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Abstract

The use of styrylium dyes as organic nonlinear optical materials in many photonics domains
has been the subject of research for decades. It has been noted that over time, research
has also looked into the biological activity of styrylium dyes, namely their antibacterial
effects, as well as attempts to establish links between structure and property by choosing
particular structural pieces. These investigations’ scope is still very limited. Therefore, our
main goal was to synthesize a styrylium compound with antimicrobial potential. A novel
styrylquinolinium compound (D) was synthesized using Knoevenagel condensation. Spec-
troscopic techniques, including IR, 1D and 2D NMR (COSY, HSQC, and HMBC), HRMS
spectra, and X-ray analysis, were used to confirm its structure. The antimicrobial and
anti-inflammatory activity of the compound was assessed. The compound was found
to have very good antimicrobial activity against five Gram-positive strains, three Gram-
negative strains, and fungi. The most pronounced effect of the compound was against
Escherichia coli and Pseudomonas aeruginosa. The compound’s anti-inflammatory activity was
evaluated through its ex vivo immunohistochemistry. DFT calculations, such as geometry
optimization, Molecular Electrostatic Potential (MEP), HOMO–LUMO, reactivity parame-
ters and molecular docking simulation were applied to investigate the electronic features
of the compound and confirm the biological activity. The compound (D) demonstrated
a promising antibacterial and immunomodulatory profile. Its ability to induce IL-1β and
at the same time moderately reduce NOS3 can be considered as a controlled adaptation
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of the immune response, especially in cases requiring local immune activation. Docking
simulation revealed that (D) binds effectively to the active site of the bacterial protein,
supporting the experimental findings of the compound’s antibacterial activity.

Keywords: synthesis; styrylquinolinium salts; crystal structure; antimicrobial; anti-inflammatory

1. Introduction
The World Health Organization (WHO) estimates that gastrointestinal disorders

brought on by different bacterial and viral infections account for around a quarter of
a million deaths per year [1]. Both the food sector and the hospital setting employ a range
of antimicrobial treatments, including disinfectants and antibiotics, to manage and pre-
vent microbial infections. Many bacterial pathogens have developed resistance to certain
antibacterial drugs as a result of the extensive use and abuse of antibiotics [2]. Multidrug-
resistant microorganisms are seen as a major threat to world health. These pathogens are
bacteria, viruses, fungi, or parasites that have developed resistance to conventional therapy
as a result of improper antibiotic use, eating unclean food, inadequate infection prevention,
poor sanitation, etc. Prolonged illness, high healthcare expenses, disease progression, and
an increased risk of death are caused by the formation of these novel resistance mechanisms
and the ineffectiveness of medications and treatments against microbial infections [3].

Bacteria that aggregate, adhere to surfaces, and are encased in an extracellular poly-
meric matrix form biofilms. The local environment of a biofilm shields persister cells from
the immune system [4]. Bacterial biofilms can form on any surface, including hospital
water distribution systems and medical implants [5]. A notable pathogen, P. aeruginosa,
exemplifies a bacterium that can be extremely difficult to eliminate and lead to treatment
complications, especially within a biofilm. In the present day, antibiotic resistance is a long-
lasting issue globally, and various strong medications have failed to manage diseases.

Pseudomonas aeruginosa is an important Gram-negative aerobic bacillus to consider
in the differential diagnosis of various infections, such as chronic obstructive pulmonary
disease, cystic fibrosis, cancer, traumas, burns, sepsis, and pneumonia [6–10]. In clinical
environments, it represents a considerable challenge because of its intricate antibiotic
resistance mechanisms, ability to form biofilms, and potential for causing lasting infections
in humans and animals alike [11,12]. Pseudomonas aeruginosa has numerous mechanisms
of antibiotic resistance and a range of virulence factors, which explain the wide variety
of infections it causes and the growing difficulties in treating the resulting antimicrobial
resistance [13,14]. Several mechanisms have been recognized for Pseudomonas antibiotic
resistance, such as intrinsic antibiotic resistance, efflux systems, and enzymes that inactivate
antibiotics [15,16]. Infections caused by P. aeruginosa are believed to be linked to more than
300,000 deaths each year and rank at the top of the WHO’s priority list for research and
development of new antibiotics [17,18]. Significantly, P. aeruginosa is among the most
significant pathogens, which include Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, and Enterobacter. According to the WHO, carbapenem-
resistant P. aeruginosa is classified as a “critical” group of pathogens that urgently requires
new antibiotics in clinical settings [19].

Therefore, more efficient research into long-acting and broad-spectrum antibacterial
medicines for biological applications is required to address this issue.

Quaternary ammonium compounds are among the most widely utilized antibacte-
rial substances. Although the precise antibacterial mechanism of quaternary ammonium
compounds is not entirely understood, it is thought that either physical damage of the cell
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wall or suppression of cell wall processes is the main mode of action [20]. Numerous ele-
ments, including molecular weight, N-alkyl chain length, and counterion type, contribute
to quaternary ammonium compounds’ antibacterial activity [21].

The length of the hydrophobic aliphatic chain affects the compound’s action [22]. The
quaternary ammonium compounds are more likely to pierce the hydrophobic bacterial
membrane. The strength of the cationic moieties and the length of the alkyl chains mostly
control the amphiphilic equilibrium between hydrophobicity and hydrophilicity. The
degree of penetration into the bacterial membrane is altered by a shift in the amphiphilic
balance. The quaternary ammonium compound’s molecular weight and solubility are
influenced by the type of counterion [23].

Stilbene derivatives are among the quaternary ammonium compounds that have
certain pharmacological characteristics and biological functions in plant defense [24].
Styrylpyridinium and styrylquinolinium dyes have been shown to have antimicrobial
properties. The type of anion and the type of electron-donating group—dimethylamino,
ethoxy, hydroxy, π-conjugated bridge—and electron-withdrawing group are thought to
have an impact on this biological activity. The positively charged pyridinium and quino-
linium cores, seen in Figure 1 [25], are thought to be the primary structural components
linked to these compounds’ activity.

Figure 1. Main structural components influencing antimicrobial properties.

Styrylium compounds, specifically styrylquinolinium salts, are well-known com-
pounds that have been found to possess antimicrobial activity against Gram-positive and
Gram-negative bacteria, as well as against fungi and yeasts [25,26].

To this day, interest in these compounds is still high due to their wide range of appli-
cations. Exceptionally strong nonlinear optical and electro-optical effects distinguish these
compounds [27]. These molecules are attractive as potential nontoxic biological staining
agents that are easy to synthesize, possess photostability, and have a high fluorescence
quantum yield in the presence of nucleic acids [28,29]. Bioimaging of the plasma mem-
brane of plant and animal cells, including neurons, has been successfully performed by
fluorescent staining with styrylium compounds [30]. Styrylium salts have been proposed
as a fluorescent probe for early Alzheimer’s disease detection, due to their demonstrated
propensity to generate tau aggregates in vitro and in living cells [31]. Furthermore, these
compounds have been found to selectively stain mitochondria in living cells [32,33]. Re-
cently, studies have also been done on their biological activity and they have been found to
possess antimicrobial activity against both Gram-positive and Gram-negative bacteria, as
well as against fungi and yeasts [26,34]. Their donor–π-bridge–acceptor structure suggests
they have these properties as electron mediators in bioelectrochemical systems [34]. The
potential of styrylquinolinium is still unexplored, and therefore it makes sense to make new
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modifications to its structure, as well as to investigate its structure–activity relationship.
Therefore, our main goal was to synthesize a styrylium compound with antimicrobial
potential targeting P. aeruginosa.

In recent years, computational chemistry has become an indispensable tool in modern
drug design and molecular characterization, offering detailed insights into molecular geom-
etry, reactivity, and interaction mechanisms that are often inaccessible through experimental
methods alone. Density functional theory (DFT) calculations provide precise information
on molecular stability, electronic distribution, and reactive sites, enabling the prediction
of chemical behavior and structure–activity relationships [35]. Additionally, molecular
docking simulations allow for a predictive understanding of ligand–target interactions
at the molecular level, thereby supporting the experimental evaluation of biological ac-
tivity. Recent studies have used these computational methods to explore the electronic
behavior, structural analysis, and biological activity of compounds [36,37]. In our study,
we employed DFT and molecular docking analyses to comprehensively investigate the
structural, electronic, and binding characteristics of the newly synthesized compound D.
These computational techniques were essential for correlating structural parameters with
biological properties and for validating experimental findings with theoretical data. The
novelty of our approach lies in the integrated use of DFT (including Molecular Electro-
static Potential (MEP), HOMO–LUMO, and reactivity descriptors) and docking models
to understand both chemical reactivity and biological affinity, particularly targeting the
Escherichia coli protein (PDB ID: 2VF5). This dual strategy enhances the predictive accuracy
of bioactivity assessments and provides a rational basis for future molecular modifications.

2. Materials and Methods
2.1. Spectroscopic Methods
2.1.1. IR-Spectra

On a VERTEX 70 FT-IR spectrometer (Bruker Optics, Billerica, MA, USA) in KBr
pellets, the infrared spectrum of styrylquinolinium (D) was recorded in the range of
4000 to 400 cm−1, with a resolution of 2 cm−1 and 26 scans.

2.1.2. NMR-Spectra

NMR spectra of (D) were taken on a Bruker Avance (Bruker BioSpin GmbH, Rhein-
stetten, Germany) (500 MHz). Two-dimensional techniques—homonuclear proton–proton
correlation (COSY), and heteronuclear proton–carbon correlation through one bond (HSQC)
and through two–three bonds (HMBC)—were also applied. All acquisitions employed
DMSO-d6 as the deuterated solvent. Coupling constants, or J-values, are given in Hz, and
chemical shifts are represented in ppm (δ).

2.1.3. HR-ESI-MS-Spectra

A high-resolution electrospray ionization mass spectrum (HR-ESI-MS) was acquired
in positive mode on a Q Exactive Plus (ThermoFisher Scientific, Inc., Bremen, Germany)
mass spectrometer, equipped with a heated HESI-II source. Aliquots of 1 µL of the so-
lutions of the samples (ca. 20 µg mL−1) were introduced into the mass spectrometer
via the LC system Thermo Scientific Dionex Ultimate 3000 RSLC (Thermo Fisher Scien-
tific, Germering, Germany), consisting of a 6-channel SRD-3600 degasser, HPG-3400RS
high-pressure gradient pump, WPS-3000TRS autosampler, and TCC-3000RS column com-
partment equipped with a narrow-bore Hypersil GOLD™ C18 (2.1 × 50 mm, 1.9 µm)
column. Each chromatographic run was carried out isocratically with a mobile phase
consisting of water/acetonitrile/methanol/acetic acid (25:50:25:0.2). Xcalibur (Thermo
Fisher Scientific, Waltham, MA, USA) ver. 4.0 was used for data acquisition and processing.
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2.1.4. Crystal Structure

A single crystal of 2511285 (TN-1) was analyzed by X-ray diffraction, and a summary
of the crystallographic data and the structure refinement parameters is reported in Table 1.
Crystallographic data were collected at 298 K using a Bruker D8 Venture diffractometer
with a Photon III C14 detector and Cu-Kα radiation (λ = 1.54178 Å) generated by an Incoatec
microfocus diamond II source (Incoatec GmbH, Geesthacht, Germany).

Table 1. Crystal data and structure refinement of (D).

Empirical formula C31 H37 I N2
Formula weight 564.52

Temperature 298.90 K
Wavelength 1.54178 Å

Crystal system Monoclinic
Space group P 1 21/c 1

Unit cell dimensions
a = 19.776(2) Å, α = 90◦

b = 7.6398(8) Å, β = 98.394(3)◦

c = 18.869(2) Å, γ = 90◦

Volume 2820.3(5) Å3

Z 4
Density (calculated) 1.330 Mg/m3

Absorption coefficient 9.057 mm−1

F(000) 1160
Crystal size 0.211 × 0.128 × 0.1 mm3

Theta range for data collection 4.520 to 68.308◦

Index ranges −23 <= h <= 23, −9 <= k <= 9, −20 <= l <= 22
Reflections collected 70250

Independent reflections 5146 [R(int) = 0.0428]
Completeness to theta = 67.679◦ 99.5%

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7531 and 0.3529

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 5146/0/305
Goodness-of-fit on F2 1.072

Final R indices [I > 2sigma(I)] R1 = 0.0346, wR2 = 0.0991
R indices (all data) R1 = 0.0352, wR2 = 0.1001

Extinction coefficient 0.00087(12)
Largest diff. peak and hole 1.293 and −0.610 e·Å−3

The software APEX6- Version:2024.9-0 (Bruker AXS Inc., 2024) [38] was used for col-
lecting frames of data, indexing reflections, and determination of lattice parameters, SAINT
Version 8.41 (Bruker AXS Inc., 2016) [39] for integration of intensity of reflections, and
SADABS Version 2016/2 [40] for scaling and empirical absorption correction. The structure
was solved by a dual-space algorithm using the program SHELXT Version 2018/2 [41].
All non-hydrogen atoms were refined with anisotropic displacement parameters by full-
matrix least-squares calculations on F2 using the program SHELXL Version 2019 [42] with
OLEX2 1.5 [43]. Hydrogen atoms were inserted at calculated positions and constrained
with isotropic displacement. Drawings were produced with MERCURY: visualization and
analysis of crystal structures [44].

2.1.5. DFT Perspective

The compound D underwent geometry optimization using DFT with the B3LYP
functional. All calculations were carried out in the gas phase utilizing the Gaussian
09W software suite [45], and molecular visualizations were generated using GaussView
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6.0. A 6-311g (d,p) basis set was applied to every atom in the structure. To verify that the
optimized geometries represented actual energy minima, frequency analysis was conducted
simultaneously with the optimization process, using the same theoretical parameters. Fol-
lowing optimization, further analysis was performed to evaluate the MEP distribution,
HOMO–LUMO orbitals, and quantum chemical reactivity descriptors. The UV-Vis spec-
trum of the compound was computed using time-dependent density functional theory
(TD-DFT) with the CPCM solvation model, employing ethanol as the solvent.

2.1.6. Molecular Docking Modeling

The antibacterial potential of pharmacological compound (D) was evaluated through
in silico molecular docking studies. For this purpose, AutoDock 4.2 alongside AutoDock
Tools 1.5.6 [46] was employed to identify the most favorable binding orientation between
the synthesized molecule and specific target macromolecules. The crystal structure of the Es-
cherichia coli protein (PDB ID: 2VF5) was retrieved from the Protein Data Bank (PDB). Prior to
the docking procedure, the protein structure was preprocessed by removing water molecules
and irrelevant ligands. Kollman charges and hydrogen atoms were subsequently added
to prepare the structure for simulation. A grid box measuring 100 × 100 × 100 points with
a spacing of 0.375 Å was centered on the 2VF5 protein to define the search area. Docking
simulations were executed using the Lamarckian Genetic Algorithm (LGA) under default
settings. The optimal binding conformation obtained from the simulation output was further
analyzed using Discovery Studio Visualizer 4.1.

2.2. Ex Vivo Anti-Inflammatory Activity
2.2.1. Immunohistochemical Analysis

Immunohistochemical testing was performed on formalin-fixed, paraffin-embedded
5 µm sections. The sections were incubated for a minimum of 20 min at 90 ◦C and af-
terward deparaffinized. Immunohistochemically, both lungs were examined with IL-1β
and NOS3 primary antibodies (Elabscience Biotechnology Inc., Houston, TX, USA). Im-
munohistochemical (IHC) staining was performed with Autostainer Link 48 (Dako, Agi-
lent Technologies Inc., Glostrup, Denmark). We use optimized reagents for Autostainer
Link 48 with FLEX Ready-to-Use Antibodies and EnVision FLEX Visualization Systems.

2.2.2. Histology and Immunohistochemistry

The morphometric analysis involved gastric tissue slices 5 µm in thickness, obtained
from the circular and longitudinal layer of SM cells, as well as in the myenteric plexus
of the stomach. The intensity of the immune reaction in the stomach was measured in
arbitrary units (AU) on the slices immunostained for IL-1β and NOS3. The measurements
were performed using DP–Soft ver. 3.2 software, Olympus, Japan. A minimum of 50 points
was measured in the stomach at magnification ×400.

2.3. Antimicrobial Activity

The antimicrobial activity of compound (D) was determined by the agar well
diffusion method [47].

The minimum inhibitory concentration (MIC) is determined by the two-fold serial
dilution method. The test extract is diluted twice in methanol in the range from 100 mg/mL
to 0.05 mg/mL. The test microorganisms are pre-inoculated in the respective agar culture
media in Petri dishes, and after the agar has solidified, six wells are punched. Samples from
each dilution are added in an amount of 60 µL to the wells, after which the Petri dishes are
incubated under the appropriate conditions, depending on the type of test microorganism.
The MIC value is taken as the lowest concentration of the extract that completely inhibits
the growth of each test microorganism around the agar well.
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2.4. Synthetic Procedure

All reagents were purchased from Merck (Merck KGaA, Darmstadt, Germany).

2.4.1. Lepidinium Octyl Iodide (B)

In a 20 mL toluene solution containing 2.15 g (0.015 mol) of lepidine, 3.60 g (0.015 mol)
of n-octyl iodide was added dropwise. After 13 h of boiling, the quaternary salt was pro-
duced. The reaction was monitored by TLC with C6H6:CH3OH (9:1, v/v) or C6H6:CH3OH
(7.5:2.5, v/v) mixture as the eluent. The resulting dark green oil was filtered. The reaction
mixture was subjected to vacuum distillation to remove the unreacted lepidin. It was
kept cold in a refrigerated room. Column chromatography was utilized to purify lepi-
dinium octyl iodide, with eluent benzene: methanol (9:1). Cerium sulfate was used to
visualize the product.

2.4.2. 4-{(E)-2-[4-(Dimethylamino)naphthalen-1-yl]ethenyl}-1-octylquinolinium iodide (D)

In a 100 mL round flask, lepidinium octyl iodide, 0.54 g (0.0014 mol), and 4-N,N-
dimethylaminonaphthaldehyde, 0.28 g (0.0014 mol), were added in 20 mL dry benzene.
Piperidine (0.012 g; 0.00014 mol) and glacial acetic acid (0.07 g; 0.00028 mol) were added
to the mixture. The reaction mixture was boiled with a reflux condenser and calcium
chloride drying tube on top of the condenser. The wine-red crystals were filtered off after
28 h, cleaned with benzene, and allowed to dry at room temperature. TLC was used for
monitoring the progress of the reaction. Propanol:formic acid (8:2, v/v) or petroleum ether:
diethyl ether (2:1, v/v) were used to elute the product, and UV light or I2-vapor was used
to visualize it.

4-{(E)-2-[4-(dimethylamino)naphthalen-1-yl]ethenyl}-1-octylquinolinium iodide-IR
(KBr) υ/cm−1: 3061; 3037; 2961; 2932; 2925; 2854; 2824; 2775; 1602; 1596; 1558; 1532; 1514;
1467; 1456; 1452; 1404; 1342; 1331; 1284; 1238; 1224; 1170; 1167; 1142; 1096; 1060; 1045; 976;
974; 970; 950; 913; 876; 836; 777; 765; 730; 561; 485.

1H NMR (500 MHz, DMSO): δ 9.36 (d, J = 6.6 Hz, 1H, H2), 9.09 (d, J = 8.9 Hz, 1H,
H5), 8.96 (d, J = 15.5 Hz, 1H, Hβ), 8.80 (d, J = 6.9 Hz, 1H, H3), 8.65 (d, J = 8.5 Hz, 1H,
H5′′), 8.54 (d, J = 8.9 Hz, 1H, H8), 8.45 (d, J = 8.2 Hz, 1H, H2′), 8.32 (d, J = 15.8 Hz, 1H, Hα),
8.25 (t, J = 8.7 Hz, 1H, H7), 8.21 (d, J = 8.9, 1.1 Hz, 1H, H8′), 8.03 (t, J = 7.4 Hz, 1H, H6),
7.68 (t, J = 7.6 Hz, 1H, H7′), 7.61 (t, 1H, H6′), 7.21 (d, J = 8.2 Hz, 1H, H3′), 4.98 (t, J = 7.6 Hz,
2H, N+CH2, 1′′), 2.97 (s, 6H, N(CH3)2), 1.96 (m, 2H, CH2, 2′′), 1.41 (m, 2H, CH2, 3′′), 1.32 (m,
J = 14.9, 6.7 Hz, 2H, CH2, 4′′), 1.26 (m, 6H, CH2, 5′′; CH2, 6′′; CH2, 7′′), 0.86 (t, J = 6.9 Hz,
3H, CH3, 8′′).

13C NMR (126 MHz, DMSO) δ 154.26 (C4′), 153.23 (C4), 147.45 (C2), 139.95 (Cβ),
138.31 (C8a), 135.44 (C7), 133.33 (C8′a), 129.49 (C6), 127.77 (C4a), 127.53 (C2′), 127.47 (C7′),
127.28 (C5), 127.16 (C4′a), 126.18 (C1′), 125.78 (C6′), 125.48 (C8′), 124.60 (C5′), 119.65 (Cα),
119.58 (C8), 116.85 (C3), 113.89 (C3′), 56.89 (C1′′), 44.98 (N(CH3)2), 31.61 (C6′′), 29.89 (C2′′),
29.01 (C5′′), 28.96 (C4′′), 26.31 (C3′′), 22.51 (C7′′), 14.41 (C8′′).

HRMS electrospray ionization (ESI) m/z calcd for [M + H]+ C31H37N2
+ = 437.29513,

found 437.29514 (mass error ∆m = 0.03 ppm). The highest intensity peak is at 219.15129,
which corresponds to [M + 2H]2+ species.

3. Results and Discussion
3.1. Design and Synthesis of the Target Structure

Certain structural fragments are linked to the compounds’ varied actions. Based
on the structural characteristics of Gram-negative bacterial cell walls and membranes,
along with the chemical structure of the molecule, we have selected a dimethylamino
group and a naphthalene moiety for the styrylium compound (D). Gram-negative bacteria
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like E. coli and P. aeruginosa have hydrophobic and lipopolysaccharide-containing outer
membranes. The substance can interact with membrane lipids more successfully and impair
their integrity and permeability if it has a lipophilic (hydrophobic) structure. As a result,
the antibacterial impact against these strains is strengthened. P. aeruginosa frequently
exhibits resistance to numerous antibiotics, making the identification of substances with
antimicrobial action very noteworthy.

The naphthalene fragment was selected due to its stable aromatic structure and
lipophilic characteristics, which promote interaction with bacterial membranes and enzyme
systems. Numerous naphthalene compounds also have biological activity, including an-
tiviral, antifungal, antibacterial, and even anticancer properties [48,49]. Therefore, adding
a “naphthalene moiety” to a novel compound’s structure is a typical way to improve its
stability and biological activity.

Considering the molecular structure of styrylquinolinium compounds and their an-
timicrobial properties [10,11], we investigated the synthesis of a styrylquinolinium salt with
a naphthalene moiety and octyl substituent, connected to the quaternary nitrogen atom.
The reason for choosing a naphthalene moiety and the octyl substituent was to increase
the antimicrobial potential of the compound. Furthermore, it has been found that in some
substances, the presence of an amino group improves the ability to penetrate the outer
membrane of both Gram-positive and Gram-negative bacteria [11].

Compound (D) was synthesized through a two-step sequence (Scheme 1). First,
4-methylquinoline (lepidine, A) was alkylated under reflux in toluene to give N-octyl-4-
methylquinolinium iodide (B). The iodide anion was chosen due to its large ionic radius
and high polarizability, which are known to facilitate crystallization and improve crystal
quality, particularly for single-crystal X-ray diffraction studies. Additionally, iodide salts of
quaternary nitrogen-containing compounds are commonly used in synthetic practice due
to their stability and availability. Since ion pairs are formed between the chromophore and
the bulky counterion, the iodide anion can be exchanged much more readily than chlorine
or bromine with bulky counterions such as toluene sulfonate, naphthalene sulfonate, etc.,
and is linked to potential nonlinear optical properties.

Scheme 1. Synthesis of compounds (B) and (D).

https://doi.org/10.3390/cryst16020115

https://doi.org/10.3390/cryst16020115


Crystals 2026, 16, 115 9 of 24

Subsequently, salt (B) was synthesized, followed by Knoevenagel condensation with 4-
N,N-dimethylaminonaphthaldehyde (C) in the presence of a piperidine/acetic acid catalyst
system in benzene, affording compound (D).

The target compound was purified by a recrystallization procedure using methanol as
a solvent.

Spectroscopic techniques, including IR, 1D and 2D NMR (COSY, HSQC, and HMBC)
spectra, and X-ray analysis, were used to confirm the structure of (D).

3.2. Spectral Analysis
3.2.1. FT-IR Spectroscopy

The IR spectrum of the target molecule (D) showed weak absorption bands at
3061 cm−1 and 3037 cm−1, attributed to the C–H stretching vibrations of the two aro-
matic fragments—naphthalene and quinolinium—as well as the π-bridge bond (Figure S1).
Intramolecular charge transfer exhibited a complicated IR spectrum around 1800 and
1400 cm−1. Quantum chemistry simulations showed that most of the bands in this region
are the result of mixed oscillations. The bands associated with the corresponding normal
vibrations were observed to be shifted to lower wavenumbers, and some of them exhibited
increased intensity. Almost all of the bands in the IR spectrum of the compound (D) were
asymmetric due to the combined effects of the crystal field and stronger charge transfer [50].

The most intense band at 1558 cm−1 was assigned to the vibrations of the conjugated
carbon–carbon double bond, and it is strongly mixed with the vibrations of the two aromatic
rings. The degree of charge transfer between the donor and acceptor parts of the molecule
affects the vibrations of the bridged double bond. Comparison of this band with the
analogous band in the stilbene spectrum [51] shows a shift to the smaller wavenumber
of 64 cm−1, which is comparable with other binuclear compounds [51]. The band at
1596 cm−1 corresponds to the skeletal vibrations of the aromatic fragments. The stretching
vibrations of carbon skeletons 19a and 19c appeared at 1514 cm−1 in the IR spectrum, which
corresponds with the literature data [50,52].

3.2.2. 1H and 13C NMR Spectroscopy

This section outlines the two-dimensional methods used to assign the signals found in
(D) 1H- (Figure S2) and 13C NMR (Figure S3) spectra. Due to the presence of two aromatic
systems (quinolinic and naphthalene) and a π-bridge bond, the investigated compound
(D) has a high number of methine protons. Consequently, we used the two-dimensional
methods of 1H-1H correlation (COSY), 1H-13C correlation across one bond (HSQC), and
two to three bonds (HMBC) to assign these protons with greater accuracy. The 1H-NMR
spectrum of compound (D) is shown in Figure S2 in the δ 9.4–7.2 region. Both the CH-
protons from the two aromatic systems as well as the CH-vinyl protons’ signals occur
within this region.

The (D) molecule, characterized by its donor–π-bridge–acceptor structure, exhibits
charge transfer from the electron-donating N,N-dimethylamino group to the positively
charged nitrogen atom of the quinolinium nucleus via the π-bond system [53]. This is the
reason why the protons from the two aromatic fragments of (D) appear in a significantly
weaker field (9.36–8.65 ppm of the quinolinium part and 8.65–7.21 ppm of the naphthalene
part) compared to the protons of the isolated quinolinium (δ 8.81–7.26) and naphthalene
fragments (δ 7.66–7.30) [54].

Using this two-dimensional technique, we distinguished the protons from the quino-
line moiety—9.36 (d), 9.09 (d), 8.80 (d), 8.54 (d), 8.25 (t), 8.03 (t)—and protons from the
naphthalene part: 8.65 (d), 8.44 (d), 8.21 (d), 7.68 (t), 7.61 (t), 7.21 (d).
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Analysis of the COSY spectrum (Figure S4) showed that the proton signal in the second
position in the quinoline fragment was observed as a doublet at 9.36 ppm. The proton
signal is observed under a lesser magnetic field due to the lower electron density at the
two-site heterocyclic moiety, which is based on the positively charged nitrogen atom. The
H-2 signal was correlated with proton signals at the third position H-3, and it was observed
as a doublet at 8.80 ppm (Figure 2b).

 

 
(a) (b) 

Figure 2. The numbering of atoms (a) and a diagram representation of the connection between the
13C and 1H atom resonances (b) in compound (D).

The signals corresponding to the H-5 proton were assigned as a doublet at 9.09 ppm.
The proton H-5 showed a significant interaction with the proton H-6 detected at 8.03 ppm as
a triplet. The latter has a connection to an H-7 signal at 8.25 ppm. The doublet at 8.54 ppm
was attributed to the proton H-8. Proton H-2′ and H-3′ signals from the naphthalene
fragment were detected as doublets at 8.45 ppm and 7.21 ppm, respectively. The triplet
identified as H-6′ at 7.61 ppm was found to be interacting with the doublet defined as H-5′

at 8.21 ppm and the triplet designated as H-7′ at 7.67 ppm. The proton H-7′ interacted with
the proton H-8′, the signal of which was registered as a doublet at 8.65 ppm.

Vinyl protons (Hα and Hβ) from the bridging double bond register as doublets at
8.32 ppm and 8.96 ppm, exhibiting significant contact between them (Figure 2b). In addi-
tion, weak contact between protons Hβ and Hα and protons H-5 and H-8′ was observed.
The trans configuration of the target molecule was confirmed by the high value of vinylic
hydrogen J-constants. The J-constant values were found in the 13–18 Hz range, which is in
good agreement with the information found in the literature [50,51].

The HSQC technique was used to determine the correlations between protons and
carbons in a single bond, allowing the assignment of signals for proton-bearing carbon
atoms (Figure S5). The HMBC experiment was used to attribute the signals of C-α and C-β
from the bridging double bond and signals of the quaternary C-atoms at positions 4, 4a, 8a,
1′, 4a′ and 8a′, as well as the C-atom in the 4′ position to which the dimethylamino group is
attached (Figure S6).

Beginning at H-2 at 9.36 ppm, the positions of the signals C-4 (153.16 ppm), C-8a
(138.28 ppm), and C1′′ (56.89 ppm) from the octyl tail were determined. The signal for C-8a
was confirmed also via protons at C1′′ (4.98 ppm), which were located at the γ-position
relative to it and relative to C-2 (147.45 ppm). The proton signal H-5 at 9.09 ppm was
utilized to identify the signals for C-4 (153.16) and Cα (119.65 ppm). The proton signal
at the 2′ position of the naphthalene moiety was used to attribute the signals for Cβ

(139.95 ppm), C-8a′ (133.33 ppm) and C-4′ (154.26 ppm). The signal for the carbon atom
C-8a′ was confirmed via three bonds corresponding to the proton H7′ (7.68 ppm), which is
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also connected to C-5′ (124.60 ppm). Signals for hydrogen atoms H3′ (7.21 ppm) and H6′

(7.61 ppm) are positioned in the γ-position relative to C-4a′ (127.16 ppm).
Finally, the high-resolution mass spectrum of the compound showed the base peak at

the m/z value, corresponding to the theoretically accurate mass of its parent ion [M + H]+

in the positive mode using electrospray ionization (ESI) (Figure S7). The highest intensity
peak is at 219.15129, which corresponds to [M + 2H]2+ species.

3.2.3. Crystal Structure

Single crystals of the compound 4-[(E)-2-[4-(dimethylamino)naphthalen-1-yl]ethenyl}-
1-octylquinolinium iodide, which are light red in color, were grown. The compound
crystallizes in the monoclinic system; the space group is P 21/c. X-ray structural data show
that the unit cell contains four cations and four iodide anions. The molecular structure
and atom numbering are shown in Figure 3, and Table 1 presents the crystallographic data
for (D).

Figure 3. Molecular structure of 4-[(E)-2-[4-(dimethylamino)naphthalen-1-yl]ethenyl}-1-
octylquinolinium iodide, showing the atom labeling scheme (deposition number in CCDC 2450098).

For the molecular structure of (D), the sum of the three C−N−C bond angles involving
the amine nitrogen, C31-N2-C30 (110.30◦), C30-N2-C23 (113.68◦), and C31-N2-C23 (115.93◦)
is less than 360◦; therefore, the dimethylamino group is not coplanar with the aromatic
ring system (Table S1). Both methyl groups of the dimethylamino group show a deviation
from planarity, which is also judged by the values of the measured torsion angles—C31-
N2-C23-C22 is −23.45◦, and C30-N2-C23-C24 is −74.56◦ (Table S2). Mishra et al. describe
deviations of about 7◦ [55].

For the hemocyanine dye 1(E)-2-[4-(dimethylamino)styryl]-1-methylpyridinium triio-
dide [56] the sum of the three valence angles at the dimethylamino group is 360◦, and the
two methyl groups are coplanar, as judged by the torsion angles, which are exactly 180◦. In
all cases considered, the methyl groups of the dimethylamino groups participate in weak
intermolecular interactions, while in compound D such interactions are absent.

The lengths of the C-N bonds in the dimethylamino group follow the trend already de-
scribed for other styrene derivatives, namely that the N-CH3 bonds are longer than the N-C
(aromatic nucleus) bonds [56–60]. This confirms that the unshared electron pair of the ni-
trogen atom participates in delocalization with the π electrons of the naphthalene nucleus.

Table S1 shows that most valence C-C-C, C-N-C, and N-C-C angles in the conjugated
aromatic system are close to trigonal, which is consistent with the crystal structure described
by Zhang et al. [61].

The configuration of the double bond in the (D) molecule is E (trans), as indicated
by the value of the C16-C15-C18-C19 torsion angle of 178.47◦. Most torsion angles in
the molecular skeleton are close to 180◦. An exception is observed in the measured tor-
sion angles of the two aromatic nuclei relative to the bridging double bond. A deviation
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from planarity is observed, as the two aromatic nuclei are twisted relative to the bridging
double bond—the naphthalene at 10.33◦ and the quinoline at 14.82◦. A possible expla-
nation can be found in the contacts that the iodide anion makes with the molecules of
the compound. One iodide anion participates in four weak intermolecular interactions
with three chromophores—two contacts with the naphthalene (C28H28 ··· I 3.973 Å) and
quinoline (C16H16 ··· I 3.876 Å) nuclei of one molecule; with the methylene group of the
octyl tail, bound to the quaternary nitrogen atom (C8H8 ··· I 3.916 Å) of a second molecule;
and with the quinoline nucleus (C13H13 ··· I 3.822 Å) of a third molecule.

Indicative of the delocalization in the π-electron system of the chromophore molecule
are the intermediate bond lengths between the typical C−C single bond of 1.54 Å and the
C=C double bond of 1.34 Å (Table S3), as well as the fact that most of the valence angles are
close to 120◦ (Table S1).

Based on the data from the X-ray structural analysis, the structural parameter BLA
of 0.13 Å (bond-length alternation) was calculated, which reflects the degree of electron
delocalization, which in this case is significant and is associated with charge transfer in the D
molecule. This, in turn, facilitates interaction with proteins, DNA, and cell membranes [62],
and may affect conductivity through the cell membrane, especially in bacteria with different
membrane barriers [63,64].

The parallel arrangement of the molecules two by two on the head–tail principle in the
crystal lattice of (D), with slippage, and the quinoline nuclei arranged one above the other,
is shown in Figure 4. π-π stacking interactions take place between adjacent quinolinium
rings. Least-squares mean planes crossing aromatic ring atoms show an interplanar spacing
of 3.533 Å. In the compound’s monoclinic crystal structure, the molecules are packed in
a sandwich-like pattern.

Figure 4. The parallel arrangement of the molecules.

3.2.4. DFT Perspective

To evaluate and compare the reactivity of compounds B and D, we performed
structural optimizations using DFT calculations, employing the B3LYP functional in the
gas phase. The absence of any imaginary harmonic frequencies in the Gaussian out-
put confirms that both structures correspond to true energy minima. Figure 5 presents
the ground-state geometries of compounds B and D as obtained from these calcula-
tions. For compound D, the computational and experimental values of the selected
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bond lengths were estimated as follows: C30—N2 (1.439 Å/DFT and 1.440 Å/XRD),
C31—N2 (1.445 Å/DFT and 1.446 Å/XRD), C23—N2 (1.418 Å/DFT and 1.418 Å/XRD),
C17—N1 (1.334 Å/DFT and 1.336 Å/XRD), N1—C9 (1.381 Å/DFT and 1.382 Å/XRD),
and N1—C8 (1.494 Å/DFT and 1.494 Å/XRD). For this compound, the computa-
tional and experimental values of the selected bond angles were calculated as fol-
lows: C31—N2—C30 (110.29 ◦/DFT and 110.30 ◦/XRD), C30—N2—C23 (113.69 ◦/DFT
and 113.68 ◦/XRD), C31—N2—C23 (115.91 ◦/DFT and 115.93 ◦/XRD), C9—N1—C17
(120.41 ◦/DFT and 120.40 ◦/XRD), C17—N1—C8 (118.07 ◦/DFT and 118.04 ◦/XRD), and
C9—N1—C8 (121.47 ◦/DFT and 121.52 ◦/XRD). These results verify that the computa-
tional and experimental structural parameters are in alignment. The optimized structures of
compounds B and D exhibit total energies of −756.50 Hartree and −1313.38 Hartree, respec-
tively, indicating their stability. Additionally, the calculated dipole moments are 2.78 Debye
for compound B and 4.53 Debye for compound D. These results suggest that compound
D exhibits a stronger dipole moment, which points to more pronounced dipole–dipole
interactions in this molecule [65].

Figure 5. Suggested geometry of compounds B (a) and D (b) from DFT calculation.

The MEP surfaces of compounds B and D were predicted using the DFT/B3LYP/6-311g
(d,p) computational method and are illustrated in Figure 6. These MEP maps, which offer
a three-dimensional visualization of charge distribution within the molecules, provide
crucial insights into regions of potential chemical reactivity and interaction [66].

Figure 6. MEPs of compounds B (a) and D (b).
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MEP analysis is particularly useful for identifying sites likely to engage in hydrogen
bonding, as well as for locating areas susceptible to nucleophilic or electrophilic attacks. The
surfaces display a spectrum of electrostatic potentials through color gradients ranging from
blue to red. The blue regions indicate electron-deficient zones with a positive electrostatic
potential, while red regions represent electron-rich areas with negative potential [67].
Neutral regions, with no significant charge density, appear green [68]. In this context, red
areas tend to attract electrophiles, whereas blue regions are favorable for nucleophiles,
as these colors denote the respective reactive behavior of nucleophilic and electrophilic
sites. In the MEP maps of compounds B and D, the red coloration is predominantly
distributed around the naphthalene moiety, suggesting that this region is favorable for
electrophilic attack.

Figure 7 illustrates the distribution patterns and energy profiles of the HOMO and
LUMO orbitals for compounds B and D, based on calculations performed using the
TD-DFT/B3LYP/6-311g (d,p) method. These frontier orbitals, HOMO and LUMO, play
a pivotal role in defining a molecule’s electronic behavior, influencing its biological activity,
chemical reactivity, and overall stability [69]. The HOMO serves as an electron donor, while
the LUMO acts as an electron acceptor. The energy difference between them, represented
by Egap, provides valuable insight into the molecule’s potential reactivity and activity.
A smaller Egap indicates a greater ease of electron transition, which typically correlates
with increased chemical and biological activity, but reduced molecular stability. In both
compounds B and D, the distribution of the HOMO and LUMO electron clouds is primarily
localized on the naphthalene unit, suggesting that electron transfer is concentrated in this
region. The measured energy gaps for compounds B and D are 4.87 and 3.28 eV, respec-
tively. The small energy difference between the HOMO and LUMO levels of push–pull
compounds of the D type has been confirmed by experimental studies based on data from
UV–visible spectrum and electrochemical tests [20]. The smaller band gap in compound D
indicates greater chemical reactivity and enhanced biological activity compared to com-
pound B. Additionally, the lower ∆E value in compound D facilitates more efficient charge
transfer, which further supports its higher level of biological activity [70].

Figure 7. Distributions and energy surfaces of the molecular orbitals of compounds B (a) and D (b).
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Figure 8 shows a schematic illustration of the excited state (quinoid form) and ground
state (benzoid form) of the chromophore of compound D as a result of charge transfer from
the electron-donating N, N-dimethylamino group through the π-conjugated system to the
electron-accepting quinoline nucleus [52].

Figure 8. Ground state (benzoid form) (a) and excited state (quinoid form) (b) of the chromophore of
compound (D).

In the UV–visible spectrum of compound (D) (Figure 9), the absorption maximum at
around 500 nm corresponds to the charge transfer band, with the observed shift depending
on the polarity of the solvent, which is explained by the fact that the polarity, polarizability,
and hydrogen-bonding ability of the solvents can change the HOMO–LUMO energy
difference and, accordingly, shift the energy of the equilibrium excited state [50,51].

 

(a) (b) 

Figure 9. Theoretical (a) and experimental (b) UV-Vis spectra of compound (D) in ethanol.

Using DFT insight, several quantum chemical reactivity descriptors were determined,
including absolute electronegativity (χ), softness (σ), the global electrophilicity index
(ω), chemical potential (Pi), hardness (η), and the maximum charge transfer (∆Nmax), in
accordance with equations outlined in previous studies (Table 2) [71]. The negative Pi values
indicate that the analyzed compounds possess stability. The global electrophilicity index (ω)
reflects a molecule’s tendency to accept electrons from its environment. A higher ω value
suggests a stronger capability to form various interactions with biological macromolecules.
Compound (D) exhibits a higher electrophilicity (4.08 eV) than compound B (2.92 eV),
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indicating a greater potential to engage with targets like proteins. The parameter ∆Nmax

estimates the maximum number of electrons one compound can accept. Compound (D)
displays a ∆Nmax of 2.23, compared to 1.55 for compound B, suggesting superior electron-
accepting behavior. These results collectively indicate that compound (D) demonstrates
a more favorable electronic interaction profile than compound B.

Table 2. Quantum reactivity parameters of compounds B and D.

Parameter Compound B Compound D

EHOMO −6.21 −5.30
ELUMO −1.34 −2.02

Egap (LUMO-HOMO) 4.87 3.28
χ 3.77 3.66
η 2.43 1.64
σ 0.41 0.61
Pi −3.77 −3.66
ω 2.92 4.08

∆Nmax 1.55 2.23

The UV-Vis spectrum of the compound was calculated using time-dependent density
functional theory (TD-DFT) with the CPCM solvation model, employing ethanol as the
solvent. The resulting spectrum is shown in Figure 9a and exhibits good agreement with
the experimental UV-Vis spectrum of the compound (D) (Figure 9b).

3.3. Antimicrobial Activity

The agar diffusion technique was used to examine the antibacterial activity of the novel
styrylquinolinium on five Gram-positive bacterial strains, five Gram-negative bacterial
strains, two yeasts, and six fungi. The well diffusion method reveals the level of sensitivity
in pathogenic microorganisms. Therefore, an organism susceptible to a chemical will not
develop near the well where it was placed. The mean zones of inhibition in mm produced
on the pathogenic microorganisms containing styrylquinolinium are presented in Table 3.

Our results illustrate that styrylquinolinium exhibited good antimicrobial activ-
ity against the Gram-positive bacterial strains Bacillus subtilis (inhibition zone = 13 mm),
Bacillus amyloliquefaciens (inhibition zone = 13 mm), Staphylococcus aureus (inhibition
zone = 14 mm), Listeria monocytogenes (inhibition zone = 13 mm), and Enterococcus
faecalis (inhibition zone = 13 mm) and the Gram-negative strains Salmonella enteritidis
(inhibition zone = 13 mm), and Escherichia coli (inhibition zone = 16 mm). Additionally, it
demonstrated very good activity against pathogenic Pseudomonas aeruginosa (inhibition
zone = 20 mm) (Table 3). This difference in activity can be attributed to the difference
in cell membrane permeability between the Gram-positive and Gram-negative bacterial
strains, which is significantly affected by complex factors, including the zeta potential on
the membrane, the lipophobicity of the cell membrane, the thickness of the membrane and
its surrounding layers, and the chemical composition of the antimicrobial drug [72].

The outcomes of the minimum inhibitory concentration for (D) are shown in Table 4.
(D)’s MIC was 7.8 µg/mL for the Gram-positive bacteria Bacillus subtilis, Bacillus amyloliq-
uefaciens, Staphylococcus aureus, and Listeria monocytogenes and fully consistent with the
literature data for styrylquinolinium compounds (2.4 to 75 µg/mL). Styrylquinolinium
compounds most often do not exhibit antibacterial activity against Gram-negative bacteria,
including Pseudomonas aeruginosa, which is prone to developing antibiotic resistance. In our
experiments, the target compound (D) inhibits Pseudomonas aeruginosa (MIC 7.8 µg/mL).
(D) showed antimicrobial activity against Salmonella enteritidis (MIC 31 µg/mL), with no
literature data available on this. Additionally, it exhibits three times the activity of compa-
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rable drugs against Escherichia coli (MIC 7.8 µg/mL) [10,11]. The likely explanation for this
difference relates to the different structural fragments in (D) and other styrylquinolinium
compounds. Compound (D) has a naphthalene core and an octyl substituent, while most
of the other styryliums have a pyridinium core and shorter carbon chain substituents.

Table 3. Antimicrobial activity of the synthesized styrylquinolinium D.

Bacteria
Inhibition Zones, mm
24 h 48 h N A

Bacillus subtilis 13 13 n.a. 16
Bacillus amyloliquefaciens 13 13 n.a. 20

Staphylococcus aureus 14 13 n.a. 35
Listeria monocytogenes 13 13 n.a. 40
Enterococcus faecalis 13 13 n.a. 38
Salmonella enteritidis 13 13 n.a. 40

Klebsiella spp. ND ND n.a. 25
Escherichia coli 16 16 n.a. 16
Proteus vulgaris ND ND n.a. 30

Pseudomonas aeruginosa 20 20 n.a. 16
Candida albicans 12 12 22 n.a.

Saccharomyces cerevisiae 8 8 31 n.a.
Aspergillus niger 15 15 32 n.a.
Aspergillus flavus 13 13 26 n.a.
Penicillium spp. 8 8 26 n.a.
Rhizopus spp. 12 12 n.a. n.a.

Fusarium moniliforme 12 12 25 n.a.
ND—no activity detected; N—Nystatin; A—Ampicillin; n.a.—not applicable.

Table 4. MIC of D against Gram-positive and Gram-negative bacterial strains.

Bacteria MIC, µg/mL

Bacillus subtilis 7.8
Bacillus amyloliquefaciens 7.8

Staphylococcus aureus 7.8
Listeria monocytogenes 7.8
Enterococcus faecalis 31
Salmonella enteritidis 31

Klebsiella spp. ND
Escherichia coli 7.8
Proteus vulgaris ND

Pseudomonas aeruginosa 7.8
Candida albicans 15

Saccharomyces cerevisiae ND
Aspergillus niger 15
Aspergillus flavus 15
Penicillium spp. 250
Rhizopus spp. 31

Fusarium moniliforme 15
Mucor spp. ND

Our results showed that (D) does not exhibit activity against Klebsiella pneumoniae
and Proteus vulgaris, which is confirmed by the literature data for previously synthesized
styrylium compounds [10,11].

Studies on the antifungal activity of styrylpyridinium salts are limited [73], and
there are no studies on styrylquinolinium salts. Substituted styrylpyridinium salts have
been demonstrated to exhibit activity against Candida albicans. Our experiments have
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demonstrated that the styrylquinolinium (D) exhibited moderate activity against Candida
albicans (MIC 15 µg/mL). (D) also exhibited moderate activity against Aspergillus niger
(MIC 15 µg/mL), Aspergillus flavus (MIC 15 µg/mL), Fusarium moniliforme (MIC 15 µg/mL),
and Rhizopus spp. (MIC 31 µg/mL).

3.4. Molecular Docking Modeling

Given that in vitro studies demonstrated that the synthesized compound (D) exhibits
notable antibacterial activity against E. coli, we utilized molecular docking simulations to
validate these findings and to identify key interactions within the binding environment.
To evaluate the antibacterial potential of compound (D), molecular docking studies were
conducted targeting the Escherichia coli protein (PDB ID: 2VF5). Among the various binding
conformations generated, those exhibiting the most favorable (i.e., most negative) binding
free energies were selected for detailed interaction analysis. The optimal binding conforma-
tion of compound (D) with the E. coli protein was examined to identify the key molecular
interactions involved, as depicted in Figure 10. The simulation results revealed that com-
pound (D) binds effectively to the active site of the bacterial protein, with a calculated
binding free energy of −6.60 kcal/mol. This value reflects a good binding affinity, sup-
porting the experimental findings of the compound’s antibacterial activity. Furthermore,
compound (D) forms seven hydrophobic interactions involving residues LEU 484, LYS 487,
LEU 601, HIS 493, and HIS 466, as well as seven van der Waals contacts with amino acids
GLY 301, CYS 300, THR 302, GLU 488, PRO 598, ARG 599, and TYR 491.

 

Figure 10. Docking analysis of compound (D) in the interaction with E. coli.
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3.5. Anti-Inflammatory Activity

Inflammation is the body’s defensive reaction to irritants, infections, or tissue damage.
Cytokines are among the many mediators that are crucial to this process. For example, IL-1β
is a proinflammatory cytokine known for triggering an immune response and sustaining the
innate response. When an infection or injury occurs, activated macrophages and monocytes
are the primary sources of the powerful inflammatory cytokine IL-1β. It contributes
significantly to the development of inflammation and is linked to a number of chronic
illnesses, including atherosclerosis, Crohn’s disease, and rheumatoid arthritis [74].

Proinflammatory cytokines IL-1α and IL-1β are generated either in response to innate
identification of Pathogen-Associated Molecular Patterns (PAMPs) or after host injury
(release of Damage-Associated Molecular Patterns (DAMPs)). The adaptive immune
response is shaped by IL-1 activity on T cells and Dendritic cells (DCs). Although DCs’
capacity to trigger T-cell activation is enhanced by IL-1 signaling, direct IL-1 activity on
CD4+ and CD8+ T cells, either by itself or in combination with other polarizing cytokines,
has also been shown to affect T-cell differentiation in a number of circumstances. Since
IL-1 functions as a direct link between innate and adaptive immunity, it can be used
clinically to support T-cell immunity development in the context of preventative and
therapeutic measures [75–77].

Since IL-1β plays a key role in both autoimmune and inflammatory illnesses, inhibiting
its activity is crucial for lowering the inflammatory response [78].

The immunohistological expression of IL-1β and NOS3 in smooth muscle (SM) prepara-
tions treated with the novel styrylquinolinium compound (D) was evaluated using a quantita-
tive test (Figure 11). In preparations treated with (D), SM cells and the MP showed higher
expression of IL-1β (208.71 ± 21 AU) compared to controls (180.54 ± 23 AU) (Figure 11a).

  
(a) (b) 

Figure 11. Morphometric analysis of (a) IL-1β and (b) NOS3 immunoreactivity in gastric tissues after
treatment with substance (D). Values are presented in arbitrary units (AU) as mean ± SD (n = 3).

Preparations incubated with (D) decreased expression of NOS3 (98.13 ± 11.7 AU) in
SM cells and the myenteric plexus (MP) (Figure 11b) compared to control preparations
(108.3 ± 19.01 AU).

Immunohistochemical analysis showed that treatment with styrylquinolinium (D)
resulted in increased expression of IL-1β and a modest decrease in NOS3 in smooth muscle
cells and the MP. These changes suggest that the compound possesses immunomodulatory
activity, concomitant with its antimicrobial effect. IL-1β is a key proinflammatory cytokine
involved in the initiation of the innate immune response, activation of macrophages, and
homing of neutrophils to the site of inflammation [79]. Its increase during incubation with
substance D may help the body fight off infections locally. Its direct antibacterial effect
against bacteria like P. aeruginosa and E. coli can be explained by this fact. According to
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Dinarello, IL-1β is a “central axis” in inflammatory processes and is often a desirable target
for immunotherapies [80].

NOS3 (endothelial NO synthase) is responsible for the production of nitric oxide (NO),
which has anti-inflammatory and vasodilating effects [80]. The decreased expression of
NOS3 upon (D) treatment was not drastic, suggesting a temporary upregulation rather
than a suppression of function. This may reflect an adaptive mechanism to limit excessive
vasodilation in the immune response.

According to the immunomodulatory tests, compound (D) may have an impact on
inflammatory mediators, as evidenced by variations in the expression of NOS3 and IL-1β.
However, these findings should be considered suggestive and require more research before
firm conclusions about the compound’s immunomodulatory potential can be made because
of the observed variability in the data.

4. Conclusions
A novel styrylquinolinium salt 4-[(E)-2-(4-dimethylaminonaphthalen-1-yl)ethenyl)]-

1-octyl-quinolinium iodide (D) was synthesized. The target compound (D) was ob-
tained by sequential application of the alkylation and Knoevenagel reactions. IR, mono-
and two-dimensional NMR, and HRMS techniques were utilized to clarify its molecular
structure. The X-ray analysis confirmed the structure of the compound.

According to the preliminary biological analysis and MIC data, compound (D) has
antibacterial activity against selected Gram-negative bacteria, such as Salmonella enteritidis,
Escherichia coli, and Pseudomonas aeruginosa. Furthermore, significant antifungal activity
was found against a number of fungal species, including Fusarium moniliforme, Aspergillus
niger, Aspergillus flavus, Rhizopus spp., and Candida albicans.

Furthermore, docking simulation revealed that compound (D) binds effectively to the
active site of the bacterial protein, with a calculated binding free energy of −6.60 kcal/mol,
supporting the experimental findings of the compound’s antibacterial activity. Based on
molecular docking, the activity of the compound against Escherichia coli is explained by the
ability to bind through hydrophobic interactions with amino acid residues of the bacterial
protein and thus to destroy the cell wall.

Based on the immunomodulatory assays, we can conclude that (D) may affect in-
flammatory mediators, as evidenced by variations in the expression of IL-1β and NOS3.
However, further investigation is required before definitive conclusions can be drawn
regarding the immunomodulatory potential of the compound.
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of (D); Figure S6. HMBC spectrum of (D); Figure S7. HR-ESI-MS spectrum; Table S1. Selected
angles (◦) for (D); Table S2. Selected torsion angles (◦) for (D); Table S3. Selected bond lengths (Å)
for (D).
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