enhanced potency (MICs = 0.5-4 ug/mL against G pathogens). Notably, derivatives Sc-e, Sh-j, and Sm-o achieved
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Scheme | Synthetic routes for CBG derivatives 5a-t. The linker spacer length (n) is consistent between compounds 2A-D and 5a-t, while the alkyl chain length (m) is
shared by compounds 4E-I and 5a-t.

broad-spectrum activity (MICs = 2-32 pg/mL against G bacteria), representing a significant improvement over
compound 1 (MICs > 128 pg/mL) and CBD (MICs > 50 pg/mL). Compound 5d emerged as the optimal candidate,
exhibiting dual efficacy (G": 1-2 pug/mL; G : 2-8 ug/mL) with minimal hemolysis (HCso > 200 pug/mL). Therapeutic
selectivity, quantified via SI (HCso/MIC), revealed SI > 200 for 5d against S. aureus, surpassing the parent compound 1
(SI = 8.2) and CBD (SI > 64)."® This enhancement correlates with 5d’s optimized amphiphilic balance, positioning it as
a viable candidate for further development.
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Table | In vitro Antibacterial Activities Against G* and G Bacterial Pathogens (MIC) and
Hemolytic Activities (HCsg) on Sheep Erythrocytes of Compound | and 5a-t

Compound MIC? (ng/mL) HCso' | SI*
s.ab | MRsAC | Ef0 | Bse | ab | kps|Ecr|par| ®E™D)

| 2 2 2 2 >128 | >128 | >128 | >128 16.4 8.2

5a 8 16 32 >128 | >128 | 64 | >128| 894 1.2
5b 4 8 16 I 128 128 8 128 142.4 35.6
5c I I 2 0.5 4 8 4 16 >200 | >200
5d I I 2 I 2 4 4 8 >200 | >200
Se I 2 2 I 4 8 8 16 1826 | 1826
5f 4 4 4 2 64 128 16 128 122.8 30.7
5g 2 4 2 0.5 32 32 8 128 153.7 | 76.85
5h I 2 2 0.5 4 16 8 16 1454 | 1454
5i 2 I 2 [ 4 16 8 16 >200 | >100
5§ 2 2 2 [ 4 16 8 16 >200 | >100
5k I I 4 I 4 32 8 128 1382 | 1382
5L I 4 2 I 8 16 8 32 173.6 | 1736
5m 2 I 2 I 4 16 8 16 >200 | >100
5n 2 I 2 I 4 16 8 32 >200 | >100
50 2 2 2 I 4 16 8 32 180.2 90.1

5p I I 2 I 8 32 16 64 1786 | 1786
5q I 2 2 I 8 32 8 32 1493 | 1493
5r 2 2 4 I 8 32 8 32 135.2 67.6
5s I 2 4 2 8 32 32 64 >200 | >200
5t 4 4 4 2 16 32 32 | >128 | >200 >50
Levofloxacin 0.25 | 0.5 0.125 | 0.25 0.5 0.125 | 0.25 ND' ND

Vancomycin | 2 2 0.5 ND ND ND ND ND ND

Colistin ND ND ND | ND | 025 8 0.5 0.5 ND ND

Notes: *MIC: minimal inhibitory concentration; bS. a.: S. aureus ATCC 29213; “MRSA: methicillin-resistant S. aureus ATCC
43300; ¢ E. f: E. faecalis ATCC 29212; © B. s.: B. subtilis ATCC 6051; ¥ A. b.: A. baumannii ATCC 19606; & K. p.: K. pneumoniae
ATCC 13883; "E. c.: E coli ATCC 25922; ' P a.: P. aeruginosa PAO; i HCsq: the concentration of compound at which 50% of
sheep erythrocytes were lysed; “ SI: selectivity index (HCso/MICs of S. aureus ATCC 29213); ' ND: not determined.

Structure-Activity Relationship (SAR) Analysis
A regular pattern of SAR was observed in the amphiphilic CBG derivatives. As shown in Table 1, both the alkyl chain
length (m) and the intermediate linker (n) profoundly influenced the MICs against G* and G~ bacteria. Principal
component analysis (PCA) of MIC data revealed negative correlations between antibacterial activity
and m or n (Figure 2A). For derivatives 5a-e (n = 2), increasing m from 1 to 6 reduced MICs against G* bacteria
from 4-32 pg/mL to 1-2 pg/mL, while G MICs dropped from 64->128 pg/mL to 4-16 pg/mL. Similarly, elongating
n(m=1,n=2to5)in 5a, 5f, 5k, and 5p improved G" activity from 4-32 pg/mL to 1-2 pg/mL, and G~ activity from 64-
>128 pg/mL to 8-64 pg/mL. Notably, PCA analysis highlighted a stronger negative correlation between MIC and m than
between MIC and n, suggesting m exerts a dominant influence on activity, particularly against G bacteria. For
instance, S5a (m = 1, n = 2) showed weak G activity (MICs = 64->128 pg/mL), and elongating n to 5 (5p) yielded
only moderate improvement (MICs = 8—64 pg/mL). In contrast, extending m from 2 to 5 enhanced G activity: 5b (m =
2, n=2)and 5d (m = 5, n = 2) achieved MICs of 8-128 pg/mL and 2-8 pg/mL, respectively. A parallel trend was
observed for derivatives 5g and 5i (n = 3), where antibacterial activity correlated with alkyl chain length elongation. In
contrast, derivatives 5k-o (n = 4) exhibited minimal variation in efficacy against both G and G~ bacteria as m increased.
Derivatives Sp-t (n = 5) demonstrated a gradual decline in activity against both bacterial classes with progressive alkyl
chain extension.

Furthermore, the partition coefficient (clog P) analysis was conducted to evaluate the hydrophilicity of CBG (1) and
its AMP-conjugated derivatives (5a-t). As summarized in Table S4, the clog P values ranged from 0.06 to 7.50,
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Figure 2 Structure-activity relationship (SAR) analysis. (A) Principal component analysis (PCA) of minimum inhibitory concentration (MIC) values against Gram-positive (G
*) and Gram-negative (G ) bacterial strains, plotted as a function of alkyl chain length (m) on the amide nitrogen and linker spacer length (n). PC, principal component. (B)
Correlation heatmap illustrating relationships between hemolytic activity (HCso) and structural parameters m (alkyl chain length) and n (linker length).

indicating enhanced hydrophilicity for most derivatives compared to the parent compound 1 (clog P = 7.35). This
improvement was achieved through strategic incorporation of hydrophilic AMP motifs, effectively addressing CBG’s
inherent solubility limitations and consequently enhancing bioavailability. Notably, experimental solubility profiles in
MIC assays correlated strongly with theoretical clog P predictions, validating the design rationale. These results
underscore the necessity of balancing m and n lengths to maintain optimal amphiphilic equilibrium for antibacterial
efficacy. Collectively, derivatives Sa-t displayed superior antibacterial efficacy against G* bacteria relative to G~ strains.
Consistent with prior studies on G~ bacteria,®® the observed activity disparity of between G* and G~ is attributed to the
impermeable LPS layer in G bacteria, which impedes amphiphilic compound penetration.

Hemolytic activity analysis further revealed strong inverse correlation between alkyl chain length (m) and toxicity
(Figure 2B). For derivatives with fixed n, progressive elongation of m from 1 to 6 resulted in HCsq values increasing
from 89.4 pg/mL (Sa, m = 1) to >200 pg/mL (5c-e, m = 4—6). Notably, all hexyl-substituted derivatives (m = 5; 5d, 5i,
5n, 5s) maintained HCs, > 200 ug/mL regardless of n variation, demonstrating the dominant influence of m on
hemocompatibility. These findings reinforce the critical importance of alkyl chain optimization for balancing antimicro-
bial potency and biosafety.

Bactericidal Time-Kill Kinetics

Time-kill assays were conducted to quantify the concentration-dependent bactericidal activity of 5d against planktonic
cultures of S. aureus ATCC 29213 and E. coli ATCC 25922 at 1x, 2x, and 4x MIC. As illustrated in
Figure 3, 5d exhibited rapid dose-responsive killing kinetics, achieving complete death of both strains within 0.5 h at
4x MIC with no detectable regrowth over 24 h. Notably, this bactericidal velocity surpassed clinical benchmarks:
vancomycin required 4 h at 8 MIC to eradicate S. aureus, while colistin needed 8 h at 4x MIC for E. coli clearance. The
stark temporal contrast underscores 5d’s rapid-action profile, a critical attribute for managing acute infections.

Resistance Development

The propensity for resistance development constitutes a critical challenge in antimicrobial drug development.®®®” To
systematically evaluate this risk, serial passages (20 cycles) were conducted using S. aureus ATCC 29213
and E. coli ATCC 25922 under non-lethal concentrations (0.5x MIC) exposure to 5d, with vancomycin and colistin
serving as reference controls. As depicted in Figure 4, vancomycin maintained stable MIC values (1-2 pg/mL)
against S. aureus, indicating no detectable resistance emergence. However, colistin exhibited a 64-fold MIC escalation
(from 0.5 to 32 pg/mL) against E. coli, demonstrating rapid resistance selection. Remarkably, Sd demonstrated complete
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Figure 3 Dose- and time- dependent killing curves of compound 5d against S. aureus ATCC 29213 (A) and E. coli ATCC 25922 (B). Vancomycin and colistin served as
positive controls for G* and G~ bacterium, respectively. The error bars represent standard deviation (n = 3).
Abbreviation: CFU, colony-forming units.
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Figure 4 Changes in minimum inhibitory concentration (MIC) values during serial passages of S. aureus ATCC 29213 (A) and E. coli ATCC 25922 (B) exposed to
subinhibitory concentrations of compound 5d. Vancomycin and colistin were used as comparators.

resistance stability, maintaining baseline MICs throughout the experimental regimen. This resistance-suppressing char-
acteristic is mechanistically attributed to 5d’s membrane-targeting mode of action, a strategy evolutionarily conserved in

AMPs, which circumvents single-target mutations and thereby minimizes resistance development pathways.®®

Antibiofilm Activity

Bacterial biofilms, characterized by extracellular matrix-encased microbial communities, confer enhanced antimicrobial
tolerance through impaired drug penetration and persisted cell formation.®® Developing novel agents capable of disrupt-
ing biofilm formation and maintenance is critical to overcoming antibiotic tolerance.”® Crystal violet assays were
employed to quantify both biofilm formation inhibition and mature biofilm disruption in S. aureus and E. coli. At
0.5x MIC (0.5 pg/mL for S. aureus; 2 pg/mL for E. coli), Sd achieved 71.04% and 42.27% biofilm inhibition,
respectively (Figure 5SA and B). Elevating the concentration to 1x MIC enhanced inhibition to 82.39% and 90.98%,
demonstrating concentration-dependent efficacy. Against 24-h mature biofilms, 5d exhibited 66.51% (S. aureus) and
57.72% (E. coli) disruption at 1x MIC, with plateaued elimination rates reaching 73.12% and 82.64% at 8x MIC
(Figure 5C and D), which aligns with established biofilm recalcitrance to single-agent eradication.”"

Notably, 5d exhibited superior antibiofilm activity against S. aureus compared to E. coli.
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Figure 5 Dose-responsive antibiofilm activity of compound 5d against S. aureus ATCC 29213 (A and C) and E. coli ATCC 25922 (B and D). Panels A and B show biofilm
inhibition rates, while panels C and D illustrate biofilm disruption efficacy against 24-h mature biofilms. The error bars represent standard deviation (n = 5). ***, p < 0.001,
one-way analysis of variance.

Abbreviation: ns, non-significant.

CLSM analysis with SYTO9/PI dual staining’> "> confirmed 5d’s biofilm-damaging capacity. After 24 h of exposure
to 5d at 8x MIC, mature biofilms showed dominant red fluorescence (Figure 6A), indicating extensive cell death.
Quantification revealed significant increases in dead/live ratios (80.7 + 4.6% versus 14.2 = 2.5% for S. aureus; 93.3 +
2.8% versus 7.7 = 2.1% for E. coli) versus controls (Figure 6B). Concomitant reductions in bio-volume (0.2 + 0.1 um3/
pm? versus 1.9 £ 0.1 um®/um? for S. aureus; 0.6 + 0.1 pm>/um? versus 1.4 = 0.2 um>/um? for E. coli), mean thickness
(1.3 £ 0.1 um versus 4.3 = 0.1 um for S. aureus; 1.7 + 0.2 pm versus 3.1 £ 0.3 pm for E. coli), and roughness coefficient
(0.5 £ 0.1 versus 4.0 £ 0.2 for S. aureus; 0.3 = 0.2 versus 2.1 £ 0.3 for E. coli) further corroborated structural biofilm
disintegration, with S. aureus biofilms exhibiting greater susceptibility. These findings align with prior observations
of 5d’s stronger antibiofilm efficacy against G* bacteria.

SEM Observation

SEM imaging revealed profound S5d-induced ultrastructural damage in both S. aureus and E. coli (Figure 7).
Untreated S. aureus exhibited pristine coccal morphology with smooth surfaces and intact cellular architecture, whereas
Sd-treated cells displayed collapsed structures with membrane debris and cytoplasmic leakage. Similarly,
untreated E. coli maintained characteristic rod-shaped morphology with filamentous extracellular appendages,
while Sd-exposed cells underwent loss of structural integrity and appendage detachment. These observations confirm
5d’s capacity to compromise bacterial envelope integrity through potential membrane-disruptive action.

14 https: Drug Design, Development and Therapy 2026:20



Yin et al

Control 5d a0 5. % p=38E-11 5 = 34E-9
100{ **% p=26E-9 — —_—
= E— < 25  * p=45E-9 €4
s g . P —4 H
® s ET 23 23
ERY = 60 3 8 8
IS 8 2 15 £ @
e ° £ el 2
3 2 40 3 £2 c 2
c Q = g 10 c )
s 2 g 3 § E
< 8 20 @5 =1 x !
0 00 0 0
Control 5d Control 5d Control 5d Control 5d
4 p=12E-11 30 5 5
100 —
N g Sy < 25 o4 mpeazES 'L
9 g & 220{ "™ p=41ES5 E g
88 e g — g3 4] i p=50E6
) 8 2 15 £ 4 Em—
wo o E 3 H
o 2 40 3 £2 22
= S 1.0 = £
< 3 2 3 2
o
8 20 @ o5 =1 €1
= 30 ym 0 =] 0.0 0 o
Control 5d Control 5d Control 5d Control 5d

Figure 6 Three-dimensional biofilm architecture analysis via CLSM (A) and quantitative metrics (B) after 5d treatment (8% MIC, 24 h). Control groups received PBS. (A)
SYTOY/Pl-stained Z-stacks (scale bar = 30 um): Red dominance indicates membrane-compromised cells (Pl), while residual green marks viable populations (SYTO9). (B) Key
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Figure 7 SEM ultrastructural analysis of S. aureus ATCC 29213 (upper panels) and E. coli ATCC 25922 (lower panels) treated with 5d (8% MIC, 4 h). Untreated controls
display intact cellular morphology with smooth surfaces.
Abbreviation: MIC, minimum inhibitory concentration.

MD Simulations of Compound 5d

To decipher 5d’s membrane selectivity, all-atom MD simulations were performed to track its spontaneous partitioning
across bacterial (G /G") versus plasma membranes of mammals (PMm). As illustrated in Figure 8A—C, snapshots at 0 ps,
1 ps, and 2 ps were captured for the G, G*, and PMm systems, respectively. 5d was able to progressively embed into the
hydrophobic core of bacterial bilayers within 2 ps, whereas in mammalian systems, it remained surface-adsorbed before
aqueous phase expulsion. Quantitative trajectory analysis (Figure 8D) revealed stable positioning at 2.48 nm (G ) and
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Figure 8 Molecular dynamics simulations of 5d-membrane interactions. (A-=C) Time-resolved insertion profiles in Gram-negative (G") bacteria outer membrane (A, blue
spheres for polar heads, Orange sticks for lipids), Gram-positive (G*) bacteria membrane (B, green for lipids), and plasma membranes of mammals (C, PMm; orange for
lipids) membranes. Representative snapshots at 0 ps, | ps, and 2 ps illustrating the spontaneous diffusion and insertion of compound 5d (magenta) in three membrane
models. Water molecules are omitted for clarity. (D) Time evolution of the distance between 5d and the membrane center (z = 0) for each system. Lower distance values
indicate deeper insertion. (E) Hydrogen-bond network analysis. Violin plots showing the distribution of the number of hydrogen bonds formed by 5d with surrounding lipids
or water in each membrane model. (F-H) Potential of mean force (PMF) profiles for transmembrane translocation of 5d in G~ (F), G* (G), and mammalian (H) membranes.
PMF curves obtained via umbrella sampling, where the horizontal axis is the distance of 5d from the membrane center and the vertical axes show inside (red line, left y-axis)
versus outside (blue line, right y-axis) free energies in units of kT.

1.05 nm (G") from the bilayer center, versus 2.406 nm (PMm), demonstrating stronger bacterial membrane affinity.
Hydrogen-bond analysis (Figure 8E) revealed that Sd formed more hydrogen bonds with lipid headgroups or water
molecules in the G /G systems, facilitating its stable embedding within the bacterial bilayer.

To quantitatively delineate the thermodynamic landscape of transmembrane translocation, enhanced sampling via
replica exchange umbrella sampling was implemented to construct potential of mean force (PMF) along the insertion
pathway. As shown in Figure 8F—H, comparative PMF analysis of 5d in G, G*, and PMm membranes revealed system-
dependent energy barriers. In G° membranes, the upper leaflet lipids posed a substantial initial barrier (~180 kT),
impeding surface-to-core transition, while lower leaflet penetration required the lowest activation energy (~25 kT) among
all systems, indicating facilitated translocation post-insertion. G* membranes exhibited uniform energy demands for both
insertion and penetration (~50 kT). Notably, mammalian membranes displayed prohibitive late-stage barriers (~70 kT
post-insertion), 70% higher than G~ and 35% higher than G, thermodynamically favoring 5d’s expulsion to the aqueous
phase, a phenomenon consistent with both surface diffusion MD trajectories and hydrogen-bond topology analyses.

Bacterial Membrane Depolarization and Permeabilization

Using DiSC3(5) as a transmembrane potential-sensitive probe, we quantified 5d-induced depolarization through fluor-
escence dequenching kinetics. Upon 5d exposure (8 min), dose-responsive fluorescence surges were observed (Figure 9A
and B), with S. aureus exhibiting rapid depolarization (550 a.u. at 4-8x MIC within 2 min) versus E. coli’s delayed
response (400 a.u. after 10 min), indicating 5d induces faster depolarization in G* bacteria. Concomitant PI influx assays
cells’®"” revealed dose-dependent membrane poration (Figure 9C and D). In S. aureus, PI fluorescence peaked at 450 a.u.
within 15 min (8x MIC), whereas E. coli showed limited permeabilization (130 a.u. after 32 min). The 3.5-fold kinetic
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Figure 9 Real-time membrane perturbation kinetics assessed via DiSC3(5) depolarization (A and B) and Pl permeabilization (C and D) in S. aureus ATCC 29213 and E. coli
ATCC 25922. Negative controls received PBS. The error bars represent standard deviation (n = 3).
Abbreviations: a.u., arbitrary units; MIC, minimum inhibitory concentration; PBS, phosphate buffered saline.

disparity between G" and G~ strains correlate with 5d’s enhanced efficacy against G pathogens, directly linking
membrane destabilization to bactericidal outcome.

Membrane Component Competition
To elucidate 5d’s molecular targeting specificity, MIC determinations were conducted in the presence of exogenous
membrane components. Given the PE, PG, and CL predominance in bacterial inner membranes versus LPS in G~ outer

membranes,>>’®

their competitive effects on 5d’s activity were systematically quantified (Figure 10A and B). Dose-
dependent MIC elevation was observed for PG (16-fold in S. aureus at 2-32 pg/mL versus 16-fold in E. coli at 32 pg/
mL), CL (16-fold in S. aureus versus 4-fold in E. coli at 32 pg/mL) and PE (2-fold in S. aureus at 8-32 pg/mL versus
4-fold in E. coli at 8-32 pg/mL), whereas LPS showed no interference. Notably, PG emerged as the most potent
antagonist, exhibiting a 16-fold reduction in the antimicrobial efficacy of 5d against S. aureus and E. coli at 32 pg/mL.

79,80

Parallel profiling of membrane-targeting antibiotics (daptomycin, colistin’”"") revealed similar PG desensitization

patterns (Figure 10C and D; Table S5), while non-membrane agents (ceftazidime, gentamicin, etc.) maintained unaltered

Drug Design, Development and Therapy 2026:20 https: 17


https://www.dovepress.com/article/supplementary_file/558606/558606%20Revised%20Supplementary%20Materials.docx

Yin et al

A

(o8]

329 —=—PG
—eo—CL

164 ——PE

329 —=—PG

—o—CL

16{ —+—PE
LPS /
8-

24 /—A—A
14 N N

0 1 2 4 8 16 32 0 1 2 4 8 16 32
Concentration (ug/mL) Concentration (ug/mL)

o

o

Fold increase in MICs of compound 5d
. N

Fold increase in MICs of compound 5d
-
>

O
O

324 32

Fold increase in MICs
Fold increase in MICs

o 50 @
) O v
0’69’\0«\ Ge’(\(‘ﬂ'\ 08(\\6

Jldllmmmem Ul mmmm

o '\(‘;\(\ ‘aé\(\

&
AN
@ qu\o* edo
\©

<O

Figure 10 Membrane component competition assays evaluating 5d’s antibacterial activity against S. aureus ATCC 29213 (A) and E. coli ATCC 25922 (B), and comparative
pharmacodynamic profiles with conventional antibiotics in the presence of 32 pg/mL PG against S. aureus ATCC 29213 (C) and E. coli ATCC 25922 (D).
Abbreviations: CL, cardiolipin; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; LPS, lipopolysaccharide; MIC, minimum inhibitory concentration.

efficacy. This target-specific competition implicates PG and CL as primary interaction partners, mechanistically aligning
5d with established membrane-targeting pharmacophores.

Cytoplasmic Component Leakage

Membrane integrity loss is directly correlated with the expulsion of intracellular macromolecules such as DNA and
proteins.®'#* Quantification of cytoplasmic component efflux following 5d treatment revealed dose-dependent biomo-
lecule release in both S. aureus and E. coli (Figure 11). At 8x MIC, total DNA efflux reached 85.2 £ 0.9 ng/uL
(S. aureus) versus 73.5 = 1.1 ng/uL (E. coli), while protein release attained 2.2 £ 0.1 mg/mL versus 1.1 £ 0.1 mg/mL. The
observed 1.2- to 2-fold higher leakage in G* bacteria mechanistically explains 5d’s enhanced bactericidal efficacy against

these pathogens, definitively establishing membrane disruption as the primary killing mechanism.

ROS Generation

Elevated intracellular ROS levels compromise membrane integrity and potentiate bacterial lethality through oxidative
damage cascades.®*® To assess 5d’s oxidative stress induction capacity, DCFH-DA fluorescence assays were employed
to monitor intracellular ROS accumulation in real-time. Positive controls treated with Rosup exhibited 2-fold higher
fluorescence intensity (~100 a.u.) versus PBS-treated cells (~50 a.u.), validating assay sensitivity (Figure 12). Notably,
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Figure 11 Quantification of DNA (A) and protein (B) efflux from S. aureus ATCC 29213 and E. coli ATCC 25922 following 5d treatment. Untreated controls received PBS.
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Figure 12 Intracellular reactive oxygen species (ROS) accumulation profiles in S. aureus ATCC 29213 (A) and E. coli ATCC 25922 (B) treated with 5d. Rosup (ROS inducer)
and PBS served as controls. The error bars represent standard deviation (n = 5). **p < 0.001, one-way analysis of variance.
Abbreviations: a.u., arbitrary units; PBS, phosphate buffered saline; MIC, minimum inhibitory concentration.

5d provoked dose-dependent ROS escalation in both strains, with S. aureus displaying supraphysiological levels (172.3 £
4.7 a.u. at 8x MIC) exceeding Rosup-induced values. In E. coli, ROS peaked at 104.4 + 3.7 a.u. (8x MIC), equivalent to
Rosup but 39.4% lower than G* counterparts. This strain-specific ROS amplification mechanistically correlates with 5d’s
enhanced bactericidal efficacy against G* pathogens, suggesting synergistic interplay between membrane disruption and
oxidative stress in the killing process.

Cytotoxicity Assessment

To evaluate 5d’s therapeutic index, its cytotoxic effects were systematically analyzed in human non-small cell lung cancer
(A549) and hepatocellular carcinoma (HepG2) cell lines using CCK-8 assay. As shown in Figure 13, cell viability remained
>95% at antibacterial concentrations (<4 pg/mL; MIC = 1 pg/mL for S. aureus, 4 ng/mL for E. coli), demonstrating negligible
cytotoxicity at therapeutic doses. Dose-dependent toxicity emerged at >8 pug/mL, with 50% cytotoxic concentration (CCsg)
values of 27.1 pg/mL (A549) and 31.1 pg/mL (HepG2), yielding a favorable therapeutic window (27- and 31-fold over
S. aureus MICs, and 6.8- and 7.8-fold over E. coli MICs). These findings correlate with molecular dynamics simulations
demonstrating 5d’s selective bacterial membrane targeting, thereby validating its membrane-specific action and low mamma-
lian cell toxicity at bactericidal concentrations.
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Figure 14 In vivo therapeutic evaluation of 5d in a murine sepsis model. (A) Experimental timeline. (B) Kaplan-Meier curves of BALB/c mice (6 mice/group) infected with
lethal dose S. aureus ATCC 29213 (I x 107 CFUs) treated with single-dose 5d or vancomycin (515 mg/kg, i.p.). The p value was determined using the Log rank test. (C)
Organ-specific bacterial burden in sublethally infected mice (5 x 10° CFUs) after 48 h treatment. Data points indicate individual biological replicates. Horizontal bars indicate
group means. The error bars represent standard deviation (n = 6). ***p < 0.001, one-way analysis of variance.

Abbreviations: ns, non-significant; CFU, colony-forming units; PBS, phosphate buffered saline.

In vivo Therapeutic Efficacy

Given the compound’s potent antibacterial activity and favorable safety profile, its translational potential was validated in
a S. aureus-induced sepsis model (Figure 14A). Lethally infected mice receiving 5d (5-15 mg/kg, i.p.) exhibited dose-
dependent survival improvement, with 100% survival at 15 mg/kg versus 66.6% for vancomycin at equivalent doses
(Figure 14B). Notably, 5d achieved superior protection (50-100% survival) over vancomycin (33.3—-66.6%) across all
tested doses, surpassing the reference drug by 16.7-33.4%.

Bacterial clearance analysis in sublethally infected mice revealed significant organ burden reduction (p < 0.001) by 5d
versus PBS controls (Figure 14C). At 10 mg/kg, 5d matched vancomycin’s efficacy at 15 mg/kg, demonstrating its higher
potency. Maximum efficacy at 15 mg/kg 5d yielded 2.8- to 5.2-log reductions in splenic (2.6 log;y CFUs/g), hepatic (4.4
log;o CFUs/g), and renal (5.0 log;o CFUs/g) burdens versus controls (7.8 log;o CFUs/g). These data collectively confirm
5d’s superior in vivo performance in both survival and pathogen clearance.
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Conclusion

This work establishes a novel class of CBG-based amphiphilic derivatives through a biomimetic design strategy
emulating AMPs. Systematic SAR optimization identified compound 5d as the lead candidate, exhibiting clinically
relevant broad-spectrum activity against both G (MICs = 1-2 pg/mL, including drug-resistant MRSA) and G~ pathogens
(MICs = 2-8 ug/mL). Beyond its direct antimicrobial effects, 5d demonstrated good translational promise, characterized
by low hemolytic toxicity (HCsq > 200 pug/mL), rapid bactericidal kinetics (complete eradication within 0.5 h at 4x MIC),
resistance prevention, and robust biofilm disruption capacity. Mechanistic dissection revealed a multimodal bactericidal
mechanism: selective targeting of bacterial membranes via PG and CL interactions; concerted membrane destabilization
through depolarization-permeabilization cascades; intracellular oxidative stress amplification via ROS overproduction;
massive cytoplasmic component efflux (DNA/proteins). This multipronged attack circumvents conventional resistance
pathways, explaining the observed lack of MIC escalation during serial passage. In vivo validation in a murine sepsis
model confirmed 5d’s superiority over vancomycin, achieving 100% survival at 15 mg/kg with 2.8-5.2 log;o CFUs/g
reductions in splenic, hepatic, and renal bacterial burdens. Critically, the compound maintained negligible cytotoxicity
toward human cells (A549 and HepG2) at therapeutic concentrations, yielding an exceptional therapeutic index. These
collective attributes thus support the further development of 5d as a promising preclinical candidate. Consequently, it
represents a potential strategy to address the urgent need for new agents against biofilm-associated and multidrug-
resistant infections. Future investigations will prioritize characterizing its pharmacokinetic profile, evaluating its in vivo
efficacy against biofilm-based infections, and exploring its potential for synergy with established antibiotics.
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