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The membrane, which plays numerous fundamental biological roles, is a key target for drug discovery. To
selectively gain access to the bacterial membrane, we synthesized a new series of 2-((N-(acylglycine ester)
methyl)-1-methylpyridin-1-ium iodide) (QPyNAGe) compounds from glycine esters with tunable
hydrophobicity by N-acylating them with fatty acids and introducing a cationic charge using quaternary
pyridinium groups. The screening for antibacterial activity using the zone of inhibition method revealed
that QPyNAGe is highly selective against Gram-positive bacteria. Among the compounds studied, 2-((N-
(2-methoxy-2-oxoethyl)palmitamido)methyl)-1-methylpyridin-1-ium (QPyN16Ge) showed promising
antibacterial activity (MIC, 3.91-7.81 uM), and 2-((N-(2-methoxy-2-oxoethyl)decanamido)methyl)-1-
methylpyridin-1-ium (QPyN10Ge) had low antibacterial activity (MIC, 500-1000 pM) against the tested
Gram-positive strains, including the methicillin-resistant Staphylococcus aureus. The hemocompatibility
assay results showed that all QPyNAGe derivatives were more selective for bacteria than for human red
blood cells. QPyN16Ge displayed the highest selectivity for bacteria, indicating that the hydrophobicity of
the N-palmitoyl chain played a crucial role in enhancing its activity. QPyN16Ge exhibited rapid killing
against planktonic MRSA compared with the standard antibiotic ciprofloxacin. The
dipropylthiacarbocyanine iodide release experiment and the propidium iodide uptake assay
demonstrated that QPyN16Ge depolarizes the cytoplasmic membrane more than QPyN10Ge and has

kinetics

greater membrane permeability. Scanning electron microscopy studies support the notion that
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death. Resistance studies suggest that QPyN16Ge is less likely than ciprofloxacin to develop resistance

DOI: 10.1039/d6ra02317g against S. aureus. The therapeutic potential was demonstrated by rescuing MRSA-infected zebrafish with

rsc.li/rsc-advances QPyN16Ge, reducing the bacterial burden in the animals.

people per year by 2050." The World Health Organization has
prioritized the development of antibacterial drugs to address

1 Introduction

The emergence of superbugs and increasing evidence of
microbial drug resistance have put the brakes on the golden era
of antibiotics. A global survey has shown that about 1.2 million
people died in 2019 from antibiotic-resistant bacterial infec-
tions. If unmanaged, resistant infections might kill 10 million
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drug resistance in Mycobacterium tuberculosis, Salmonella,
Shigella, Neisseria gonorrhoeae, Pseudomonas aeruginosa, and
Staphylococcus aureus. Recent years have seen an intensified
research effort by several researchers, who have discovered
diverse chemical structures for developing antimicrobial
drugs.” In particular, many of these substances are structural
mimics of microbial metabolic intermediates, also known as
antimetabolites.®> Consequently, natural or synthetic non-
protein amino acids and their derivatives have emerged as an
important class of drugs.* Similarly, single-chain amphiphilic
lipids, such as fatty acids, have been recognized as broad-
spectrum antibacterial agents.>® Combining two physiologi-
cally relevant and biocompatible compounds to develop unique
hybrid molecules is a popular method for synthesizing new
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bioactives. In this regard, lipoamino acid (LAA) derivatives have
been shown to inhibit lipase and exhibit anti-inflammatory,
antibacterial, and antifungal properties.”® The lipophilicity of
LAA is expected to provide membrane-mimicking properties
that may aid drug delivery by facilitating the passage through
biomembranes. However, the non-specific nature of LAA can
cause hemolysis, and its low solubility limits its therapeutic
potential. Therefore, it is imperative to develop new antimi-
crobials with high solubility and specificity for bacteria rather
than their host cells. Considering that bacterial membranes
have a negative surface charge, positively charged organic
counterions can be used instead of conventional sodium and
potassium salts to form cationic systems that are more soluble
in water and exhibit strong antibacterial activity.'® Quaternary
ammonium salts (QAs) are recognized for their antimicrobial
properties and are utilized as disinfectants and antiseptics."*
Despite their advantages, QAs negatively impact the environ-
ment and human health. Prolonged exposure to QAs affects the
immune system, reproductive system, and endocrine func-
tion.” Strong sorption of QAs onto solids and organic particles
restricts their biodegradation, prolongs their environmental
persistence, and causes toxicity."* Therefore, it is crucial to
create new QAs that are biocompatible, efficient against
microorganisms, and easily degradable in the environment. We
recently reported the antibacterial, antifungal, and antibiofilm
activities of the pyridinium salts of N-acyl ethanolamine
(cNAE)."*** ¢NAEs kill bacteria by damaging their membranes,
disrupting biofilm formation, and exhibiting lower toxicity
towards human red blood cells. A review of the literature
revealed that N-acyl amino acids have been utilized as biostatic
additives, enzyme inhibitors, antiproliferative agents, antifun-
gals, and other therapeutic agents.'® Ricinoleic acid-based LAA
displays good antibacterial and antibiofilm activity against
Gram-positive bacteria."”

Glycine is categorized as a non-essential amino acid but is
indispensable for the synthesis of peptides and proteins, for the
production of creatine, glutathione, porphyrins, and purines,
and for the conjugation of bile acids and xenobiotics."® At
higher concentrations, glycine inhibits bacterial growth and is
used as an antibacterial agent in food due to its low toxicity to
animals." N-acylglycines, such as N-arachidonoyl glycine and N-
palmitoylglycine, act as signalling molecules with roles in
antinociception, anti-inflammation, and cell proliferation.*®
Considering the benefits of LAA, herein, we aimed to synthesize
an antimicrobial from N-acylglycine ester and add cationic
functionality by conjugating with a 2-methylene-1-
methylpyridinium iodide group. A facile method was devel-
oped to synthesize 2-((N-(acylglycine ester)methyl)-1-
methylpyridin-1-ium iodide) (QPyNAGe), and the molecular
hydrophobicity was modulated by varying the length of the N-
acyl chain. Antimicrobial testing revealed that QPyNAGe
exhibits N-acyl chain length-dependent antibacterial activity,
with specificity for Gram-positive bacteria. To understand the
mechanism of action, the effects of QPyNAGe on bacterial
membranes were investigated. The biocompatibility of QPyN-
AGe was assessed using a hemolytic assay, and the results are
discussed.
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2 Materials and methods

The SI contains a detailed presentation of the materials and
processes. The techniques employed in this paper are briefly
described below.

2.1 Materials

Pyridine-2-carboxaldehyde and thionyl chloride were purchased
from Hyma, India. Fatty acids and glycine methyl ester were
purchased from TCI, India. Triethylamine and sodium cyano-
borohydride were purchased from SRL Chemicals. Methyl
iodide was purchased from LOBA Chemie. The media and
reagents for microbiology were obtained from HiMedia, India.

2.2 Synthesis of N-acyl-N-(pyridin-2-ylmethyl)glycine methyl
ester (PyNAGe)

The N-acyl-N-(pyridin-2-ylmethyl)glycine methyl ester was
synthesized from glycine. The reaction progress was monitored
by thin-layer chromatography. The reaction mass was extracted
using ethyl acetate and a saturated solution of NH,CI. The crude
product of methyl 2-((pyridin-2-ylmethyl)amino)acetate ob-
tained from the organic layer was subjected to N-acylation
without further purification. After the reaction was complete,
the crude mass was extracted with ethyl acetate and saturated
with NaHCOj;. The organic layer was dried and purified by
column chromatography (mesh size, 60-120). The product was
eluted with ethyl acetate : hexane (30 : 70); the reaction yield was
approximately 75%. The product was confirmed by 'H and **C
NMR spectroscopy (see SI).

2.3 Synthesis of 2-((N-(acylglycine ester)methyl)-1-
methylpyridin-1-ium iodide (QPyNAGe)

PyNAGe was quaternized using methyl iodide. Following the
completion of the reaction, the solvent and excess methyl iodide
were removed using a rotary evaporator. The obtained precipi-
tate was washed several times with acetone and hexane to
obtain the pure product. The reaction yield was approximately
95%. The purity of the product was confirmed by "H NMR and
13C NMR spectroscopy and HRMS (see SI).

2.4 Antimicrobial activity

The antimicrobial activity of the synthesized molecules was
assessed by the zone of inhibition (ZOI) assay.>* The strains
used in this study are Staphylococcus aureus (MTCC3160),
methicillin-susceptible Staphylococcus aureus (ATCC29213),
methicillin-resistant ~ Staphylococcus — aureus (ATCC43300),
faecalis (ATCC29212), Streptococcus iniae
(ATCC29178), Escherichia coli (MTCC723), uropathogenic
Escherichia coli (MTCC729), Pseudomonas aeruginosa
(MTCC1688), carbapenem-resistant Acinetobacter baumannii
(MTCC12889), and Proteus mirabilis (MTCC425). The formation
of a zone around the well indicates antimicrobial activity.

Enterococcus
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2.5 Determination of minimum inhibitory concentration
and minimum bactericidal concentration

The minimum inhibitory concentration (MIC) of all QPyNAGe
derivatives was determined using turbidometry and resazurin
microtiter assay (REMA) in accordance with CLSI broth micro-
dilution guidelines.” The minimum bactericidal concentration
(MBC) was determined by swabbing 10 pL of treated cells from
the MIC plate onto an agar plate after the turbidity measure-
ments. The experiments were repeated three times to test the
reproducibility.

2.6 Time-kill kinetics

The killing efficiency of QPyNAGe was investigated using the
time-kill kinetics method.”® The reference antibiotic, ciprofl-
oxacin (CIP), was used as a positive control, and bacteria that
were not treated with QPyN16Ge served as a negative control.
Three separate experiments were conducted in triplicate, and
the log CFU mL " was plotted versus time.

2.7 Hemocompatibility assay

The hemolytic concentration (HLC) is determined by tracking
cell lysis and heme release.>* All experiments were conducted in
accordance with the guidelines of the Indian Council of Medical
Research (ICMR) and were approved by the ethics committee at
SASTRA University.

2.8 Membrane permeability assay

Bacterial cells were treated with 1X MIC QPyNAGe for 2 h at 37 ©
C, then collected by centrifugation at 3000 rpm. The treated
cells were exposed to 50 uM propidium iodide (PI), and fluo-
rescence was measured at 617 nm with excitation at 535 nm.
Untreated cells and cells treated with 1 mM Triton X-100 were
used as the negative control and positive control, respectively.
The percentage of membrane permeability was calculated using
eqn (1) as follows:*

% Membrane permeability = [(F, — F,)/(F, — F,)] x 100, (1)

where F, is the initial PI fluorescence from the untreated cells,
and F; and F, are the PI fluorescence from the cells treated with
QPyNAGe and Triton X-100, respectively.

2.9 Cytoplasmic membrane depolarization assay

The cytoplasmic membrane depolarization was analysed using
membrane  potential-sensitive  fluorescent dye 3,3'-di-
propylthiacarbocyanine iodide (DiSC3(5)). Briefly, 500 pL of dye-
loaded cells were treated with 1X MIC QPyNAGe for 10 min.
After treatment, the fluorescence emission was recorded at
670 nm by exciting at 622 nm. Untreated cells and cells treated
with 2 mM Triton X-100 were used as negative and positive
controls, respectively. The percentage of membrane depolar-
ization was calculated using eqn (1).
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2.10 Reactive oxygen species assay

Typically, cells were treated after exposure to 10 pM 2'-7'-di-
chlorodihydrofluorescein diacetate (DCFH-DA) and incubated
at 37 °C for 30 min. After incubation, fluorescence emission was
observed at 525 nm (excitation wavelength: 485 nm). The
negative and positive controls were untreated cells and cells
treated with 10 pL of 30% hydrogen peroxide.>®

2.11 Resistant testing

The ability of bacteria to develop resistance to QPyNAGe was
assessed by determining MIC after repeated exposure to the
drug.”” Ciprofloxacin (Cip) was used as the standard antibiotic
control. The experiment was repeated 29 times with repeated
exposure at 0.5X MIC. The increase in the MIC indicates the
development of resistance.

2.12  Animal testing

The therapeutic efficacy of QPyNAGe was evaluated using
a zebrafish animal model, following the procedure described in
ref. 28. The experiments were approved by the Institutional
Ethics Committee (CPCSEA-493/SASTRA/IAEC/RPP) of SASTRA
University, India, and conducted in accordance with the
guidelines for laboratory animal facilities set by CPCSEA
(Central Act 26 of 1982). For the experiments, twenty healthy
fish were infected intramuscularly with 10 uL of 1.0 x 10® CFU
mL ™' MRSA and allowed 3 h to spread the infection. After
treatment, fish from both groups were collected at defined time
intervals and sacrificed, and their muscle tissue was dissected
from the opposite side of the bacterial injection. About 30 mg of
the muscle tissue was homogenized, diluted appropriately, and
plated on a nutrient agar plate. The plates were incubated at
37 °C for 12 h, and the colonies were counted and reported as
CFUmL™".

3 Results and discussion

3.1 Design and synthesis of 2-(N-acylglycine ester)-1-
methylpyridin-1-ium iodide

Esters are the most commonly employed functional groups in
the prodrug design due to their chemical stability, ease of
synthesis, and efficient release of the active drug via enzymatic
hydrolysis by ubiquitous esterases in the body.*® Having learned
about the glycine antimicrobial activity at high doses, we
developed pyridine-conjugated glycine ester (methyl 2-((pyridin-
2-ylmethyl)amino)acetate) and added fatty acids through N-
acylation to obtain N-acyl-N-(pyridin-2-ylmethyl)glycine ester
(PyNAGe) [Scheme 1]. Fatty acids are known to have antibacte-
rial properties, and their lipophilicity enables molecules to
enter cells. The molecular hydrophobicity can be modulated by
utilizing fatty acids with varying acyl chain lengths. To target the
negatively charged surface charge of bacterial membranes, the
pyridine group was quaternized with methyl iodide to obtain 2-
(N-acylglycine ester)-1-methylpyridin-1-ium iodide (QPyNAGe).
The obtained products were confirmed by '"H NMR and *C
NMR spectroscopy and HRMS [see SI Fig. S1-S25].

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2-(N-acylglycine ester)-1-methylpyridin-1-ium iodide

Scheme 1 Synthesis of 2-(N-acylglycine ester)-1-methylpyridin-1-
ium iodide (QPyNAGe).

Representative discussions on the structural elucidation, based on
'H NMR, *C NMR, and HRMS analyses, are presented in the SI.

3.2 Antimicrobial activity

The antibacterial activity of QPyNAGe against Gram-positive
and Gram-negative bacterial strains was assessed by the zone
of inhibition (ZOI) experiment. ZOI testing enables a quick and
qualitative assessment of drug efficacy in inhibiting bacterial
growth.** Before quaternization, there was no ZOI activity
detected for PyNAGe. Interestingly, the QPyNAGe demonstrated
a ZOI against the tested Gram-positive bacteria, indicating that
quaternization is essential for recognizing the negative bacterial
surface. In contrast, QPyNAGe had no activity against Gram-
negative bacteria [see SI Fig. S26], implying that QPyNAGe is
specific against Gram-positive bacteria. After observing poor
sensitivity to Gram-negative bacteria, we focused our study on
Gram-positive bacteria, including drug-sensitive strains, such
as S. aureus, methicillin-sensitive S. aureus, Enterococcus faeca-
lis, and Streptococcus iniae, as well as drug-resistant strains such
as methicillin-resistant S. aureus. Table 1 shows the QPyNAGe
MIC values against Gram-positive bacteria. As shown in Table 1,
the MICs differ among the QPyNAGe derivatives, indicating that
increasing the methylene groups in the N-acyl chain signifi-
cantly affects the MIC. The higher MICs observed with
QPyN10Ge and QPyN12Ge suggest reduced antibacterial
activity, attributed to the N-acyl chain's insufficient hydropho-
bicity, which impedes membrane penetration in bacteria.
Interestingly, QPyN14Ge, QPyN16Ge, and QPyN18Ge had lower
MICs, with QPyN16Ge having the lowest MIC of the tested
strains. The results indicate that molecular hydrophobicity is

Table 1 MICs determined using REMA analysis

MIC (uM)
Molecule S. aureus MSSA MRSA* S. iniae E. faecalis
QPyN10Ge 500 500 1000 1000 1000
QPyN12Ge 62.5 31.25 125 250 125
QPyN14Ge 3.91 3.91 15.63 31.25 7.81
QPyN16Ge 3.91 3.91 7.81 7.81 7.81
QPyN18Ge 3.91 7.81 7.81 7.81 15.63

“ drug-resistant.
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a key component in the antibacterial activity of the QPyNAGe
class of molecules. The antibacterial activity observed with
QPyNAGe suggests that N-acylation contributes to more than
just anchoring within the bacterial membrane; it may also
directly influence the bacterial membrane's network. Further
assessment of these findings requires in-depth metabolomics
research.

3.3 Bactericidal activity

To evaluate if QPyNAGe possesses bactericidal, bacteriostatic,
or both properties, aliquots from wells with MICs of 0X, 0.5X,
1X, 2X, 4X, and 8X were spotted on appropriate agar plates. The
concentration that did not result in bacterial colony formation
was noted as the minimum bactericidal concentration (MBC).
The experiment was shown to be correctly carried out by
comparing the MBC data with that of the control well
(untreated), which displayed bacterial growth [see SI Fig. S27].
The MBC values are presented in Table S1 (see SI Table S1). It
was demonstrated that QPyN16Ge and QPyN18Ge are highly
effective and exhibit bactericidal activity at 1X MIC, suggesting
that the N-acyl chain provides an adequate hydrophilic-
lipophilic balance that permits QPyN16Ge and QPyN18Ge to
permeate the cell wall and kill the cells. Following the obser-
vation of bactericidal activity, we examined the killing rate to
assess the effectiveness of QPyN16Ge against MRSA. The
untreated cells exhibited exponential growth as expected
(Fig. 1). As noted from Fig. 1, the QPyN16Ge treatment signifi-
cantly reduced CFU within 30 minutes at 1X MIC. However,
ciprofloxacin, a standard antibiotic, took one hour to induce
a response, as evidenced by decreased CFU, and achieved lower
CFU levels after two hours. Strikingly, the reduced CFU
observed with ciprofloxacin treatment after two hours was

12
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Fig. 1 Time-kill kinetics assay showing the efficacy of QPyN16Ge in
killing MRSA. The experiments were performed in triplicate (n = 3), and
the results are presented as mean =+ SD.
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higher compared to QPyN16Me treatment, suggesting that
QPyN16Ge kills bacteria more quickly and effectively than
ciprofloxacin.

3.4 Hemocompatibility

Any new antimicrobial drugs disclosed must include informa-
tion regarding their toxicity to mammalian cells. To investigate
the toxicity of QPyNAGe, we conducted a hemolytic assay using
human red blood cells (RBC), and the results were reported as
the ratio of the hemolytic concentration to the MBC (Table S2).
The hemolytic concentrations (HLC) of QPyN10Ge, QPyN12Ge,
QPyN14Ge, QPyN16Ge, and QPyNAGe were 4000, 1000, 500, 500,
and 500 uM, respectively. The toxicity towards RBCs was found
to increase with the hydrophobicity of the N-acyl chain. Never-
theless, the HLC/MBC ratio for QPyNAGe was higher than the
MIC, indicating that the molecules were effective against
pathogenic microbes while being safe to mammalian cell lines.
When analyzing the HLC and MBC ratios, we found that
QPyN10Ge and QPyN12Ge had lower values, indicating toxicity
to RBC, whereas QPyN14Ge had somewhat higher values,
indicating mild toxicity. Interestingly, QPyN16Ge and
QPyN18Ge showed higher HLC/MBC values, indicating that
these drugs are more selective for bacteria than mammalian
cells. The findings suggest that HLB plays a crucial role in
determining the selectivity of drugs between the host and
bacterium.

3.5 Effect of hydrophobicity in the membrane-active mode
of action

The membrane-active properties of QPyNAGe were determined
by measuring the membrane permeabilization and cytoplasmic
membrane depolarization against S. aureus, MSSA, E. faecalis, S.
iniae, and MRSA. It is known that increasing the number of
methylene groups in an acyl chain of a hydrocarbon increases
the hydrophobicity. To assess the influence of QPyNAGe
hydrophobicity on permeability and bacterial cell wall disrup-
tion, the propidium iodide (PI) uptake assay was used. PI is
membrane-impermeable, but useful in assessing membrane
disruption in cells by measuring its non-specific interaction
with DNA, which results in enhanced fluorescence. The study
used a fixed concentration of 7.81 uM to compare the
membrane-active properties of the reported QPyNAGe (Fig. 2).
Untreated cells and cells treated with the membrane-
permeabilizing agent TritonX-100 were used as negative and
positive controls, respectively. As shown in Fig. 24, the
membrane-permeabilizing activity of QPyNAGe increases with
increasing chain length, regardless of the bacteria tested. The
data suggest that QPyN18Ge has the highest permeability,
indicating that the long acyl chain causes extensive membrane
damage and efficiently kills the bacteria. Notably, different
bacteria showed differential membrane-permeabilizing activity
for the same molecules, which could be attributed to the
differential membrane compositions.

To determine whether QPyNAGe Kkills bacteria by disrupting
the electrical potential across the bacterial cytoplasmic
membrane, we analysed the membrane potential using the

20220 | RSC Adv, 2026, 16, 20216-20223
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Fig. 2 Membrane-active mechanism of action: (A) membrane

permeability and (B) cytoplasmic membrane depolarization measured
after the treatment with QPyNAGe at a concentration of 7.81 pM.

fluorescent dye 3,3'-dipropylthiadicarbocyanine iodide
(DiSC3(5)). The fluorescence intensity increased after treat-
ment, compared with untreated cells, indicating a change in the
membrane potential. Notably, bacteria treated with QPyN18Ge
showed a higher percentage of membrane depolarization than
those treated with other QPyNAGe, indicating that the hydro-
phobicity of the molecules played a significant role in di-
srupting the membrane potential (Fig. 2B). These findings
suggest that the hydrophobicity of the acyl chain is crucial for
interacting with the bacterial membrane. A scanning electron
microscopy (SEM) study provided additional evidence of
membrane damage (Fig. 3). The SEM image of untreated cells
exhibited normal morphology, characterized by a smooth
surface and intact cell membranes (Fig. 3A). As illustrated in
Fig. 3B, treatment with QPyN18Ge resulted in shrunken,
crumpled, and fractured cells. The loss of cell membrane
integrity causes intracellular substances to leak out, leading to
cell death in MRSA.

Bactericidal antibiotics, such as quinolones, aminoglyco-
sides, and p-lactams, cause oxidative stress by producing
excessive reactive oxygen species (ROS) to kill bacteria. Thus,
the ability of QPyNAGe to produce ROS was investigated using
the dichlorofluorescein (DCF) assay. The experiment involves
cells taking up DCFH-DA and undergoing deacetylation by
esterase to produce a non-fluorescent compound, which ROS
subsequently oxidize to produce the fluorescent molecule DCF.
The untreated cells (negative control) exposed to DCFH-DA
showed weak fluorescence, suggesting that the cells are
healthy and that the ROS production is balanced by the natural

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scanning electron microscopy images of MRSA: (A) untreated
and (B) treated with 7.8 uM of QPyN18Ge. (C) ROS assay of MRSA
treated with 7.8 uM of QPyN18Ge and stained with DCFH-DA. The
experiments were performed in triplicate, and the mean + SD is
presented.

antioxidant defense mechanism (Fig. 3C). Fig. 3C shows that
the cells treated with endogenous ROS, such as hydrogen
peroxide (positive control), uptake DCFH-DA and show strong
fluorescence, indicating that H,O, induces oxidative stress due to
redox imbalance. Interestingly, cells treated with QPyNAGe
showed a lower ROS level than the positive control, suggesting
that ROS may not be the primary mechanism of membrane
disruption. Excessive ROS production by bactericidal antibiotics
can induce mitochondrial dysfunction and oxidative damage in
host cells, leading to antibiotic-related toxicity. The findings
support that QPyNAGe is a safer choice as a novel antibacterial
agent against drug-resistant bacteria, as it damages membranes
without producing excessive ROS.

3.6 Resistance study

Microorganisms are evolving to resist traditional drugs that
target a single system or pathway. For example, ciprofloxacin
(CIP) targets specific enzymes, such as DNA gyrase and topo-
isomerase IV, leading to the emergence of quinolone-resistant
S. aureus. Thus, we evaluated S. aureus ability to develop resis-
tance to QPyNAGe. In line with expectations, S. aureus began to
develop resistance to CIP after 10 passages, which increased
during the subsequent passages, and its MIC increased to 256-
fold at 29 passages. In contrast, S. aureus has a limited ability to
build resistance against QPyN16Ge; even after 29 passes, the
MIC increased just fourfold (Fig. 4). The findings confirm the
hypothesis that QPyNAGe membrane-disruption activity and
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Fig. 5 Bacterial load in the muscle of infected and treated zebrafish.
The fish were infected with MRSA and treated with 7.8 uM of
QPyN16Ge. The arrow indicates the time point at which the treatment
started. NA means no fish are alive at that time point. Error bars indi-
cate SD. * denotes a statistically significant difference (p < 0.05)
calculated through one-way ANOVA.

multiple targeting potential provide benefits for developing this
series of compounds into resistance-proof antimicrobial drugs.

3.7 In vivo antibacterial activity

Zebrafish were chosen as an animal model for drug testing
because 84% of human disease-related genes have orthologs in
the zebrafish genome.*" In this study, zebrafish were infected
intramuscularly by injecting MRSA, and an attempt was made to
rescue them from the infection using QPyN16Ge treatment. The
fish that had contracted the infection slowed down after 6 h and
succumbed to it within 14 h. In contrast, fish treated with
QPyN16Ge quickly recovered from the infection and resumed
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their normal lifestyles. After observing the survival of fish
following QPyN16Ge treatment, we measured the bacterial load
in tissues before and after treatment. During the first three
hours of infection, the fish muscle had a large number of
bacteria, as evidenced by a higher CFU mL~" (Fig. 5). The
bacterial burden in the muscles of the untreated fish increased
over time. In contrast, fish treated with QPyN16Ge after the
three-hour infection period showed a significant reduction in
CFU (Fig. 5). These findings indicate that QPyN16Ge inhibited
the spread of infection, enabling the fish to recover. Overall, the
study demonstrated the potential of QPyN16Ge in treating drug-
resistant infections and elucidated its in vitro antibacterial
mechanism. Further studies in cell lines and higher animal
models, such as rodents, could enable us to recommend these
molecules for the next phase of testing.

4 Conclusion

A series of pyridinium-based N-acylglycine esters was developed
by varying the acyl chain length, thereby modulating molecular
hydrophobicity and enabling them to permeate bacterial
membranes. The antibacterial assay revealed that the QPyNAGe
series has selective activity against Gram-positive bacteria.
Antibacterial and hemocompatibility studies indicated that the
molecule containing the N-palmitoyl chain showed promising
activity and was selective for killing bacteria over mammalian
cells. Mechanistic studies showed that QPyN16Ge kills bacteria
by efficiently penetrating their membranes, depolarizing the
cytoplasmic membrane, disrupting membrane packing, and
inducing cell leakage. In addition to membrane damage, the
possibility of interfering with cell wall biosynthesis was
assessed by molecular docking and molecular dynamics simu-
lation. This suggested that QPyN16Ge may interact with the cell
wall biosynthesis enzyme FemA, and this interaction may
influence cell wall formation (see SI, Fig. S28 and Table S2).
QPyN16Ge kills MRSA more effectively than ciprofloxacin, and
the bacteria are unable to develop resistance to this compound
even after 29 consecutive passages. The results demonstrate
that an optimal hydrophilic-lipophilic balance is crucial for
developing nontoxic, membrane-active compounds with potent
antibacterial activity. More importantly, QPyN16Ge demon-
strated in vivo activity by drastically reducing the bacterial
burden and rescuing MRSA-infected zebrafish. Additional
studies using mammalian cell lines and higher animals, such as
rodents, may reveal the feasibility of employing the QPyNAGe
class of compounds to treat drug-resistant Gram-positive
bacterial infections.
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