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Abstract

Neurodegenerative disorders and multidrug-resistant (MDR) bacterial infections represent two major and interconnected
global health challenges. However, current therapeutic strategies are largely limited by single-target approaches, insufficient
efficacy against biofilm-forming MDR pathogens, and the lack of multifunctional small molecules capable of addressing
both neurodegeneration and bacterial resistance simultaneously. These limitations constitute a critical technical bottleneck in
contemporary drug discovery and underscore the urgent need for innovative, dual-action therapeutic scaffolds. In this study,
five novel triphenylphosphonium-hydrazone derivatives (1a—1le) were rationally designed, synthesized, and fully character-
ized by FT-IR, 1H/13C NMR, and HR-MS/MS analyses to overcome these challenges by integrating neuroprotective and
antimicrobial functionalities within a single molecular framework. All synthesized compounds exhibited potent acetylcho-
linesterase (AChE) inhibitory activity, with ICs, values ranging from 8.66 to 13.9 uM, highlighting their strong neuroactive
profiles. Notably, compound 1b emerged as the most effective AChE inhibitor (ICsy=8.66 uM), underscoring its promise
as a lead scaffold for the development of next-generation anti-Alzheimer agents. Beyond enzyme inhibition, the compounds
demonstrated significant antibacterial efficacy against clinically relevant carbapenem-resistant pathogens. In particular,
compound 1d showed the strongest activity against Acinetobacter baumannii and Klebsiella pneumoniae, with MIC values
of 32 ug/mL and 64 pg/mL, respectively. Importantly, all derivatives (1a—1e) exhibited dose-dependent antibiofilm activity,
achieving up to 83.4% biofilm disruption in Acinetobacter baumannii and 72.8% in Escherichia coli at 1024 pg/mL, directly
addressing a major resistance-associated bottleneck in antibacterial therapy. Molecular docking studies provided mechanistic
validation of this multifunctional design, revealing a strong binding affinity of compound 1d toward PBP1A (PDB: 60WS)
and the AcrB efflux pump protein (PDB: 6PT1), suggesting a previously unexplored dual antibacterial mechanism involving
simultaneous inhibition of cell-wall biosynthesis and efflux-mediated drug resistance. Overall, this study introduces a novel
triphenylphosphonium-hydrazone platform, establishes a clear structure—activity relationship, and highlights its potential
as a multifunctional therapeutic strategy against both neurodegenerative disorders and MDR bacterial infections.
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oxidized. These properties enable TPP to cross phospholipid
membranes efficiently and accumulate selectively within
mitochondria, attracted by the organelle’s inherently nega-
tive membrane potential. A common approach to harness
this targeting ability involves the covalent linkage of TPP to
pharmacologically active compounds through ester or amide
bonds, facilitating mitochondrial localization and improv-
ing therapeutic precision. Such TPP-based delivery systems
have proven highly effective in the development of targeted
treatments and diagnostic platforms for a variety of diseases
(Shakaroun 2021; Yousif et al. 2009; Aktas et al. 2022). It
has been established through previous studies that fluorine-
containing alkyl phosphonates exhibit enhanced electro-
philic activation due to the electron-withdrawing nature of
fluorine. This enhancement leads to improved biological
activity of the compounds (Zhang et al. 2024).

Hydrazones, a well-recognized subclass of Schiff bases,
are characterized by the presence of a distinctive azome-
thine (-CH =N-) functional group, which plays a crucial
role in mediating their chemical reactivity and biological
interactions. Over the past decades, hydrazones have gar-
nered significant attention in medicinal and pharmaceutical
chemistry due to their broad spectrum of pharmacological
activities and favorable drug-like properties. One of the
key features contributing to the enhanced bioactivity of
hydrazones is their ability to engage in hydrogen bonding
and other non-covalent interactions with biological targets.
Previous studies have demonstrated that hydrazone-like
compounds exhibit high reactivity (Dou et al. 2024). A
growing body of experimental and computational studies
has highlighted the diverse biological profiles exhibited by
hydrazone derivatives (Yildirim et al. 2025a; Kadyan et al.
2025; Boora et al. 2025). These include, but are not limited
to, analgesic, anti-inflammatory, antidepressant, antimicro-
bial, anticancer, and anticholinesterase activities. Notably,
several hydrazone-based compounds have demonstrated
potent enzyme inhibition, particularly against a-glucosidase,
selective lysine acetyltransferase p300 inhibitors for cancer
therapy, Lck/Src/KDR inhibitors, succinate dehydrogenase
inhibitors, carbonic anhydrase, acetylcholinesterase (AChE),
and butyrylcholinesterase (BChE)-enzymes that are criti-
cally involved in the pathophysiology of metabolic disor-
ders, neurodegenerative diseases such as Alzheimer’s, and
cancer. In addition to their enzyme-inhibitory properties,
many hydrazone derivatives exhibit significant antioxidant
and antibacterial effects, further underscoring their potential
as multifunctional therapeutic agents. Taken together, the
structural diversity, synthetic accessibility, and multifac-
eted bioactivity of hydrazones make them highly attractive
candidates for drug discovery and development (Omidi and
Kakanejadifard 2020; Verma et al. 2014; Tafere et al. 2025;
Dai et al. 2024; Hui et al. 2024; Wu et al. 2024; Xie et al.
2019; Yan et al. 2024; Kumari and Kumar 2025a).
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Carbapenems represent one of the most important classes
of antibacterial therapeutic agents, exhibiting an extremely
broad spectrum of activity against both aerobic and anaero-
bic bacteria (Zhuorong and Along 2025; Karampatakis et al.
2025). They are widely regarded as the first-line treatment
for severe infections caused by pathogenic strains such
as Acinetobacter baumannii (A. baumannii), Klebsiella
pneumonia (K. pneumonia), and Escherichia coli (E. coli)
(Karampatakis et al. 2025; Dubey et al. 2025; Nourbakhsh
et al. 2025). However, in recent years, the inappropriate
and excessive use of antibiotics has led to the emergence
and rapid spread of carbapenem resistance, which poses a
serious global public health threat. Due to the limited effi-
cacy of existing antibiotics and the increasing prevalence of
multidrug-resistant bacteria, which pose a significant threat
to human health, there is an urgent need for the development
and synthesis of novel compounds with potential antibacte-
rial activity (Iovleva et al. 2025; Oladipo et al. 2025).

In this study, a series of novel triphenylphosphonium
hydrazone salt derivatives were synthesized and thoroughly
characterized. In addition to their AChE inhibitory proper-
ties, their antibacterial activities were evaluated against car-
bapenem-resistant strains of A. baumannii, K. pneumoniae,
and E. coli. Furthermore, molecular docking studies were
performed to elucidate the interactions between the most
active compounds and key bacterial target proteins involved
in vital cellular processes.

Materials and methods
Materials and equipment

All reagents and solvents were of analytical grade and
used without further purification. Tri-p-tolylphosphine,
4-(chloromethyl)benzaldehyde, 3-methoxybenzohydrazide,
3-hydroxybenzohydrazide, 3-bromobenzohydrazide, 3-chlo-
robenzohydrazide, and benzohydrazide were obtained from
commercial suppliers and employed as received. The 'H,
13¢C, and 3'P nuclear magnetic resonance (NMR) spectra of
the synthesized compounds were recorded on an Agilent
400 MHz spectrometer using DMSO-ds. solvent. High-res-
olution mass spectrometry (HR-MS) measurements were
conducted on an Agilent 6545 Accurate-Mass QTOF-MS
instrument operated in positive electrospray ionization
(EST*) mode, with DMSO as the solvent. AChE (EC 3.1.1.7,
from Electrophorus electricus), acetylthiocholine iodide
(ATChlI), and 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB,
Ellman’s reagent) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Tacrine hydrochloride, used as a refer-
ence inhibitor, and all other chemicals were of analytical
grade and obtained from Merck (Darmstadt, Germany).
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Deionized water was employed in the preparation of all
aqueous solutions.

Methods

Synthesis of (4-formylbenzyl)tri-p-tolylphosphonium
chloride (Compound 1)

Compound 1 was synthesized by reacting equimolar amounts
of 4-(chloromethyl)benzaldehyde (154 mg, 1.0 mmol, 1.0
equiv) and tri-p-tolylphosphine (304 mg, 1.0 mmol, 1.0
equiv) in 20 mL of acetonitrile (CH3CN). The reaction mix-
ture was stirred at 70 °C until completion. Upon completion,
the resulting precipitate was collected by filtration, washed
with cold acetonitrile if necessary, and dried under vacuum.
The crude product was used in the next step without further
purification (see Fig. 1).

Compound 1: (305 mg, 67%).

"H-NMR (400 MHz, DMSO-d,): & (ppm) 9.93 (s, 1H),
7.79-7.72 (m, 2H), 7.59-7.44 (m, 12H), 7.19 (dd, J =8.3,
2.5 Hz, 2H), 5.22 (d, J=16.4 Hz, 2H), 2.43 (s, 9H). 13C-
NMR (100 MHz, DMSO-d;): 6 (ppm) 193.11, 146.46,
146.43, 136.13, 136.10, 135.78, 135.70, 134.40, 134.30,
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Cl : O
/

132.09, 132.03, 131.25, 131.12, 130.14, 130.11, 115.29,
114.41, 40.40, 29.36, 21.73, 1.61.

The syntheses scheme of (4-formylbenzyl)tri-p-tolylphos-
phonium chloride is given in Fig. 1.

Synthesis procedure of triphenylphosphonium-hydrazone
derivatives

A solution of Compound 1 (458 mg, 1.0 mmol, 1 equiva-
lent) in 20 mL of methanol (CHsOH) was prepared, and the
appropriate para-substituted benzohydrazide (1.0 mmol, 1
equivalent) was added in portions. The reaction mixture was
then stirred at 60 °C for 48 h (Fig. 2). After completion of
the reaction, the mixture was allowed to cool to room tem-
perature. The solid that formed was isolated by filtration and
dried under vacuum.

Compound 1a: (81%).

"TH-NMR (400 MHz, DMSO-d,): & (ppm) 12.01 (s, 1H),
8.47 (s, 1H), 7.51 (qd, J=21.4, 18.7, 8.1 Hz, 16H), 7.10 (dd,
J=43.0,7.5 Hz, 4H), 5.10 (d, J=15.6 Hz, 2H), 3.82 (s, 3H),
2.45 (s, 9H). BC-NMR (100 MHz, DMSO-d): § (ppm)
163.31, 159.68, 147.40, 146.36, 134.41, 134.30, 131.79,
131.74, 131.22, 131.09, 130.12, 127.71, 120.37, 118.05,
115.47, 114.59, 113.38, 55.86, 39.79, 21.72. 3'P-NMR

CHyCN g of o
: /

Compound 1

70 °C,48 h

Fig. 1 Synthesis procedure of (4-formylbenzyl)tri-p-tolylphosphonium chloride
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Fig.2 Synthesis procedure of triphenylphosphonium-hydrazone derivatives
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(162 MHz, DMSO-dy): & (ppm) 22.23. HR-ESIMS calcd
m/z for [M-C1]* C3;H;4N,0,P* 571.6802, found 571.4141.

Compound 1b: (75%).

'"H-NMR (400 MHz, DMSO-dy): 5 11.83 (s, 1H),
9.78 (s, 1H), 8.39 (s, 1H), 7.64-7.42 (m, 14H), 7.29 (d,
J=16.8 Hz, 3H), 7.07-6.95 (m, 3H), 5.08 (d, J=16.4 Hz,
2H), 2.45 (s, 9H). *C-NMR (100 MHz, DMSO-d,): 6
(ppm) 146.40, 134.40, 134.30, 131.77, 131.71, 131.22,
131.09, 129.98, 127.73, 115.46, 114.97, 114.58, 21.72. 31P-
NMR (162 MHz, DMSO-dy): & (ppm) 22.21 HR-ESIMS
caled m/z for [M-CI]* C4¢H;,N,0,P* 557.6532, found
557.3895.

Compound 1c: (69%).

'H-NMR (400 MHz, DMSO-dy): 12.14 (s, 1H), 8.46
(s, 1H), 8.11 (s, 1H), 7.94 (d, J=7.8 Hz, 1H), 7.80 (d,
J=8.1 Hz, 1H), 7.54 (td, J=20.1, 8.4 Hz, 15H), 7.05 (d,
J=7.8 Hz, 2H), 5.11 (d, J=15.8 Hz, 2H), 2.45 (s, 9H).
13C-NMR (100 MHz, DMSO-d,): 162.06, 147.86, 146.39,
146.36, 135.85, 135.04, 134.57, 134.40, 134.30, 131.81,
131.75, 131.22, 131.09, 130.68, 127.37, 122.21, 115.46,
114.58, 21.73. 3'P-NMR (162 MHz, DMSO-d,): & (ppm)
22.24 HR-ESIMS caled m/z for [M-C1]* C4¢H4;BrN,OP*
620.5502, found 621.3119.

Compound 1d: (78%).

'H-NMR (400 MHz, DMSO-dy): 12.10 (s, 1H), 8.44
(s, 1H), 7.97 (s, 1H), 7.89 (d, J=7.8 Hz, 1H), 7.67 (d,
J=8.1 Hz, 1H), 7.53 (dq, J=20.7, 9.3, 8.6 Hz, 15H), 7.05
(d, J=7.8 Hz, 2H), 5.10 (d, J=15.8 Hz, 2H), 2.45 (s, 9H).
13C-NMR (100 MHz, DMSO-d): 162.16, 147.84, 146.40,
134.40, 134.30, 133.75, 131.76, 131.22, 131.09, 131.00,
131.00, 127.84, 126.98, 115.45, 114.58, 40.00, 21.72. 31P-
NMR (162 MHz, DMSO-d,): 8 (ppm) HR-ESIMS calcd
m/z for [M-CI]" C;,H;;CIN,OP" 576.0962, found 575.3586.

Compound 1e: (79%).

'H-NMR (400 MHz, DMSO-dy): 12.07 (s, 1H), 8.48
(s, 1H), 7.94 (d, J=7.6 Hz, 2H), 7.64-7.43 (m, 17H), 7.05
(d, J=7.8 Hz, 2H), 5.11 (d, J=15.9 Hz, 2H), 2.45 (s, 9H).
3C-NMR (100 MHz, DMSO-d,): 163.58, 147.30, 146.38,
146.35, 134.74, 134.41, 134.31, 133.68, 132.30, 131.80,
131.74, 131.21, 131.09, 130.43, 128.92, 128.16, 127.71,
115.47, 114.60, 21.73, 21.72. 3'P-NMR (162 MHz, DMSO-
dy): & (ppm) 22.24 HR-ESIMS calcd m/z for [M-CI]*
C5¢H;,N,OP* 541.6542, found 541.3978.

The syntheses scheme of triphenylphosphonium-hydra-
zone compounds is given in Fig. 2.

AChE inhibition

Each compounds was dissolved in an appropriate solvent
such as methanol or 0.1 M phosphate buffer (pH 7.4) to
obtain a 1 mg/mL stock solution, and serial dilutions were
prepared to achieve various working concentrations (1-8 pg/
mL) for the enzyme inhibition assays. The inhibitory
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potential of the samples against AChE was determined
spectrophotometrically according to the Ellman method
(Ellman et al., 1961), with minor modifications to enhance
sensitivity and reproducibility (Cimentepe et al. 2026). In a
96-well microplate, the reaction mixture contained 140 uL
of 0.1 M phosphate buffer (pH 8.0), 20 uL of the test sample
at the desired concentration, 20 uL. of AChE enzyme solu-
tion (0.22 U/mL), and 10 pL of DTNB solution (0.5 mM).
After preincubation for 15 min at 25 °C, the reaction was
initiated by adding 10 uL of ATChI (0.71 mM). The increase
in absorbance, resulting from the formation of the 5-thio-
2-nitrobenzoate anion, was monitored at 412 nm for 10 min
using a microplate reader (BioTek Synergy HT, USA). Con-
trols (without inhibitor) and blanks (without enzyme) were
included in each assay, and tacrine served as the positive
control. All experiments were performed in triplicate, and
results were expressed as mean =+ standard deviation (SD).

The percentage inhibition of AChE activity was calcu-
lated using the equation: Inhibition (%) =[1—(As—Asb)/
(Ac—Acb)] x 100, where As is the absorbance of the sam-
ple, Asb is the absorbance of the sample blank, Ac is the
absorbance of the control, and Acb is the absorbance of the
control blank.

The half-maximal inhibitory concentration (ICsg) values
were determined by plotting inhibition percentages against
sample concentrations and fitting the data to a nonlin-
ear regression model using GraphPad Prism 9.0 software
(GraphPad Software, San Diego, CA, USA).

Antibacterial activity

The antibacterial activity of the synthesized compounds
was evaluated following a procedure previously reported
in our earlier studies, with minor modifications (Yildirim
et al. 2025b). Briefly, the compounds were diluted in Muel-
ler—Hinton Broth (MHB) and transferred into 96-well
microplates. Bacterial suspensions of carbapenem-resistant
A. baumannii (BAA-1792), E. coli (BAA-2340), and K.
pneumoniae (BAA-1705) were adjusted to a final inocu-
lum density of 1.5x 10° CFU/mL and added to each well.
After incubation under optimal growth conditions, minimum
inhibitory concentrations (MICs) were determined using a
resazurin-based colorimetric assay, where a color change
from blue to pink indicated bacterial growth.

For minimum bactericidal concentration (MBC) deter-
mination, 10 pL aliquots were taken from wells showing no
visible color change (i.e., no bacterial growth) and spread
onto Mueller—Hinton agar plates. The plates were incu-
bated for 24 h at 37 °C, and the lowest concentration of
each compound that resulted in no visible bacterial colony
formation was recorded as the MBC value. All experiments
were performed in triplicate, and results were expressed as
mean =+ standard deviation (SD).
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Antibiofilm activity

To evaluate the antibiofilm effect of triphenylphosphonium-
hydrazone derivatives (la—le), the bacterial suspensions
(10° CFU/mL) of the fresh cultures of carbapenem resist-
ance A. baumannii and E. coli were added at 100 pL in 96
well plate, which containing Tryptic Soy Broth (TSB). The
well plates were incubated at 37 °C for 24 h. Following incu-
bation, the non-adherent bacteria of the wells was discarded
and washed with phosphate-buffered saline (PBS). Two-fold
serial dilutions of triphenylphosphonium-hydrazone deriva-
tives (1a—1e), which prepared ranging from 1024 pg/mL to
16 pg/mL were added into the wells. The plates were incu-
bated at 37 °C for 24 h. The assessment of antibiofilm activ-
ity by using crystal violet staining method was performed
as it was previously described (Yildirim et al. 2025¢). The
antibiofilm test was conducted triplicate.The dose-dependent
antibiofilm percentages of triphenylphosphonium-hydra-
zone derivatives (la—1le) was calculated with the following
equation:

[ (ContmlODsmnm - SampleOD570nm)/ControlOD570nm) )] x 100

where C =absorbance of the control (biofilm, no treatment),
and S =absorbance of the test (biofilm and treatment).

Molecular docking

Molecular docking studies were conducted using Maestro
13.8 (Schrodinger Suite 2023-3) following our previously
described protocol with minor adjustments (Yildirim et al.
2025). The three-dimensional structures of the target pro-
teins were retrieved from the Protein Data Bank (PDB) and
included: 4EY7 (acetylcholinesterase, Torpedo califor-
nica), 4JF4 (NDM-1 p-lactamase, K. pneumoniae), 20V5
and 5UJ3 (KPC-2 f-lactamase, K. pneumoniae), 6MPQ
(DNA gyrase subunit B, Escherichia coli), 6GIE (topoi-
somerase IV subunit B, Acinetobacter baumannii), 60WS
(penicillin-binding protein 1A, A. baumannii), and 6PT1
(multidrug efflux pump AcrB, E. coli). The synthesized
trisphosphonium hydrazone salts were drawn and energy-
minimised using ChemDraw and LigPrep with the OPLS-4
force field. Docking simulations were performed using the
Glide XP (extra-precision) algorithm, with binding affinities
expressed in kcal/mol, where more negative values indicate
stronger and more stable ligand—protein binding. The recep-
tor grid was generated by selecting a representative atom
within the active site of the co-crystallized ligand, after
which a default grid box was automatically defined. For all
target proteins, the grid dimensions were uniformly set to
20%20x20 A to ensure consistent sampling of the binding
site. Protein—ligand interactions such as hydrogen bonds,

n—r stacking and hydrophobic contacts were analysed using
Maestro’s Protein—Ligand Interaction Profiler and Discovery
Studio Visualizer (Kumari and Kumar 2025b, 2025c¢).

Statistical analysis

All experiments were performed in triplicate, and the results
were expressed as mean + standard deviation (SD). Statisti-
cal analyses were carried out using GraphPad Prism (version
9, GraphPad Software, San Diego, CA, USA). The differ-
ences among samples were evaluated by one-way analysis
of variance (ANOVA) followed by Tukey’s post hoc test
to determine significant differences between groups. Differ-
ences were considered statistically significant at p <0.05.
Distinct letters (a—e) in the tables indicate statistically dif-
ferent groups.

Results and discussion
Chemistry

Figures 1 and 2 depict the synthetic routes employed to
obtain compound 1 and the tri-p-tolylphosphonium—hydra-
zone hybrid derivatives. Compound 1 was synthesized by
refluxing tri-p-tolylphosphine with 4-(chloromethyl)ben-
zaldehyde for 24 h. Subsequent reaction of compound 1
with the corresponding hydrazide derivatives in methanol
under continuous stirring furnished the tri-p-tolylphospho-
nium-hydrazone hybrids. These transformations proceeded
efficiently, affording seven novel compounds that were iso-
lated by precipitation following the addition of diethyl ether.
Structural elucidation of all products was carried out using
comprehensive spectroscopic techniques, including 'H, 1°C,
and *'P NMR, along with HR-MS.

Spectroscopic analysis of the compounds

In the '"H NMR spectra of the tri-p-toluylphosphonium-
chalcone derivatives (1a—e), the methylene (-CH,-) protons
appeared as doublets at approximately 5.8 ppm, integrat-
ing for two protons. The methyl protons associated with the
phosphine moiety were observed as singlets around 2.4 ppm,
corresponding to a total integration of nine protons. The
aromatic proton resonances were recorded within the range
of 6.97-8.48 ppm for all derivatives. Additionally, the hydra-
zone NH proton exhibited a characteristic downfield signal
at approximately 12 ppm, confirming the presence of the
hydrazone functionality.

In the '3C NMR spectra of the tri-p-toluylphosphonium-
chalcone hybrid salts, characteristic signals were observed at
approximately 21 ppm, corresponding to the methyl carbons
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of the phosphine moiety. The methylene carbon (-CH,-) res-
onances appeared around 55 ppm. The aromatic carbon sig-
nals were recorded within the range of 113.38-147.86 ppm
for all compounds, consistent with the presence of multi-
ple substituted aromatic rings. In addition, each derivative
displayed a distinct carbonyl (C=0) resonance at approxi-
mately 160 ppm, confirming the chalcone framework within
the molecular structure.

Furthermore, the mass spectrometric data obtained for
all synthesized compounds were in good agreement with
the expected molecular structures, thereby confirming their
successful formation.

AChE inhibition

The linear regression coefficients (R>=0.9732-0.9925)
obtained for the AChE inhibition assays indicate a strong lin-
ear correlation between concentration and percentage inhibi-
tion for all tested samples. This confirms that the experimen-
tal data are reliable and that the inhibitory effect increases
proportionally with concentration. The ICs, values ranged
between 4.832 and 7.515 pg/mL, suggesting that the tested
samples exhibit moderate to high AChE inhibitory poten-
tial. Since lower ICsg values correspond to stronger inhi-
bition, the order of inhibitory potency among the samples
can be expressed as follows: 1b (4.832+0,001 pg/mL) > 1c
(5.705+0,002 pg/mL)> 1d (6.204 +0,002 pg/mL)> 1a
(6.729+0,002 ug/mL) > 1e (7.515 + 0,003 pg/mL) (Table 1).

The strongest inhibition was observed for 1b, which likely
exhibits a higher affinity toward the enzyme's active site
compared to the others. Samples 1c also demonstrated con-
siderable inhibitory activity, while 1a and le showed rela-
tively weaker inhibition based on their higher ICs, values.
Overall, the consistently high R? values (>0.97) support the
reliability of the experimental data and the suitability of the
linear regression model. These findings indicate that 1b and
Ic possess the most promising AChE inhibitory potential
and may contain compounds with stronger interactions at the
enzyme’s active site. The ICs, values of the tested (1a—1le)
revealed significant differences in their inhibitory activities.
Among them, 1b exhibited the strongest inhibition with the
lowest ICsg value (8.66+0.01 pM), which was statistically
different from all other groups (p <0.05). Sample 1c also

showed a relatively strong activity (9.19+0.02 uM), being
slightly less potent than 1b but still significantly lower than
the remaining samples. la and 1d shared similar ICs, values
(11.8+0.02 uM and 10.8 +0.02 uM, respectively) with no
significant difference between them (p > 0.05). The weakest
inhibitory effect was observed in le (13.9+0.03 uM), which
differed significantly from all other groups.

The determination coefficients (R°=0.973-0.993) indi-
cated a strong linear correlation between concentration
and inhibition percentage, confirming the reliability of the
dose-response relationships. Overall, these findings sug-
gest that the sample 1b possesses the most potent inhibitory
capacity among the tested extracts, while 1e demonstrated
the lowest activity.

All samples exhibited a clear dose-dependent increase
in AChE inhibition with rising concentrations (2—10 uL).
This indicates that enzyme inhibition was proportional to
the applied sample volume. At the lowest concentration
(2 pL), the highest inhibition was observed for samples
1c (23.09%) and 1b (22.83%), while sample le (14.89%)
showed the weakest effect. At moderate concentrations
(4-6 pL), samples 1c (41.27-53.63%) maintained strong
inhibition levels, indicating a high affinity toward the AChE
active site. At higher concentrations (8§—10 uL), all sam-
ples exceeded 60% inhibition, with sample 1b (72—-85.83%)
and Ic (66.36-82.18%) showing the most potent effects.
le consistently exhibited the lowest inhibition percentages
(14.89-66.67%), suggesting a weaker interaction with the
enzyme Fig. 3. Overall, samples 1b and 1c¢ demonstrated the
strongest inhibitory activity across all concentrations, con-
firming their potential as effective natural AChE inhibitors.
Various hydrazone derivatives have been widely reported
to exhibit potent AChE inhibitory activity, making them
promising candidates for the development of anti-Alzhei-
mer’s agents. Dincel et al. synthesized a series of hydrazide
and hydrazone derivatives and demonstrated that these com-
pounds possessed remarkable AChE inhibitory potency, with
ICsq values ranging from 4.91 to 36.47 nM (Dincel et al.
2024).

This strong inhibitory effect can be attributed to the struc-
tural characteristics of hydrazones, which typically contain
both imine (—C =N-) and carbonyl functional groups capa-
ble of forming multiple interactions within the AChE active

Table 1 Linear regression

. S equations determination coef-  ICsy, (ug/mL) ICs,

equathns, detezrmlnatlon ficients (Rz)

coefficients (R“), and ICs

values for AChE inhibition of la y=—59271x+84,886 0,9732 6,729+0,002¢¢  11,8+0,02¢¢ uM

the samples Ta-le 1b y=-9,9628x + 115,86 0,9925 4,832+0,001° 8,66+0,01* uM
Ic y=-8,6914x + 104,59 0,9864 5,705 +0,002° 9,19+0,02° uyM
1d y=—6,9486x 490,61 0,9838 6,204 +0,002%4 10,8 +0,02%9 uM
le y=-5,7714x+ 88,39 0,9903 7,515+0,003¢ 13,9+0,03° uM
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site (Yalazan et al. 2024; Kumar et al. 2024). Specifically,
these groups can participate in hydrogen bonding, n—x
stacking, and electrostatic interactions with key amino acid
residues in the catalytic anionic site (CAS) and peripheral
anionic site (PAS) of the enzyme. Such interactions hinder
the hydrolysis of the neurotransmitter acetylcholine, leading
to elevated acetylcholine levels in synaptic clefts (Wu et al.
2025; De Boer et al. 2021; Xu et al. 2017).

Antibacterial activity

The MIC and MBC values of the synthesized compounds
against carbapenem-resistant A. baumannii, E. coli, and
K. pneumoniae are presented in Table 2. The MIC values
ranged from 32 to 256 pg/mL. Among the tested compounds,
compound 1d exhibited the most potent antibacterial activ-
ity, with MIC values of 32 pg/mL and 64 pg/mL against A.
baumannii and K. pneumoniae, respectively. The remaining
compounds displayed comparable inhibitory effects against
A. baumannii, with MIC values of approximately 64 ug/
mL. Overall, the synthesized compounds showed the lowest
activity against E. coli. The enhanced antibacterial potency
of compound 1d may be attributed to the presence of the
chlorine (Cl) substituent, which likely enhances its lipo-
philicity and facilitates stronger interactions with bacterial

— 1T T T T 1
4 6 8
Concentration (pg/mL)

target proteins. Metelytsia et al. reported that alkyl triph-
enylphosphonium and alkyl tributylphosphonium bromides
exhibited antimicrobial activity against multidrug-resist-
ant A. baumannii, with MIC values ranging from 6.25 to
25.0 uM. In another study, a sterically hindered quaternary
phosphonium salt was synthesized and evaluated against
different isolates of A. baumannii, exhibiting MIC values
of 4 and 8 pg/mL. In comparison, the compound showed
an MIC value of 16 pg/mL against K. pneumoniae and
1-2 pg/mL against E. coli (Alfei et al. 2024). Hodyna et al.
reported that 1,3-oxazol-4-yl phosphonium salt exhibited
potent antibacterial activity against sensitive clinical isolates
of A.baumannii, with MIC values ranging from <0.125 to
0.25 pg/mL (Hodyna et al. 2025).

Antibiofilm activity

The antibiofilm activity of triphenylphosphonium-hydrazone
derivatives (la—1le) at concentration of 1024-16 pg/mL was
assessed by using the crystal violet method towards A. bau-
mannii and E. coli.

Synthesized compounds exhibited the ability to inhibit
microbial biofilms in a concentration-dependent man-
ner, as shown in Fig. 4. At high (1024 pg/mL) concentra-
tion, for A. baumannii, triphenylphosphonium-hydrazone

Table 2 Antibacterial activity

Bacterial strains la 1b 1c 1d le Colistin
(MIC and MBC values, pg/
mL) of triphenylphosphonium- MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC
hydrazone derivatives (la—1e)
against carbapenem.resjstant A. baumannii 64 128 128 256 64 128 32 64 64 128 2 4
bacterial strains compared with E. coli 128 512 256 512 256 512 128 256 128 256 1 2
colistin K.pneumoniae 256 512 256 512 128 256 64 256 256 512 0.5
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Fig.4 Antibiofilm activity of the synthesized compounds against A.
baumannii and E. coli. (A—E) Dose-dependent inhibition of biofilm
formation by compounds 1a (A), 1b (B), Ic (C), 1d (D) and le (E) at

derivatives (la—1e) disrupted substantial pre-formed bio-
film by 75.6% +0.5, 74.4%+0.2, 77.1% + 0.5, 83.4% + 0.5,
and 81.3% + 0.8, in turn. On the other hand, the antibiofilm
percentage of triphenylphosphonium-hydrazone derivatives
(la—1le) at low (16 pg/mL) concentration was detected as
24.1%+0.4, 25.2% +0.4, 27.2% + 0.4, 32.4% +0.9, and
28.5% + 1 ug/mL towards A. baumannii.

Against E. coli, triphenylphosphonium-hydrazone deriv-
atives (la—1le) demonstrated considerable biofilm eradi-
cation activity by 72.8% +0.5, 62.3% + 0.6, 66.2% + 0.4,
69.4%+0.4, and 71.1% + 0.7 at 1024 pg/mL concentration,
respectively. However, triphenylphosphonium-hydrazone
derivatives (1a—1e) showed limited biofilm eradication rate
of 19.3% +0.4, 8.2%+0.5, 9.4% +0.5, 11.5% + 0.6, and
11.7% % 0.6 against E. coli at 16 ug/mL concentration.

Molecular docking

To support the experimentally observed biological activi-
ties, molecular docking studies were performed. Among the
synthesized compounds, compound 1b exhibited a strong
binding affinity toward the AChE (PDB ID: 4EY7) enzyme,
with a docking score of —8.096 kcal/mol. The aromatic
rings of compound 2115 formed n—r stacking interactions
with Trp286 and Tyr341, while the hydroxyl group estab-
lished a hydrogen bond with Asp74. In antibacterial docking
analyses, compound 1d demonstrated the highest binding
affinity, consistent with its strong experimental antibacte-
rial activity. The docking scores of the tested compounds
ranged from —4.091 to —6.662 kcal/mol, with the most stable
interaction observed between 1d and the penicillin-binding
protein 1A (PDB ID: 60WS), exhibiting a score of —6.662
kcal/mol (Table 3). The carbonyl group of the compound
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concentrations ranging from 16 to 1024 pg/mL. Black bars represent
A. baumannii and grey bars represent E. coli. Data are presented as
mean+SD (n=3)

Table 3 Molecular docking scores and Glide emodel values of triphe-
nylphosphonium-hydrazone derivatives

Compounds Protein Docking score Glide emodel
1b 4EY7 —8.096 —86.922
1d 4JF4 —4.091 —55.250
1d 6MPQ —4.273 —50.266
1d 6GIE —4.395 —41.422
1d 60WS —6.662 —59.328
1d 20V5 —4.116 —49.070
1d 5UJ3 —4.966 —58.183
1d 6PT1 —6.231 —69.220

formed a hydrogen bond with Lys29, while the aromatic
moiety engaged in n—x stacking with Phe22 and cation—x
interactions involving Phe22 and Phe458 through the phos-
phate group. These results suggest that the observed enzyme
inhibitory and antibacterial effects are supported by strong
and specific ligand—protein interactions at the molecular
level (Fig. 5). Consistent with its superior MIC profile, com-
pound 1d showed the most favorable docking to PBP1A
(60WS; —6.662 kcal/mol), a key enzyme in peptidoglycan
cross-linking, suggesting that disruption of cell-wall biosyn-
thesis is a primary mechanism underlying its antibacterial
activity. A secondary but notable affinity toward the AcrB
efflux pump (6PT1; —6.231 kcal/mol) may further enhance
intracellular exposure by attenuating active drug efflux.
Together, these interactions provide a mechanistic rationale
for the lowest MICs observed for 1d against A. bauman-
nii and K. pneumoniae. While docking scores alone cannot
prove causality, the agreement between binding predictions
and phenotypic readouts strengthens the structure—activity
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relationship and motivates targeted validation (e.g., PBP1A
transpeptidase assays, efflux-deficient strains, and uptake/
accumulation studies).

Structure-Activity Relationship (SAR) of potent
compounds

The biological activity of the synthesized compounds arises
from the combined effects of the triphenylphosphonium
(TPP") cation, hydrazone linker, and aromatic substituents,
which collectively regulate lipophilicity, reactivity, and tar-
get binding. The TPP* moiety facilitates efficient membrane
permeation and preferential mitochondrial accumulation due
to the negative mitochondrial membrane potential, thereby
enhancing mitochondria-targeted anticancer and antimicro-
bial effects. Increased phenyl ring lipophilicity improves cel-
lular uptake; however, excessive lipophilicity may induce
nonspecific toxicity, indicating the need for an optimal bal-
ance. The hydrazone linkage (-C =N-NH-) acts as a key
pharmacophore capable of hydrogen bonding and dipole
interactions with biological targets. Its chemical reactivity,
including susceptibility to hydrolytic or redox processes,
contributes to biological potency but may compromise sta-
bility at higher reactivity levels. Substituent effects on the
aromatic ring strongly influence activity. Electron-withdraw-
ing groups increase the electrophilicity of the hydrazone
carbon, enhancing interactions with nucleophilic biological
targets. Accordingly, chloro-substituted derivatives exhibited
superior antibacterial activity compared to other analogues
(Xie et al. 2019; Yan et al. 2024). In contrast, AChE inhibi-
tion was enhanced by hydroxyl (—OH) substituents, likely
due to favorable hydrogen-bonding interactions within the
enzyme active or peripheral site. Overall, these findings
demonstrate that antibacterial and AChE inhibitory activities
follow distinct SAR trends, emphasizing the importance of
rational substituent selection for target-specific optimization.

Conclusion

Five triphenylphosphonium-hydrazone derivatives (1a—1e)
were successfully synthesized and structurally characterized
using FT-IR, NMR, and HR-MS/MS analyses. All tested
samples exhibited notable AChE inhibitory activity, with
their ICs, and R? values confirming the reproducibility and
reliability of the bioassay results. Among them, compound 1b
demonstrated the most potent AChE inhibition, suggesting its
strong potential as a promising natural inhibitor for manag-
ing neurodegenerative diseases such as Alzheimer’s disease.

Furthermore, compound 1d exhibited the highest anti-
bacterial activity, with MIC of 32 ug/mL against A. bau-
mannii and 64 pg/mL against K. pneumoniae. Molecular
docking analyses supported these findings, revealing the

strongest binding affinity of 1d to PBP1A (PDB: 60WS)
and a secondary interaction with AcrB (PDB: 6PT1), indi-
cating a possible dual mechanism involving both cell-wall
disruption and efflux pump inhibition.

Importantly, all derivatives (la—1e) also demonstrated
dose-dependent antibiofilm activity toward A. baumannii
and E. coli, achieving up to 83.4% and 72.8% biofilm dis-
ruption at 1024 pg/mL, respectively, further supporting their
multifunctional antimicrobial potential.

From a future perspective, the results of this study pro-
vide a solid foundation for the rational optimization of tri-
phenylphosphonium-hydrazone scaffolds to enhance their
potency, selectivity, and pharmacokinetic properties. Future
work will focus on detailed cytocompatibility and toxicity
evaluations in mammalian cell models, and in vivo valida-
tion of the most promising candidates. In addition, the multi-
functional nature of these compounds opens new opportuni-
ties for the development of dual-action therapeutics targeting
both neurodegenerative disorders and multidrug-resistant
bacterial infections, particularly in clinical scenarios where
infection-related neuroinflammation may play a contribu-
tory role.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00210-026-05002-8.

Author’s contribution Metin Yildirim (Investigation, Methodology,
Funding acquisition, Writing — Review & Editing), Hakan Unver Inves-
tigation, Methodology, Funding acquisition, Writing — Review & Edit-
ing), Adem Necip (Investigation, Methodology, Writing — Review &
Editing), Biisra Hord (Investigation, Methodology, Writing — Review
& Editing), Mehmet Ersatir (Investigation, Methodology). The authors
declare that all data were generated in-house and that no paper mill
was used.

Funding Open access funding provided by the Scientific and Tech-
nological Research Council of Tiirkiye (TUBITAK). No funding was
received.

Data availability All source data for this work (or generated in this
study) are available upon reasonable request.

Declarations
Conflict of interest The authors declare no competing interests.

Al-Assisted Tools Disclosure The authors declare that ChatGPT (version
5.2, OpenAl) was used solely to assist with language editing, grammar
correction, and stylistic refinement of the manuscript. The Al tool did
not contribute to the study design, data analysis, data interpretation, or
generation of scientific content. All scientific conclusions, interpreta-
tions, and responsibilities remain entirely with the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated

@ Springer


https://doi.org/10.1007/s00210-026-05002-8

Naunyn-Schmiedeberg's Archives of Pharmacology

otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aktas A, Yakali G, Demir Y, Giil¢in i, Aygiin M, Gok Y (2022) The
palladium-based complexes bearing 1, 3-dibenzylbenzimidazo-
lium with morpholine, triphenylphosphine, and pyridine derivate
ligands: synthesis, characterization, structure and enzyme inhi-
bitions. Heliyon. https://doi.org/10.1016/j.heliyon.2022.e10625

Alfei S, Zuccari G, Bacchetti F, Torazza C, Milanese M, Siciliano C
et al (2024) Synthesized bis-triphenyl phosphonium-based nano
vesicles have potent and selective antibacterial effects on several
clinically relevant superbugs. Nanomaterials 14(16):1351

Boora A, Devi J, Dubey A, Tufail A, Kumar B, Taxak B (2025) Unveil-
ing the bioactive potential of organotin (IV) complexes of hydra-
zones: synthesis, spectral characterization, in vitro and in silico
exploration. J Mol Struct 1321:139955

Cimentepe M, Unver H, Necip A, Yildirrm M (2026) Novel benzimi-
dazole based cobalt complex: synthesis, AChE enzyme inhibition,
antibacterial and antibiofilm activity against multidrug-resistant
bacteria, and computational analysis. Polyhedron. https://doi.org/
10.1016/j.poly.2025.117861

Dai Q, Yuan Z, Sun Q, Ao Z, He B, Jiang Y (2024) Discovery of novel
nucleoside derivatives as selective lysine acetyltransferase p300
inhibitors for cancer therapy. Bioorg Med Chem Lett 104:129742

De Boer D, Nguyen N, Mao J, Moore J, Sorin EJ (2021) A compre-
hensive review of cholinesterase modeling and simulation. Bio-
molecules 11(4):580

Dincel ED, Kuran ED, Onarer B, Fistik¢1 Y, Guelcin I, Ulusoy-Guez-
eldemirci N (2024) Synthesis and in vitro carbonic anhydrase
and acetylcholinesterase inhibitory activities of novel hydrazide—
hydrazone compounds containing 1, 2, 4-triazole ring. Phosphorus
Sulfur Silicon Relat Elem 199(3):236-244

Dou K, Zhao W, Wang C, Fan Y, He C, Zhang L et al (2024) Switch
on amine substrate reactivity towards hexaazaisowurtzitane cage:
insights from a tailored machine learning model. Chem Eng J
501:157677

Dubey V, Reza N, Hope W (2025) Drug-resistant Acinetobacter bau-
mannii: mortality, emerging treatments, and future pharmaco-
logical targets for a WHO priority pathogen. Clin Microbiol Rev
38(3):¢00279-24

Hodyna D, Bahrieieva O, Shulga Y, Kovalishyn V, Golovchenko
0, Golovchenko O et al (2025) In silico and In vitro studies of
1,3-Oxazol-4-yl phosphonium salts as dual-functional antibacte-
rial and anticancer agents. ChemSelect. https://doi.org/10.1002/
slct.202500282

Hui Z, Lai-Fa W, Xue-Qin W, Ling D, Bin-Sheng H, Li J-M (2024)
Mechanisms and therapeutic potential of chinonin in nervous sys-
tem diseases. J Asian Nat Prod Res 26(12):1405-1420

Iovleva A, Fowler JVG, Doi Y (2025) Treatment approaches for car-
bapenem-resistant Acinetobacter baumannii infections. Drugs
85(1):21-40

Kadyan K, Singh R, Sindhu J, Kumar P, Devi M, Lal S et al (2025)
Exploring the structural versatility and dynamic behavior of
acyl/aroyl hydrazones: a comprehensive review. Top Curr Chem
383(2):1-67

Karampatakis T, Tsergouli K, Behzadi P (2025) Carbapenem-resistant
Acinetobacter baumannii: virulence factors, molecular epidemi-
ology, and latest updates in treatment options. Microorganisms
13(9):1983

@ Springer

Kumar S, Jaiswal S, Gupta SK, Ayyannan SR (2024) Benzimidazole-
derived carbohydrazones as dual monoamine oxidases and ace-
tylcholinesterase inhibitors: design, synthesis, and evaluation. J
Biomol Struct Dyn 42(9):4710-4729

Kumari A, Kumar S (2025a) Synthesis, computational studies of new
thymol derived chalcones and their benzotriazoles as antimicro-
bial agents. Lett Drug Des Discov. https://doi.org/10.1016/j.1ddd.
2025.100029

Kumari A, Kumar S (2025b) Synthesis, in silico molecular docking
and ADMET analysis of new chalcones as potential antimicrobial
agents. ChemSelect 10(22):¢00294

Kumari A, Kumar S (2025c) Molecular docking studies and in silico
ADMET screening of new chalcones as lanosterol a-demethylase
and DNA gyrase topoisomerase B inhibitors. Orient J Chem.
https://doi.org/10.13005/0jc/410422

Meijboom R, Iroegbu AOC, Ray SS (2025) Advancing cancer therapy:
the role of silver (I) phosphine complexes in overcoming resist-
ance and toxicity. Discover Oncol 16(1):792

Nourbakhsh F, Kashi ME, Shakeri A (2025) Natural products against
gram-negative bacteria: promising antimicrobials in future com-
plementary medicine. Phytochem Rev 24(4):2995-3039

Ochiai K, Kinebuchi M, Kondo T, Suezawa T, Higuchi M, Fujita M
et al (2025) Design and synthesis of imidazo [2, 1-b] thiazole
derivatives as potent and selective phosphatidylinositol 4-kinase
IIIP inhibitors for antiviral activity. Bioorg Med Chem Lett.
https://doi.org/10.1016/j.bmcl.2025.130346

Oladipo EK, Adeyemo SF, Oluwasanya GJ, Adaramola EO, Akintola
SB, Afolabi VO et al (2025) Novel antibacterial agents and emerg-
ing therapies in the fight against multidrug-resistant Acinetobac-
ter baumannii. Microb Pathog. https://doi.org/10.1016/j.micpath.
2025.107361

Omidi S, Kakanejadifard A (2020) A review on biological activities of
Schiff base, hydrazone, and oxime derivatives of curcumin. RSC
Adv 10(50):30186-30202

Shakaroun R (2021) Synthesis of original PHAs by ROP of functional
B-lactones: Mechanistic insights and stereoselectives catalysis.
Université Rennes 1

Tafere DA, Gebrezgiabher M, Elemo F, Atisme TB, Ashebr TG,
Ahmed IN (2025) Hydrazones, hydrazones-based coinage
metal complexes, and their biological applications. RSC Adv
15(8):6191-207

Verma G, Marella A, Shaquiquzzaman M, Akhtar M, Ali MR, Alam
MM (2014) A review exploring biological activities of hydra-
zones. J Pharm Bioallied Sci 6(2):69-80

Wojtala D, Koziet S, Witwicki M, Niorettini A, Guz-Regner K, Bugla-
Ptoskoniska G et al (2023) Antibactericidal Ir (III) and Ru (II)
complexes with phosphine-alkaloid conjugate and their inter-
actions with biomolecules: a case of N-methylphenethylamine.
Chem Eur J 29(62):¢202301603

Wu B, Xiao Q, Zhu L, Tang H, Peng W (2024) Icariin targets p53 to
protect against ceramide-induced neuronal senescence: implica-
tion in Alzheimer’s disease. Free Radic Biol Med 224:204-219

Wu J, Wang L, Yang S, Pei S, Liu T, Zhou Q, et al. (2025) In-depth
analysis of acetylcholinesterase: Recent advances in structure,
function and assays. Biochem Eng J 109974

Xie W, Liu Z, Fang D, Wu W, Ma S, Tan S et al (2019) 3D-QSAR
and molecular docking studies of aminopyrimidine derivatives
as novel three-targeted Lck/Src/KDR inhibitors. J Mol Struct
1185:240-258

Xu 'Y, Cheng S, Sussman JL, Silman I, Jiang H (2017) Computational
studies on acetylcholinesterases. Molecules 22(8):1324

Yalazan H, Kamiloglu AA, Tekin A, Arslan T, Kantekin H (2024) Syn-
thesis and in vitro acetylcholinesterase (AChE) and butyrylcho-
linesterase (BChE) enzymes activity of aldehyde and Schiff base
substituted cobalt (II), copper (II), and zinc (II) phthalocyanines.
Appl Organomet Chem 38(5):e7440


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.heliyon.2022.e10625
https://doi.org/10.1016/j.poly.2025.117861
https://doi.org/10.1016/j.poly.2025.117861
https://doi.org/10.1002/slct.202500282
https://doi.org/10.1002/slct.202500282
https://doi.org/10.1016/j.lddd.2025.100029
https://doi.org/10.1016/j.lddd.2025.100029
https://doi.org/10.13005/ojc/410422
https://doi.org/10.1016/j.bmcl.2025.130346
https://doi.org/10.1016/j.micpath.2025.107361
https://doi.org/10.1016/j.micpath.2025.107361

Naunyn-Schmiedeberg's Archives of Pharmacology

Yan Z, Yu B, Lan X, Cui X, Zhao D, Qiu L et al (2024) Synthesis, bio-
activity evaluation and theoretical study of nicotinamide deriva-
tives containing diphenyl ether fragments as potential succinate
dehydrogenase inhibitors. J] Mol Struct 1308:138331

Yildirim M, Yasar E, Necip A, Cimentepe M, Demirbag B, Kilic A
(2025) Facile synthesis and spectral analysis of the bioactive
spiroborate compounds as a novel therapeutic agent for compu-
tational insights, biological evaluation, and applications. J Orga-
nomet Chem. https://doi.org/10.1016/j.jorganchem.2025.123510

Yildirim M, Unver H, Necip A, Cimentepe M (2025a) Design, synthe-
sis, and biological evaluation of novel vanillin-derived hydrazone
compounds with antimicrobial, anticancer, and enzyme inhibi-
tion activities, along with molecular structure and drug-likeness
assessment. Biochem Biophys Res Commun. https://doi.org/10.
1016/j.bbrc.2025.152173

Yildirim M, Unver H, Necip A, Cimentepe M, Ersatir M (2025b) Mul-
tifunctional benzimidazolium derivatives as anticancer, antibacte-
rial, and acetylcholinesterase inhibitors: in vitro and molecular
docking studies. Arch Biochem Biophys. https://doi.org/10.1016/j.
abb.2025.110630

Yildirirm M, Yilmaz BS, Cimentepe M, Necip A, Oztiirk G, Kili¢ A
(2025) Synthesis, characterization, and biological evaluation

of Quercetin-Boronate@ Cu-hNFs and Quercetin-Boronate @
Zn-hNFs: AChE inhibition, antioxidant, anticancer, antibacte-
rial, antibiofilm activity against multidrug-resistant bacteria and
molecular docking studies. J Inorg Organometall Polym Mater
1-15

Yousif LF, Stewart KM, Kelley SO (2009) Targeting mitochondria
with organelle-specific compounds: strategies and applications.
Chembiochem 10(12):1939-1950

Zhang K, Feng W, Mou Z, Zhang L, Ma M, Zhao Z et al (2024) Late-
stage (radio) fluorination of alkyl phosphonates via electrophilic
activation. Nat Commun 15(1):10338

Zhuorong L, Along C (2025) Carbapenem antibiotic meropenem.
Medicinal Chemistry and Drug Development. Elsevier, pp
489-508

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.jorganchem.2025.123510
https://doi.org/10.1016/j.bbrc.2025.152173
https://doi.org/10.1016/j.bbrc.2025.152173
https://doi.org/10.1016/j.abb.2025.110630
https://doi.org/10.1016/j.abb.2025.110630

	Novel triphenylphosphonium-hydrazone salts: integrated experimental and computational insights into AChE inhibition and resistance-overcoming antimicrobial and antibiofilm potential
	Abstract
	Introduction
	Materials and methods
	Materials and equipment
	Methods
	Synthesis of (4-formylbenzyl)tri-p-tolylphosphonium chloride (Compound 1)
	Synthesis procedure of triphenylphosphonium-hydrazone derivatives

	AChE inhibition
	Antibacterial activity
	Antibiofilm activity
	Molecular docking
	Statistical analysis

	Results and discussion
	Chemistry
	Spectroscopic analysis of the compounds
	AChE inhibition
	Antibacterial activity
	Antibiofilm activity
	Molecular docking
	Structure–Activity Relationship (SAR) of potent compounds

	Conclusion
	References


