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This study presents the optical characteristics, and biological characteristics of four N-substituted 2-
pyridylbenzothiazole derivatives, namely 6-amino-5-(2-benzothiazolyl)-2-oxo-1-phenyl-1,2-dihydro-3-
pyridinecarbonitrile (BTZ-Ph), 6-amino-5-(2-benzothiazolyl)-2-oxo-1-(4-chlorophenyl)-1,2-dihydro-3-
pyridinecarbonitrile (BTZ-CIPh), 6-amino-5-(2-benzothiazolyl)-2-oxo-1-(4-methylphenyl)-1,2-dihydro-
3-pyridinecarbonitrile (BTZ-MePh), and 6-amino-5-(2-benzothiazolyl)-2-oxo-1-(naphthalen-1-yl)-1,2-
dihydro-3-pyridinecarbonitrile (BTZ-Nap). The steady-state absorption and emission properties of the
examined compounds were assessed in acetonitrile solutions. The fluorescence quantum yields were
determined to be 0.27 (BTZ-Ph), 0.24 (BTZ-CIPh), 0.28 (BTZ-MePh), and 0.25 (BTZ-Nap). The biological
studies showed a significant interaction of the examined compounds with bovine serum albumin (BSA),
where the binding constant (K), Stern—Volmer quenching constant (Ks,), and the number of binding sites
were determined. Steady-state fluorescence and time-correlated single photon counting suggest
a highly probable energy transfer pathway from the BSA singlet excited state to the examined
compounds. The antibacterial activity was evaluated using disc diffusion and minimum inhibitory
concentration (MIC) techniques under both dark and light conditions. The compounds exhibited
significant antibacterial activity when subjected to blue illumination. The examined N-substituted 2-
pyridylbenzothiazole derivatives exhibited markedly enhanced photo-cytotoxicity against human breast
cancer MCF-7 (at ICso values of 69.54, 49.78, 9.86, and 16.54 ng mL~! for BTZ-Ph, BTZ-CIPh, BTZ-
MePh, and BTZ-Nap, respectively) and human colorectal carcinoma HCT-116 cell lines (at ICsq values of
47.65, 147.98, 56.98, and 22.32 ng mL~! for BTZ-Ph, BTZ-CIPh, BTZ-MePh, and BTZ-Nap, respectively)
when subjected to blue light excitation at 450 nm. Molecular docking was employed to elucidate the
interaction mechanism of the compounds with BSA, revealing that BTZ-Ph exhibited a higher binding
energy. The determined BSA-binding constants correlated effectively with the antibacterial and cytotoxic

outcomes, as well as the molecular docking data. Significantly, the compounds demonstrated
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Accepted 6th November 2025 encouraging singlet oxygen quantum yields in acetonitrile, ranging from 0.18 to 0.33 (detected via

luminescence), suggesting their potential for cancer photodynamic therapy. These findings suggest the
DOI: 10.1039/d5ra06375b potential of these materials as a multifunctional platform for singlet oxygen generation, protein

rsc.li/rsc-advances interaction, and photo-enhanced bioactivity.

1 Introduction correlation as a fruitful and rapidly advancing field of medicinal
) chemistry. To figure out active components across a broad

spectrum of therapeutic domains within a restricted timeframe,
the administration of compound derivatives facilitates the

Over the years, the investigation of novel pharmaceutical
products has established the promising structure-activity
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utilization of pharmaceuticals containing nitrogen and sulfur
heterocycles, which are pivotal in numerous other developed
fields, as well as in disciplines associated with specialized areas
of pharmaceutical chemistry.* The heterocyclic substances have
exhibited remarkable biological activity, and their research has
been a fascinating area of medical chemistry for many years. A
literature review shows that heterocyclic compounds and their
derivatives with nitrogen and sulfur atoms offer special and
adaptable scaffolds for the invention of new drugs.”
Throughout, organic compounds involving pyridine and thia-
zole platforms have garnered sustained interest due to their
diverse biological activities, including antiviral,® antifungal,*
anticancer,® antimicrobial,® anti-hypertensive,” anti-inflamma-
tory,® anti-histamine,” anticonvulsant,' and analgesic proper-
ties,"* along with numerous other significant biological
implications.

Bovine serum albumin (BSA) binds to heterocyclic
compounds, such as pyridothiazole derivatives with nitrogen
and sulfur atoms, through complex interactions mainly driven
by hydrogen bonds, hydrophobic forces, and the structural
bond with the BSA binding sites, which are primarily located
around subdomains ITA and IITIA where important tryptophan
residues assist in stabilizing the ligand through static quench-
ing mechanisms.*” The interactions described are essential for
identifying drug delivery and pharmacokinetics, as BSA func-
tions as a carrier protein with exceptional acceptor properties
for several pharmaceutical components, serving as a dynamic
resource in producing innovative drug candidates.”*™® BSA is
a crucial globular serum albumin utilized as a model protein in
many investigations. The molecular weight of BSA is 66 000 Da
and is composed of 582 amino acid residues. It includes 17
disulfide bridges and a free-SH group.'**® The structure
consists of three unique homologous domains: I, II, and III.
Each one of these domains is further subdivided into two sub-
domains, designated A and B. It includes two tryptophan resi-
dues, specifically Trp-213 and Trp-134. The Trp-134 is
recognized to be situated in a hydrophilic environment near the
protein surface (sub-domain-I B). Trp-213 is positioned within
the largest hydrophobic cavity, specifically in domain II (sub-
domain-II A). The primary binding regions of BSA are located
within subdomains IIA and IITA.***** The interactions that occur
between BSA and compounds provide significant insights into
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the drug's intake and distribution. The UV-visible absorbance
and fluorescence emission of amino acid residues in BSA are
significant in protein-ligand interactions because of their high
specificity, exceptional sensitivity, and immediate reaction
capabilities. Additionally, UV-visible absorbance, fluorescence
emission, and lifetime studies offer critical insights into the
binding mechanism, binding method, binding constants, and
location.**

Photodynamic therapy (PDT) is a low-invasive, targeted
therapeutic approach that employs a photosensitizer (a light-
sensitive medicine), a particular wavelength of illumination,
and oxygen to generate reactive oxygen species (ROS) that
eradicate targeted cells. The photosensitizer absorbs light,
becomes energized, and transfers energy to oxygen molecules,
producing reactive oxygen species (ROS) that trigger cellular
death. Photodynamic therapy (PDT) has demonstrated consid-
erable utility in microbial (antimicrobial PDT) and oncological
treatments, garnering increasing medical and academic atten-
tion.”® The photosensitizer (PS) must produce reactive oxygen
species (ROS) when exposed to light and oxygen, and it should
exhibit a significant amount of excited electronic triplet states
and singlet oxygen.?” Singlet oxygen ('0,), the lowest excited
state of the dioxygen molecule, could be produced using
photochemical and chemical methods. The predominant
photochemical process includes energy transfer from a triplet
excited photosensitizer (*PS*) to nearby molecular oxygen.**
The features of the photosensitizer significantly influence the
efficiency of PDT, and heterocyclic compounds, particularly
those incorporating nitrogen and sulfur atoms, are emerging as
potential options owing to their adjustable photophysical and
biological properties.** Heterocyclic molecules bearing N and S
atoms, including pyridothiazole derivatives, have attracted
considerable attention as effective photosensitizers in photo-
dynamic therapy (PDT) against cancer and bacterial infections.
When these compounds are exposed to light, they produce
reactive oxygen species that damage important parts of the
cells, leading to their death. Among these, phenothiazinium
dyes such as methylene blue and toluidine blue O are widely used
for antimicrobial PDT, showing potent bactericidal effects
against Gram-positive and Gram-negative bacteria under red-
light exposure.** Similarly, benzophenothiazinium derivatives
like EtNBS demonstrate significant phototoxicity toward cancer
cells and are effective even under hypoxic conditions.’® Recent
studies have also highlighted thionated heterocycles, such as
thieno[3,4-d]pyrimidin-4(3H)-thione (ThiathioHX), as prom-
ising non-porphyrinic PDT agents with oxygen-independent
activity in tumor environments.**

Motivated by the interesting photophysical and biological
properties of pyridine and benzothiazole substitutes, we
examined four new N-substituted 2-pyridylbenzothiazole
derivatives to investigate their biomedical activities. These
compounds are: 6-amino-5-(2-benzothiazolyl)-2-oxo-1-phenyl-
1,2-dihydro-3-pyridinecarbonitrile ~ (BTZ-Ph), 6-amino-5-(2-
benzothiazolyl)-2-oxo-1-(4-chlorophenyl)-1,2-dihydro-3-
pyridinecarbonitrile (BTZ-CIPh), 6-amino-5-(2-benzothiazolyl)-
2-0x0-1-(4-methylphenyl)-1,2-dihydro-3-pyridinecarbonitrile
(BTZ-MePh), and 6-amino-5-(2-benzothiazolyl)-2-oxo-1-
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Fig. 1 Structures of the studied N-substituted 2-pyridylbenzothiazole derivatives.

(naphthalen-1-yl)-1,2-dihydro-3-pyridinecarbonitrile (BTZ-Nap)
(Fig. 1). This study focuses on their photophysical properties,
their interaction with bovine serum albumin (BSA), and their
potential as photosensitizers for photodynamic therapy (PDT)
against cancer and bacterial infections.

2. Experimental

2.1. Synthesis of the four N-substituted 2-
pyridylbenzothiazole derivatives

The pyridine-benzothiazole chemical group under investigation
was synthesized through the reaction of 2-(benzo[d]thiazol-2-yl)-
3-(dimethylamino)acrylonitrile (10 mmol) with N-aryl-2-
cyanoacetamides (10 mmol) and potassium hydroxide in dry
1,4-dioxane (30 mL) under reflux at 101 °C for 1 h, then cooled
and poured onto iced water; the resulting precipitate was
filtered off and recrystallized from ethanol. The reaction yield of
the four compounds was around 80% and they were charac-
terized by FT-IR and HNMR (Fig. S1 and S2) according to
established literature, Scheme 1.*”

2.2. Instruments and measurements

The optical absorption spectra of the four N-substituted 2-
pyridylbenzothiazole derivatives were recorded using a UV-2600
spectrophotometer (Shimadzu, Japan) equipped with 1 cm
quartz cuvettes at room temperature. To evaluate the interac-
tion between BSA and the compounds, absorption titration
experiments were performed by recording the absorption
spectra of BSA solutions in the absence and presence of the four
N-substituted 2-pyridylbenzothiazole derivatives. Stock solu-
tions of the thiazole derivatives were gradually added to 2.0 mL

CN
N 0
©I\ N/ * CN_J Ar KOH/Dioxane
S N\ I':ll

heat/reflux

.

of BSA solution (18 uM), and the corresponding changes in the
BSA absorption spectra were determined after each addition.

The fluorescence measurements were examined the four N-
substituted 2-pyridylbenzothiazole derivatives were recorded
using utilizing RF6000 spectrofluorometer (Shimadzu, Japan).
The fluorescence quenching experiment employed a fixed
concentration of BSA solution (18 pM) while incrementally
adding varying amounts of four N-substituted 2-pyridylbenzo-
thiazoles. The fluorescence spectra were obtained at an excita-
tion wavelength of 278 nm, with emission measured between
300 and 600 nm following each quencher addition, and the
findings were then evaluated.

The fluorescence quantum yields (@) of the examined
compounds were calculated utilizing coumarin 460 as a refer-
ence (P = 0.73 in ethanol)*®**® according to eqn (1).

@S:(Deri:xj—: (1)
& and @, denote the sample's and reference's quantum yields,
respectively. Fs and F, represent the integrated values of the
sample and reference emission spectra, respectively. A, and A
refer to the optical density of the reference and sample,
respectively, measured at 370 nm.

Fluorescence lifetimes were measured utilizing the Time-
Correlated Single Photon Counting (TCSPC) apparatus
(HORIBA Scientific), employing NanoLED pulsed diode light
source (at 280 nm) as the excitation wavelength and 340 nm as
the emission wavelength. Upon excitation, the fluorescence
decay profiles of BSA (18 pM) were measured both in the
absence and presence of the examined compounds and were
analyzed with the 64-decay analysis software to estimate the
fluorescent lifetimes.*

Compound Ar
,N BTZ-Ph CoH,
S N CN BTZ-CIPh  4-CI-CH,
| BTZ-MePh  4-CH,-C6H,
HzN N o BTZ-Nap Clle
|
Ar

Scheme 1 A schematic diagram of the synthesis of four N-substituted 2-pyridylbenzothiazole derivatives.
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Singlet oxygen quantum yields (®,) are detected directly by
measurement of singlet oxygen luminescence emission at
1272 nm following photoexcitation of the examined compounds
at ambient temperature in acetonitrile and compared it with the
reference [Ru(bpy);]*" at zero time in acetonitrile solution.** The
compounds are excited using the third harmonic of a Q-S
Nd:YAG laser (A = 355 nm, ~8 ns pulse length, pulse energy
=20 mJ) incorporated with LP980 from Edinburgh instruments
laser flash photolysis system in emission mode. The lumines-
cent signal of singlet oxygen ('O,) at a wavelength of 1275 nm
was measured using the Hamamatsu H10330-45 near-infrared
(NIR) detector. The optical densities of the substance under
study and the standard were equated at a wavelength of 355 nm.

2.3. Antibacterial activity

The  antibacterial activity of the  benzothiazolyl-
pyridinecarbonitrile derivatives was evaluated against three
pathogenic bacterial strains: Salmonella enterica (ATCC 14028),
Staphylococcus aureus (ATCC 25923), and Escherichia coli (ATCC
25922). Stock solutions of each compound were prepared in
dimethyl sulfoxide (DMSO) and diluted with sterile double-
distilled water to obtain final concentrations of 25 ug mL "
and 50 pg mL ™.

Bacterial cultures were grown overnight in Luria-Bertani
(LB) medium at 37 °C, and cell suspensions were adjusted to
a 0.5 McFarland standard (=1.5 x 10° CFU mL ). For photo-
dynamic treatment, samples were irradiated for 20 min at 5.2
mW cm ™ ? (dose = 6.24 ] cm™2) using a blue LED light source
(440-490 nm) at a fixed distance of 5 cm, while corresponding
control samples were maintained in the dark.*

2.3.1. Disc. diffusion assay. LB agar plates were inoculated
by uniformly swabbing with bacterial suspensions. Sterile paper
discs (5 mm diameter) were impregnated with 10 puL of each
compound solution (25 or 50 pg per mL per disc.) and placed on
the agar surface. Plates were divided into two groups: one
irradiated with blue light and the other incubated in the dark.
After 24 h incubation at 37 °C, the inhibition zones were
measured in millimeters. DMSO-treated discs served as nega-
tive controls.

2.3.2. MIC determination. Minimum inhibitory concen-
trations (MICs) were determined using the broth microdilution
method in 24-well microtiter plates. Serial two-fold dilutions of
each compound were prepared in LB medium, and wells were
inoculated with =5 x 10° CFU mL ™" bacterial suspensions. As
in the disc diffusion assay, plates were divided into light-
irradiated and dark-incubated groups. After 24 h incubation
at 37 °C, the MIC was defined as the lowest concentration with
no visible bacterial growth.** All experiments were conducted in
triplicate, and results are reported as mean + standard devia-
tion. Statistical analysis was performed using one-way ANOVA,
with p < 0.05 considered statistically significant.

2.4. Invitro cytotoxic activity

The  anticancer potential of the  benzothiazolyl-
pyridinecarbonitrile derivatives was evaluated against two

human cancer cell lines—MCF-7 (breast adenocarcinoma,
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ATCC® HTB-22™) and HCT-116 (colorectal carcinoma, ATCC®
CCL-247™)—along with BJ-1 normal human skin fibroblasts
(ATCC® CRL-2522™) as a non-cancerous control.

Stock solutions (10 mg mL™") of each compound were
prepared in dimethyl sulfoxide (DMSO) and diluted in culture
medium to final working concentrations of 0.5, 1, 5, 10, 50, and
100 ug mL ™! immediately before treatment. Experiments were
performed under two conditions: in the dark and following blue
light irradiation.

Cell lines were cultured in Dulbecco’'s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin-streptomycin, and 1% r-glutamine, and
maintained at 37 °C in a humidified incubator with 5% CO.,.
Cells were seeded in 24-well plates at a density of 5 x 10° cells
per well and allowed to adhere for 24 h before compound
exposure. For the light-treated groups, cells were incubated with
test compounds for 6 h, then irradiated with a blue LED source
(440-490 nm, 5.2 mW cm ™ (dose = 6.24 J cm™>)) for 20 min at
a fixed distance of 5 cm. Dark control groups were completely
shielded from light. After treatment, cells were incubated for an
additional 24 h at 37 °C.

Cell viability was assessed by the MTT assay.*® Briefly, 20 uL
of MTT solution (5 mg mL ™" in PBS) was added to each well and
incubated for 4 h. The resulting formazan crystals were di-
ssolved in 100 uL of DMSO, and absorbance was measured at
570 nm using a microplate reader. Cell viability was expressed
as a percentage relative to untreated controls.**

All experiments were conducted in triplicate, and results are
presented as mean =+ standard deviation. ICs,
(compound concentration causing 50% reduction in viability)
were calculated using nonlinear regression analysis. Statistical
comparisons between light-treated and dark groups were per-
formed using one-way ANOVA followed by Tukey's post hoc test,
with p < 0.05 considered statistically significant.

values

2.5. Computational molecular docking studies

Molecular docking investigations were conducted to identify
the binding sites and modes of the developed compounds on
bovine serum albumin (BSA), distinguished by its several
binding pockets. The simulations employed the crystal struc-
ture of BSA complexed with 3,5-diiodosalicylic acid (PDB ID:
4jk4).** All computations were performed utilizing ICM-Pro
software.*® Two separate methodologies were used to deter-
mine the most potential binding locations. Initially, docking
was directed towards three established ligand binding sites on
BSA: Drug Site 1 (DS1), Drug Site 2 (DS2), and Drug Site 3 (DS3),
the latter occupying the top region of the FA1 fatty acid pocket.*
Docking for these targeted simulations was conducted
employing the co-crystallized ligand, 3,5-diiodosalicylic acid, as
a template. Simultaneously, non-template docking experiments
were performed for the same sites to facilitate unbiased pose
prediction. A comprehensive search for all possible binding
pockets on the BSA surface was carried out with the icmPock-
etFinder algorithm.”” Pockets exhibiting a Drug-Like Density
(DLID) score exceeding 0.6 were identified as promising binding
sites for subsequent docking simulations. The DLID score is an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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indicator that quantifies the “druggability” of a binding site,
with values exceeding 0.5 often regarded as druggable. All
simulations employed the 4D SCARE (Scanning and Refine-
ment) docking protocol.* This method explicitly considers the
adaptability of receptor sidechains within the binding pocket
during ligand localization and optimization, therefore offering
a more accurate representation of the binding interaction.

3. Results and discussion

3.1. Optical properties and lifetime of the N-substituted 2-
pyridylbenzothiazole derivatives

The UV-vis absorption and emission spectra of the
benzothiazolyl-pyridinecarbonitrile derivatives in acetonitrile
were obtained to elucidate their optical properties. Fig. 2a of the
UV-vis analysis demonstrates that the absorption spectra of all
examined substances display a prominent absorption band at
372 nm, accompanied by two weaker absorption bands at
329 nm and 476 nm. The absorption bands at 326 and 379 nm
could originate from m-m* transitions, whereas the absorption
band at the longer wavelength of 476 nm comes from the n-m*
transition. The fluorescence characteristics of the investigated
compounds in acetonitrile displayed prominent emission
bands in the 410-424 nm region when the samples received an
excitation of 372 nm (Fig. 2b). Based on earlier studies, the

View Article Online
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fluorescence quantum yields of the synthesized compounds in
ethanol determined to be 0.28, 0.24, 0.27, and 0.25 for
compounds BTZ-Ph, BTZ-CIPh, BTZ-MePh, and BTZ-Nap,
respectively.’” These optical absorption and emission features
agree well with the literature.*” Furthermore, compounds BTZ-
Ph, BTZ-CIPh, BTZ-MePh, and BTZ-Nap demonstrated mono-
exponentially fluorescence decay curves (Fig. 2¢), with lifetimes
recorded at 0.81, 0.59, 1.18, and 0.84 ns, respectively. The
fluorescence lifetimes are within the ideal range for facilitating
intersystem crossing (ISC) to the triplet excited state, promoting
singlet oxygen generation (*0,).*

3.2. BSA binding studies

3.2.1. UV spectral studies. Finding the complex formation
between serum albumin and bioactive compounds can be done
easily and effectively with UV absorption spectroscopy.® Fig. 3
displays the absorbance spectra of BSA with increasing
concentrations of BTZ-Ph, BTZ-CIPh, BTZ-MePh, and BTZ-Nap.
The characteristic BSA peak at 278 nm, due to —7* transitions
of Trp, Tyr, and Phe residues,” showed a concentration-
dependent increase in absorbance and a minor redshift (1-2
nm) upon derivative addition. These changes confirm the
formation of an N-substituted 2-pyridylbenzothiazole-BSA
complex and suggest conformational changes in BSA.>> The

1.0 35000
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Fig.2 Absorption (a) and emission (b) spectra of the indicated compounds in acetonitrile; Acx = 372 nm. (c) Fluorescence lifetime decay profiles

in acetonitrile; Aex = 372 nm.
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Fig. 3 Variations in BSA's UV-vis absorption spectra (18 uM). At 278 nm upon the addition of various concentrations of (a) BTZ-Ph, (b) BTZ-CIPh,

(c) BTZ-MePh, and (d) BTZ-Nap. Stern—Volmer graphs are insets.

absorption peak at in Bovine Serum Albumin (BSA), attributed
to the transition of aromatic amino acid residues (Tyr, Trp,
Phe), correlates with the polarity of their microenvironment.
The presence of additional aromatic residues from the ligands
(BTZ-Ph, BTZ-CIPh, BTZ-MePh, and BTZ-Nap) increases the
absorption intensity. The overall binding affinity, measured by
(Table 1) and eqn (2), follows the order: (i) BTZ-CIPh exhibits the
highest affinity due to the chlorine substituent, which enhances
binding through both hydrophobic contacts and halogen
bonding.”* (ii) BTZ-MePh shows moderate binding; its methyl
group increases hydrophobicity but lacks strong directional
interactions.** (iii) BTZ-Nap offers extended stacking but is
hindered by steric effects. (iv) BTZ-Ph shows the weakest
binding due to the absence of substituents to promote stronger
interactions.

1 1 1
Agps — Ay~ Ac — Ay + KA. — Ay[compound]

(2)

The spontaneity of the drug-BSA binding for BTZ-Ph, BTZ-
CIPh, BTZ-MePh, and BTZ-Nap is indicated by their negative
change in Gibbs free energy (AG®). Calculated using eqn (3), the
values are —5.18, —5.80, —5.45, and —5.39 kcal M *, respec-
tively. These negative values confirm the spontaneous forma-
tion of all compound-BSA complexes.*

44654 | RSC Adv, 2025, 15, 44649-44667

AG° = —RTIn K, (3)

3.2.2. Steady state emission and fluorescence lifetime
measurements. Bovine Serum Albumin (BSA) exhibits intrinsic
fluorescence primarily from its tryptophan and tyrosine resi-
dues, with tryptophan having the highest intensity.*® Trypto-
phan's fluorescence is highly sensitive to its microenvironment,
making it an excellent endogenous fluorescent biomarker for
studying BSA's interactions with bioactive molecules.”” Fluo-
rescence quenching of BSA results from various molecular
interactions, and energy
transfer.*®** Synchronous fluorescence spectroscopy is a sensi-

such as complex formation
tive and effective technique, offering increased simplicity and
reduced spectral bandwidth, used to probe the microenviron-
ment and conformational changes of these amino acid
residues.®

The binding affinity of the four N-substituted 2-pyridyl-
benzothiazoles for BSA was determined by examining their
influence on BSA's fluorescence. As illustrated in Fig. 4, all four
compounds caused a substantial quenching of the BSA emis-
sion band at 339 nm. The decrease in initial fluorescence
intensity was 76.7%, 84.1%, 84.5%, and 80.4% for BTZ-Ph, BTZ-
CIPh, BTZ-MePh, and BTZ-Nap, respectively. Subsequent anal-
ysis using the inset Stern-Volmer plots and eqn (S1)** yielded

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Binding constants of BSA with N-substituted 2-pyridylbenzothiazole derivatives

Compounds Ky (10* M) AG (kcal M ™) N Kq(10° M 'sh Kgy (10° M1 fa

BTZ-Ph 0.64 ~5.18 1.32 2.08 1.19 0.9+ 0.3
BTZ-CIPh 1.80 —5.80 1.70 6.89 3.93 0.97 + 0.4
BTZ-MePh 1.00 —5.45 1.08 2.45 1.40 0.99 + 0.01
BTZ-Nap 0.90 —5.39 1.18 1.78 1.02 0.95 + 0.2
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Fig.4 Fluorescence quenching of BSA induced by different concentrations of (a) BTZ-Ph (0-28 uM), (b) BTZ-CIPh (0-12 pM), (c) BTZ-MePh (0-

27 uM), and (d) BTZ-Nap (0-13 uM). (Inset) Stern—Volmer plots.

the following values: BTZ-Ph (1.4 x10° M '), BTZ-CIPh
(1.19 x10°> M), BTZ-MePh (3.93 x10°> M), and BTZ-Nap
(1.02 x10°> M~ "). Furthermore, the values of n (the number of
binding sites), and fa (the fraction of the initial fluorescence of
BSA that is accessible to the N-substituted 2-pyridylbenzo-
thiazole) were determined using Fig. S3, S4, eqn (S1) and (S4),
while the quenching rate constant k, was calculated by eqn (S3)
(Table 1).

As seen from Fig. 4, the emission intensity of BSA was
significantly quenched accompanied by formation of the singlet
states of the examined four N-substituted 2-pyridylbenzo-
thiazoles derivatives. This suggests the efficient quenching of
the singlet state of BSA (3.76 eV) through the energy transfer
process to populate the singlet state of the examined N-
substituted 2-pyridylbenzothiazole derivatives (~2.88 eV). The

© 2025 The Author(s). Published by the Royal Society of Chemistry

strong overlap between the emission spectrum of BSA and
absorption spectra of N-substituted 2-pyridylbenzothiazole
derivatives provide further evidence about the occurrence of
Forster resonance energy transfer (FRET).*

From Fig. 4, it's clear the emission intensity of BSA signifi-
cantly quenched as the four examined N-substituted 2-pyridyl-
benzothiazoles derivatives formed singlet states. This suggests
efficient singlet-state quenching of BSA (3.76 eV) occurred via
energy transfer to populate the singlet state of the examined
pyridylbenzothiazole derivatives (~2.88 eV). Further evidence
for Forster resonance energy transfer (FRET) is provided by the
strong overlap between the BSA emission spectrum and the
absorption spectra of the N-substituted 2-pyridylbenzothiazole
derivatives (Fig. S5).
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Table 2 The efficacy of energy transfer, the overlap integral, and the

distance parameters of BTZ-Ph, BTZ-MePh, and BTZ-Nap

Compound  J(10 ™ Lmol 'em®) Ry(nm) r(nm) E (%)
BTZ-Ph 1.17 1.22 1.26 0.45
BTZ-CIPh 1.71 1.30 1.45 0.34
BTZ-MePh 1.23 1.23 1.28 0.44
BTZ-Nap 1.56 1.28 1.40 0.36

As is known, the rates of FRET theory depend on the distance
between the donor and acceptor, the orientation of their
dipoles, and the extent of overlap between the donor's emission
spectrum and the acceptor's absorption spectrum. The energy
transfer efficiency (E) can be assessed by the distance (7)
between the donor (BSA) and the examined N-substituted 2-
pyridylbenzothiazole derivatives in the protein using eqn (4).

E:1—£:R0°/(R06+r6) (4)
Fo
where F and F, represent the fluorescence intensity of BSA in the
presence and absence of the acceptor, respectively; r denotes
the distance between the acceptor and donor; R, signifies the
critical distance for 50% energy transfer, which may be
computed using eqn (5).

R® =88 x 1075 K*N*oJ (5)
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In the present situation, the spatial orientation factor of the
dipole is K> = 2/3, the medium (water) refractive index is N =
1.333, and the fluorescence quantum yield of the donor BSA is @
= 0.15.* The spectral overlap integral (J), derived from the
overlap of the acceptor UV absorption and donor fluorescence
emission spectra, is expressed using eqn (6).

Y FWe()A*AA

T = TS Foya (©)

Here, F(1) denotes the fluorescence intensity of BSA at wave-
length 2, while ¢() signifies the molar absorption coefficient of
the examined compounds (BTZ-Ph, BTZ-CIPh, BTZ-MePh, and
BTZ-Nap) at wavelength A. The intersection of the BSA emission
spectra with the absorption spectra of BTZ-Ph, BTZ-CIPh, BTZ-
MePh, and BTZ-Nap is illustrated in Fig. S3, while the recorded
values of J, r, Ry, and E are presented in Table 2. The r values for
all examined pyridothiazoles are below 8 nm, indicating
a significant possibility of non-radiative energy transfer
process.®® The efficiency of the energy transfer processes was
determined to be 0.45, 0.44, 0.36, and 0.34 for BSA/BTZ-Ph, BSA/
BTZ-CIPh, BSA/BTZ-MePh, and BSA/BTZ-NaP, respectively.

The time-resolved fluorescence spectral features of the BSA/
N-substituted 2-pyridylbenzothiazoles interaction confirmed
the steady-state emission measurements. Upon excitation at
280 nm, the fluorescence decay profile of the unbound BSA
single state, monitored at 340 nm exhibited a mono-exponential
decay with a fluorescence lifetime of 5.70 ns (Fig. 5). In contrast,
the interaction with N-substituted 2-pyridylbenzothiazoles
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Fig.5 Fluorescence lifetime decay profiles of BSA (18 puM) in the absence and presence of BTZ-Ph (a), BTZ-CIPh (b), BTZ-MePh (c), and BTZ-Nap (d).
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caused significant quenching of the BSA singlet-state fluores-
cence lifetime. The observed short lifetime component for the
complex confirms that dynamic quenching occurred through
Forster resonance energy transfer (FRET).

3.3.

The antibacterial activity of the  benzothiazolyl-
pyridinecarbonitrile derivatives were examined against three
representative bacterial strains: Escherichia coli (ATCC 25922),
Salmonella enterica (ATCC 14028), and Staphylococcus aureus

Antibacterial activity

E. Coli

Dark Light

View Article Online

RSC Advances

(ATCC 25923). These strains were chosen to assess efficacy
against both Gram-negative and Gram-positive bacteria. The
compounds were tested at concentrations of 25 pg mL ™" and 50
ug mL ™" under both dark and light conditions to assess the
impact of photoactivation on antibacterial efficacy. Under dark
conditions, all four derivatives exhibited no antibacterial
activity at both tested concentrations across all three bacterial
strains. The minimal zones of inhibition observed in the dark
suggest that the compounds are largely inert without light
activation, which is a favorable feature for reducing off-target
effects during non-irradiated states. However, upon exposure

Salmonella enterica

Dark Light
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Fig. 6 Antibacterial activity of four benzothiazolyl-pyridinecarbonitrile derivatives—BTZ-CIPh, BTZ-MePh, BTZ-Nap, and BTZ-Ph, against
Escherichia coli, Salmonella enterica, and Staphylococcus aureus under dark and light exposure. (A) Representative images showing the anti-
bacterial activity against E. coli at 25 and 50 pg mL~! concentrations under dark and light conditions. (B) Antibacterial activity against Salmonella
enterica under the same treatment conditions. (C) Antibacterial activity against Staphylococcus aureus at 25 and 50 pg mL~t under dark and light
exposure. (D) MIC (% inhibition) at 25 and 100 pg mL~* against all tested strains under dark and light conditions. (E) MIC (% inhibition) at 25 and 100
ng mL~t under light conditions. Zones of inhibition were visually assessed, and antibacterial activity was calculated based on the area of bacterial
clearance. Data are shown as mean + SD from three independent experiments.
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to light, a clear enhancement in antibacterial activity was
observed, indicating the photosensitive nature of these mole-
cules and their potential role as photoactivated antimicrobial
agents. Among the derivatives, BTZ-Nap showed the most
pronounced antibacterial activity under light conditions. At
a concentration of 50 g mL ™", BTZ-Nap generated substantial
inhibition zones against E. coli, Salmonella enterica, and
Staphylococcus aureus, highlighting its broad-spectrum efficacy.
The enhanced activity of BTZ-Nap likely arises from its high
ability to generate singlet oxygen (as we will discuss in Section
3.6) that damage bacterial cells. Its planar structure also facili-
tates membrane binding, positioning ROS close to microbes
and amplifying oxidative damage for effective antimicrobial
action in PDT.*”®® Similarly, BTZ-MePh showed strong light-
activated antibacterial activity, particularly against S. aureus,
indicating that the electron-donating methyl group enhances

View Article Online

Paper

energy transfer to oxygen, and ROS generation. Methyl substi-
tution also improves photostability and membrane affinity,
promoting cellular uptake and accumulation, thereby
strengthening overall antimicrobial efficacy.® The quantitative
data from Fig. 6 further supports these findings. The antibac-
terial activity of the compounds increased significantly under
light, with BTZ-Nap achieving more than 80% inhibition in
some cases, particularly against S. aureus and Salmonella
enterica. In contrast, BTZ-Ph and BTZ-CIPh exhibited only
moderate enhancement in antibacterial activity upon light
exposure, indicating that both the presence and nature of the
substituent groups play a critical role in determining photody-
namic antibacterial efficacy.

Interestingly, Staphylococcus aureus, a Gram-positive
organism, appeared more susceptible to the compounds than
the Gram-negative strains. This difference in susceptibility may
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Fig. 7 Cytotoxic activity of benzothiazolyl-pyridinecarbonitrile derivatives (BTZ-Ph, BTZ-CLIPh, BTZ-MePh, and BTZ-Nap) against HCT-116,
MCF-7, and BJ-1 cell lines under dark and light conditions. Cells were treated with increasing concentrations (0.5, 1, 5, 10, 25, 50, and 100 pg
mL~Y) of each compound. Cytotoxicity was evaluated using a standard viability assay after 24 hours of treatment. (A, C, E) Cytotoxicity under dark
conditions for HCT-116 (A), MCF-7 (C), and BJ-1 (E). (B, D, F) Cytotoxicity under light exposure for HCT-116 (B), MCF-7 (D), and BJ-1 (F). Data are
presented as mean =+ standard deviation (SD) of three independent experiments.
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be attributed to the structural differences in bacterial cell walls;
the thick but porous peptidoglycan layer in S. aureus may allow
better diffusion or interaction with the compounds compared to
the outer membrane of Gram-negative bacteria, which can act
as a permeability barrier. These results clearly demonstrate that
the synthesized benzothiazolyl-pyridinecarbonitrile derivatives

View Article Online

RSC Advances

possess light-dependent antibacterial activity, with BTZ-Nap
and BTZ-MePh being the most effective candidates. Their
enhanced activity under light exposure, combined with low dark
toxicity, underscores their potential as promising agents for
photodynamic antimicrobial applications.

BTZ-CIPh BTZ-MePh

BTZ-CIPh BTZ-MePh

HCT-116

Fig. 8 Microscopic imaging of the cytotoxic activity of benzothiazolyl-pyridinecarbonitrile derivatives (BTZ-Ph, BTZ-CIPh, BTZ-MePh, and BTZ-
Nap) against HCT-116, MCF-7, and BJ-1 cell lines under light (A) and dark (B) conditions.
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3.4. Cytotoxic activity

The cytotoxic effects of the benzothiazolyl-pyridinecarbonitrile
derivatives were evaluated against MCF-7 (breast adenocarci-
noma), HCT-116 (colorectal carcinoma), and BJ-1 (normal
fibroblasts) using the MTT assay under both dark and light
irradiation conditions (Fig. 7 A-H). A range of concentrations
(0.5-100 pg mL ") was tested to assess dose-dependent effects.

In the absence of light, all four derivatives exhibited negli-
gible cytotoxicity toward both cancer and normal cell lines. ICs,
values exceeded 500 pug mL ™" in MCF-7 (535.87, 527.76, 519.09,
and 639.65 pug mL ™' for BTZ-Ph, BTZ-CIPh, BTZ-MePh, and BTZ-
Nap, respectively) and 700 pg mL ™" in HCT-116 (698.23, 732.12,
964.87, and 1104.76 pg mL~" for the respective compounds).
This minimal dark toxicity is advantageous for photo-
therapeutic applications, as it suggests low systemic risk in the
absence of photoactivation.

Upon light activation, a marked increase in cytotoxicity was
observed in both cancer cell lines. In MCF-7 cells, IC5, values
decreased dramatically to 69.54, 49.78, 9.86, and 16.54 pg mL ™"
for BTZ-Ph, BTZ-CIPh, BTZ-MePh, and BTZ-Nap, respectively. In
HCT-116 cells, corresponding ICs, values were 47.65, 147.98,
56.98, and 22.32 pg mL~'. Among the derivatives, BTZ-Nap di-
splayed the strongest activity, inducing >85% cell death at 100
ng mL ™" in both cancer lines. Its higher efficacy is also related to
its high singlet oxygen quantum yield that we will discuss in
Section 3.6, which helps anticancer photodynamic treatment
(PDT) work better by increasing the number of cancer cells that
are selectively destroyed when exposed to light.”” Both BTZ-
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MePh and BTZ-CIPh demonstrated significant levels of photo-
toxicity; however, BTZ-MePh was slightly more active because of
its methyl groups, which improved electron density, and pho-
tostability, resulting in increased oxidative damage and ROS
generation. Additionally, alkylation improves lipophilicity,
which enhances cancer cell uptake and accumulation.” In
contrast, BTZ-Ph exhibited only moderate activity, highlighting
the influence of aryl substitution on photodynamic efficiency.

Microscopic analysis further supported these findings
(Fig. 8). In normal BJ-1 fibroblasts, BTZ-CIPh and BTZ-MePh
preserved healthy morphology, while BTZ-Nap and BTZ-Ph
induced only a mild reduction in cell density, consistent with
limited toxicity. In contrast, MCF-7 and HCT-116 cells displayed
pronounced cytotoxic responses following light activation,
including reduced cell density, rounding, and membrane
rupture—hallmarks of apoptotic and/or necrotic cell death.
Notably, cytotoxicity in BJ-1 cells remained below 30% across all
concentrations and derivatives, indicating preferential activity
toward malignant cells.

HCT-116 cells appeared slightly more sensitive to the deriv-
atives than MCF-7, potentially reflecting differences in cellular
uptake, metabolic activity, or intrinsic vulnerability to oxidative
stress. Overall, the benzothiazolyl-pyridinecarbonitrile deriva-
tives exhibited strong light-dependent anticancer activity, with
BTZ-Nap emerging as the most potent and selective. The
combination of minimal dark toxicity and pronounced photo-
activated cytotoxicity underscores their promise as candidates
for further development in photodynamic cancer therapy.

Fig. 9 Potential ligand binding sites on Bovine Serum Albumin (BSA). The figure shows the locations of known drug binding sites (DS1, DS2, and
DS3) and predicted druggable pockets (DLID_1, DLID_3, DLID_5, DLID_6, and DLID_12) on the BSA structure (PDB ID: 4jk4). The known sites are
based on the co-crystallized ligand, 3,5-diiodosalicylic acid (green stick models), while the predicted pockets are shown as colored surfaces.
Notably, DS2 overlaps with the DLID_6 pocket (magenta), and DS3 overlaps with the DLID_1 pocket (blue). All sites are distributed across

domains |, II, and Il of the protein.
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3.5. Molecular docking studies

Molecular docking studies were conducted to better understand
the structural basis for the binding of the synthesized
compounds to BSA. The simulations identified two overlapping
high-affinity regions on BSA emerged from docking—DS3
(overlapping with DLID_1) and the adjacent DLID_1 cavity. BTZ-
CIPh is anchored in DS3 by a specific H-bond from its pyridone
oxygen to Arg458, whereas BTZ-Ph attains high predicted
affinity in DLID_1 via -7 stacking with His145 and a putative
H-bond to the Tyr147 main-chain amide (Fig. 9, 10 and 11)
(Table S1). Our analysis focused on comparing the binding
modes of the experimentally most active ligand, BTZ-CIPh, and
the computationally highest-scoring ligand, BTZ-Ph. As illus-
trated in (Fig. 10), the binding of BTZ-CIPh in the DS3 pocket is
primarily anchored by a strong and specific hydrogen bond
formed between its pyridone oxygen and the side chain of
Arg458. This specific interaction, complemented by numerous
hydrophobic contacts, provides a clear structural basis for its
high experimental affinity. In contrast, BTZ-Ph, which achieved
the best docking score of —28.51 in the adjacent DLID_1 pocket,
displays a different binding mode (Fig. 11). It lacks the direct
hydrogen bond to Arg458. Instead, its high predicted affinity
appears to be derived from a combination of other interactions:
a significant - stacking interaction with the imidazole ring of
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His145, and a potential hydrogen bond between its nitrile group
and the main-chain amide of Tyr147. This comparative analysis
offers a potential explanation for the discrepancy between the
experimental affinity order (BTZ-CIPh > BTZ-MePh > BTZ-Ph >
BTZ-Nap) and the calculated scores.

The higher docking score of BTZ-Ph likely reflects predicted
hydrogen-bonding in a static pose, whereas experimental
results show stronger binding for BTZ-CIPh. This discrepancy
highlights the greater impact of cumulative noncovalent forces
in the dynamic protein environment. The chlorine substituent
enhances polarizability, hydrophobic contacts, and potential
halogen bonding, collectively stabilizing the complex more
effectively than isolated hydrogen bonds, which docking may
overemphasize. The docking study, therefore, not only iden-
tifies the key binding region on BSA but also elucidates the
nuanced differences in molecular interactions that likely govern
the compounds' observed activities.

3.6. Singlet oxygen quantum yields for photodynamic
therapy

The singlet oxygen quantum yield (®,) serves as a key indicator
of a material's effectiveness as a photosensitizer in photody-
namic therapy (PDT) for cancer treatment. Singlet oxygen (*O,)
is generated through a photosensitized process that requires

»

/L189
. s192<~ S\ R196 ;
' J ?\}ﬁ:mm = /¢

A193

Fig.10 The predicted binding mode of BTZ-CIPh within Drug Site 3 (DS3) of BSA. This figure shows the predicted binding of BTZ-CIPh, the most
active compound, in Drug Site 3 (DS3) of the BSA protein. The top-left panel gives an overview, while the top-right and bottom panels detail the
interactions. BTZ-CIPh (yellow) forms a key hydrogen bond with Arg458 and is stabilized by hydrophobic and van der Waals interactions with
residues like Prol110, Prol46, Leul89, and Alal93. The benzothiazole group is also positioned for potential -stacking with His145 and Tyr147.
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Fig.11 Shows the predicted binding mode of BTZ-Ph in the BSA DLID_1 pocket, with an optimal docking score of —28.51. The figure provides an
overview (top left), a detailed 3D view of interactions (top right), and a 2D schematic (bottom). The high binding affinity is driven by a strong -7
stacking interaction between the benzothiazole ring and the His145 imidazole side chain, and a hydrogen bond between the nitrile group's
nitrogen and the main-chain amide of Tyr1l47. These are supported by a network of hydrophobic and van der Waals contacts with residues like

Pro110, Pro146, Alal93, and Arg196.

oxygen, light of an appropriate wavelength, and a photosensi-
tizer to absorb that light.”>”® Upon photoexcitation, the photo-
sensitizer is first elevated to its singlet excited state, which then
undergoes intersystem crossing (ISC) to its longer-lived triplet
excited state (Ty), typically on the microsecond timescale.
Singlet oxygen is subsequently generated via energy transfer
from this excited triplet state (*P*) of the photosensitizer to
ground-state triplet oxygen (*0,) (Fig. 12). The produced singlet
oxygen quantum yield (®,) is quantified by directly measuring
the weak singlet oxygen phosphorescence signal in the near-
infrared (NIR) region at approximately 1275 nm in acetoni-
trile, following a modified McKenzie et al. method.”” In this
study, @, values were obtained under low-energy conditions
where singlet oxygen emission decay exhibited a mono-
exponential pattern. The kinetic trace obtained was analyzed
by a monoexponentially decay using OriginPro ExpDecayl
fitting function (eqn (7)):

y= Ale*(*xfxﬂ)/ll (7)

The quantum yield of singlet oxygen generation (®,) for the
compounds was determined by comparing their extrapolated

44662 | RSC Adv, 2025, 15, 44649-44667

emission intensity at time zero with that of the standard,
[Ru(bpy)s]Cl,. This standard has a reported singlet oxygen
quantum yield of @, = 57% in acetonitrile.”®*" The photo-
sensitized singlet oxygen quantum yields of the examined
materials were found to be: BTZ-Ph (0.20), BTZ-CIPh (0.21), BTZ-
MePh (0.18), and BTZ-Nap (0.31). These values were in good
agreement with those reported in the literature for similar
compounds.®* The high @, value of BTZ-Nap is attributed to the
existence of a naphthyl group, which encourages intersystem
crossing to the triplet state and stabilizes relevant excited states,
leading to higher singlet oxygen quantum yields and improved
photosensitizer performance in biomedical and PDT
applications.®

4. Conclusion

In summary, the interactions between bovine serum albumin
(BSA) and four benzothiazolyl-pyridinecarbonitrile deriva-
tives—1-BTZ-Ph, 2-BTZ-CIPh, 3-BTZ-MePh, and 4-BTZ-Nap have
been well characterized using a multi-spectroscopic approach.
The results showed a considerable quenching and lifetime
reduction of BSA fluorescence emission upon the addition of
BTZ derivatives, and strong spectral overlap between the BSA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Decay traces of singlet oxygen phosphorescence at 1275 nm produced by the examined compoundsin acetonitrile; Aex = 355 nm. (b)

Scheme illustrates the excitation, fluorescence, and singlet oxygen generation (®,) pathways of the examined photosensitisers in acetonitrile.

Rubsz = [Ru(bpy)s]Cl,.

emission spectrum and the absorption spectra of the N-
substituted 2-pyridylbenzothiazole derivatives, suggesting that
the interaction occurs through dynamic quenching mechanism
and energy transfer process (FRET). Importantly, all derivatives
exhibited relatively moderate singlet oxygen ('0,) quantum
yields (@,); BTZ-Ph (0.20), BTZ-CIPh (0.21), BTZ-MePh (0.18),
and BTZ-Nap (0.31), rendering them as good photosensitizers
for photodynamic therapy applications. Upon blue light irra-
diation, the compounds exhibited pronounced antibacterial
effects against Salmonella enterica, Staphylococcus aureus, and E.
coli. Likewise, under the same light conditions, they showed
strong cytotoxic activity toward human breast cancer (MCF-7)
and colorectal carcinoma (HCT-116) cell lines, while exhibit-
ing minimal toxicity toward normal skin fibroblast cells (Bj-1).
Collectively, these findings highlight the potential of these
benzothiazole derivatives as promising candidates for both
photodynamic therapy (PDT), antimicrobial, and anticancer
photodynamic inactivation, warranting further investigation
into their in vivo efficacy and therapeutic applications.
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