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Abstract

This study focuses on the multitarget biological evaluation of variously substituted 4-pyridyl
thiosemicarbazones. Six compounds (C1-C6) containing chlorine atoms in different positions of the
phenyl ring were synthesized, and their structures were confirmed using mass spectrometry, FTIR,
and NMR spectroscopy. Biological evaluation included antioxidant activity assays (ABTS, DPPH,
and ORAC-FL), antibacterial testing against Gram-positive and Gram-negative bacteria, and
anticancer activity assessment against a panel of cancer cell lines (A375, G-361, LNCaP, Caco-2, and
U-87 MQ), as well as healthy fibroblasts (B]) to evaluate selectivity. While the compounds exhibited
limited antibacterial activity, more pronounced anticancer effects were observed, particularly for a
singly chlorinated derivative, with reduced cytotoxicity toward healthy cells. No direct correlation
was observed between anticancer and antioxidant activities. Finally, ADME analysis suggested
favorable pharmacokinetic profiles for all six compounds.

Keywords: thiosemicarbazone; anticancer; antioxidant; antibacterial; ADME analysis

1. Introduction

While studied for decades, thiosemicarbazones remain a valuable class of compounds due to
their diverse biological activities and their versatility as synthetic intermediates, particularly as
precursors for the preparation of five- and six-membered heterocyclic systems such as
thiazolidinones, thiazolines, pyrazoles, and 1,2,4-triazoles [1]. Due to their interesting properties,
thiosemicarbazones and their derivatives continue to receive ever-growing attention [2]. These
compounds exhibit a wide spectrum of biological properties, including antibacterial activity,
especially against Gram-positive and Gram-negative bacteria [3-5], as well as anticancer activity,

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0146.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2026 d0i:10.20944/preprints202604.0146.v1

2 of 20

acting on various types of cancers, such as leukemia [6,7], pancreatic [8], breast [9,10], non-small cell
lung [11], cervical [12,13], prostate [14,15], and skin cancers [16]. Simultaneously, according to
predictions of the International Agency for Research on Cancer, the total number of new cancer cases
will increase from 20.0 million in 2022 to 32.6 million in 2045 [17]. Additionally, around 1.27 million
deaths were directly caused by antibiotic-resistant bacterial infections in 2019, with antibiotic
resistance contributing to a total of 4.95 million deaths worldwide [18]. These statistics highlight the
urgent need to develop new, safer, and more efficient drugs.

Thiosemicarbazone scaffold is present in several compounds with high therapeutic potential,
some of which have entered clinical trials, especially for cancer treatment (Figure 1). The N,N,S donor
system seems to be crucial for anticancer activity of thiosemicarbazones, enabling several distinct
modes of action, including intracellular iron and copper chelation, inhibition of key enzymes like
topoisomerases and ribonucleotide reductase (RNR), and generation of reactive oxygen species (ROS)
[19]. Although sharing the same thiosemicarbazone core, their mechanisms of action, bioavailability,
and systemic toxicity are significantly different. For example, while the action of 3-AP mainly
involves inhibition of RNR, COTI-2 relies on reactivation of mutant p53 to its wild-type form [7,20].
Among those presented, DpC appears to exhibit the fewest side effects [21]. Interestingly, while the
anticancer activity of thiosemicarbazones is strongly modulated by complexation with metal ions,
our previous results suggest that their antibacterial activity is often more strain-specific, yielding
comparable results for organic ligands and their metal complexes [3,22]. Another example of a
compound containing the thiosemicarbazone backbone is metisazone, a well-known antiviral drug.
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Figure 1. Thiosemicarbazide and some of its bioactive derivatives.

In contemporary drug discovery, multitarget evaluation has emerged as an important strategy
to address complex diseases by simultaneously modulating multiple biological pathways with a
single molecular entity. Both pyridine and thiosemicarbazone moieties are well-recognized
pharmacophoric fragments: pyridine rings frequently enhance target binding, solubility, and
metabolic stability, while thiosemicarbazones provide versatile metal-chelating and enzyme-
interacting functionalities responsible for a broad spectrum of biological activities. The combination
of these fragments within a single molecular framework enables the rational design of molecular
hybrids with enhanced and complementary biological effects.

One of the most important characteristics of the thiosemicarbazone scaffold is its tunability.
Depending on the introduced substituents and moieties, the physicochemical properties,
pharmacokinetic profile, and biological activity of the resulting compound can be fine-tuned. At the
same time, the chlorine substituent is a simple yet important modification that appears to play a
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special role in drug discovery [23,24]. Studies have shown that the substitution with chlorine atoms
can increase the anticancer activity of fluoren-9-one derivatives compared to analogs without the
chlorine atom [25]. The introduction of chlorine atoms into molecules can also affect the antibacterial
and antifungal activity of compounds [26-28]. The nature of the substituents on the aryl ring
determines both the spectrum and intensity of the inhibitory effect against microorganisms [25].
Chlorine atoms in the structure of aripiprazole, an antipsychotic drug, control the geometry and
movement of the molecule at the binding site with human serum albumin, which translates into its
unique pharmacological properties compared to the derivative without chlorine atoms [29]. In
summary, numerous studies confirm that the introduction of chlorine atoms into the molecules of
biologically active compounds can significantly modify their activity by changing interactions with
receptors and other molecular targets. This effect is widely used in the design of drugs with the
desired pharmacological profile [30-32].

This study aims to comprehensively investigate biological activities, pharmacokinetic profiles,
and physicochemical properties of six 4-pyridyl-based thiosemicarbazones variously substituted
with chlorine atoms. It represents a continuation of our previous research, in which we studied
analogous compounds, but bearing 2-pyridyl moiety [33].

2. Results and Discussion

2.1. Synthesis and Structural Characterization

The title compounds (C1-C6) were prepared by reacting 4-pyridinecarboxaldehyde with the
appropriate thiosemicarbazides: 4-phenyl-3-thiosemicarbazide, 4-(2-chlorophenyl)-3-
thiosemicarbazide, 4-(3-chlorophenyl)-3-thiosemicarbazide, 4-(4-chlorophenyl)-3-thiosemicarbazide,
4-(2,4-dichlorophenyl)-3-thiosemicarbazide, 4-(2,6-dichlorophenyl)-3-thiosemicarbazide (Scheme 1).
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Scheme 1. Synthesis of compounds C1-Cé.

Later, the compounds were analyzed utilizing the appropriate analytical techniques, including
H and BC NMR spectroscopy (Figures 51-512), HRMS (Figures S513-518, Table S1), and FTIR
spectroscopy (Figures S19-524). The synthesized compounds exhibit spectral features typical for
thiosemicarbazones. In the "H NMR spectra of the obtained compounds, characteristic singlets
corresponding to the protons of the functional groups were observed: NH-C=S in the range of 12.00-
12.30 ppm, NH-N=CH in the range of 10.20-10.30 ppm, and C(H)=N at 8.09-8.13 ppm. Furthermore,
signals of the pyridine ring protons are visible in two regions: 7.83-7.88 ppm and 8.60-8.64 ppm, as
well as differentiated signals of the phenyl ring protons occurring in the range of 7.20-7.74 ppm, the
exact shape and position of which depend on the type of substitution. The 1*C NMR spectra of the
studied thiosemicarbazones show a characteristic signal of the C=5/C=N carbon atom in the range of
176-178 ppm, C-2/C-6 signals of the pyridine ring at approximately 150 ppm, and signals of the
remaining pyridine atoms in the range of 140-142 ppm. In the range of 126-138 ppm, a set of signals
originating from the phenyl ring is observed, the exact position of which depends on the type and
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number of chloro substituents. In the HRMS spectra, the expected [M+H]* ions were observed in all
cases, showing good agreement between the calculated and experimental values (Table SI).
Additionally, the FTIR spectra display several distinctive bands corresponding to different
vibrational modes. Sharp bands observed in the 3350-3250 cm™ region are attributed to v(NH)
stretching vibrations. Less intensive bands appearing below 2900 cm™ are assigned to v(CH) modes.
Similarly, bands characteristic for aromatic v(CC) stretching vibrations are observed below 1600 cm-
1, followed by bands tentatively assigned to v(CN), 5(CH), and d(NH) modes.

Single-Crystal X-Ray Diffraction

The molecular structure of compound C6 was determined using single-crystal X-ray diffraction.
The compound crystallizes as a monosolvate with DMSO (Figure 2a). The structural analysis reveals
characteristic features typical for thiosemicarbazones (Table 1). The C7-S1 bond length corresponds
to the thione form commonly observed in thioureas [1.681(20) A], while the C8-N3 bond distance is
consistent with an imine bond character [1.279(8) A][35]. The C1-N1-C7-N2-N3-C8-C9 chain adopts
a trans-cis-trans-trans conformation, which is stabilized by intramolecular N1—H1e ¢ eN3 hydrogen
bonding forming an S(5) motif (Table 2). In addition to this intramolecular interaction, the amino
group N1 participates in a bifurcated hydrogen bonding system, with the pyridine ring nitrogen N4
serving as the second acceptor. This specific hydrogen bonding with the pyridine nitrogen generates
a C(10) chain synthon that directly organizes the molecules into a right-handed helical arrangement
(Figure 2b), which is responsible for the crystallization in the chiral P212121 space group. The DMSO
solvent molecule is stabilized within the crystal lattice through intermolecular N2—H2eee(21
hydrogen bonding with a finite D(2) motif. The geometry of C6 molecule shows significant non-
planarity, with the dihedral angle between the mean planes of the benzene and pyridine rings
measuring 73.2°. Due to this pronounced angular orientation, the crystal packing reveals an absence
of m-7t stacking interactions between the aromatic rings.

Figure 2. Molecular structure of C6 (plotted with 50% probability of displacement ellipsoids) with highlighted
5(6) and D(2) hydrogen bonds (a); Hydrogen bond right-handed helix motif in the structure of Cé propagated
via C(10) synthon (b).

Table 1. Selected structural data (d — bond length, ot — angle, T — torsion angle) of C6.

i—j dij(A) i—j—k aijk (°) i—j—k—1 Tijk1 (°)
C1—N1 1.416(3) C1—N1-C7 120.5(2) C1—N1—-C7—N2 | 173.7(2)
N1—-C7 1.338(3) N1—-C7—-S1 124.02(19) N1—C7—N2—N3 2.8(3)
C7-S1 1.682(3) N1—C7—N2 116.6(2) C7—N2—-N3—-C8 | -169.7(2)
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C7—N2 1.359(3) 51—C7—N2 119.40(19) N2—-N3—-C8—C9 | -178.6(2)
N2—N3 1.371(3) C7—N2—N3 119.2(2)
N3—C8 1.282(3) N2—N3—-C8 115.9(2)
C8—C9 1.470(3) N3—-C8—-C9 119.1(2)
Table 2. Hydrogen bonds in C6 [d — distance, < — angle, Ga*(n) — unitary graph set].
D-HeeeA d(D—H) (A) | d(HeeeA)(A) | d(DeeeA)(A) | <(DHA)() | Ga(n)
N1—HleeeN3 0.82(3) 2.31(3) 2.627(3) 104(3) 5(5)
N1 —H1eeeN4[j] 0.82(3) 2.08(3) 2.848(3) 157(3) C(10)
N2—H2eee(21 0.85(3) 1.94(3) 2.776(3) 169(3) D(2)

Symmetry transformations used to generate equivalent atoms: [i] -x, 1/2+y, 1/2-z.

2.2. Antioxidant Activity

Antioxidant properties constitute fundamental physicochemical characteristics of numerous
biologically active compounds [34-37]. It has been shown that antioxidants can significantly reduce
cancer incidence and progression, and that elevated levels of reactive oxygen species (ROS) can result
in gene mutations and disruption of cell signaling, thereby contributing to carcinogenesis. Although
numerous therapeutic strategies are currently in use or under clinical investigation, their
effectiveness and safety often remain unsatisfactory. For this reason, the search for new drugs among
compounds with strong antioxidant properties represents a promising approach. Therapeutic
strategies to modulate oxidative stress include direct ROS scavengers (e.g. vitamins, N-
acetylcysteine, GSH derivatives), indirect antioxidant regulators such as NRF2 activators that
enhance cellular defense systems, and agents targeting enzymatic ROS metabolism or production
(e.g., NOX inhibitors and SOD mimics) [38,39].

The antioxidant capacity of the tested thiosemicarbazones was evaluated using ABTS, DPPH,
and ORAC-FL assays, with Trolox used as the reference standard (Table 3). In the ABTS assay,
compound C6 exhibited antioxidant activity comparable to Trolox, while compounds C1 and C3
showed similar ICs values, and compounds C2, C4 and C5 displayed weaker radical scavenging
activity. In the DPPH assay, all tested compounds demonstrated lower antioxidant activity than
Trolox, although compounds C1, C2, C3, and C5 retained measurable radical scavenging capacity.
Evaluation of C6 was not possible due to insufficient absorbance data. The ORAC-FL assay revealed
antioxidant activity for all compounds, with C6 showing the highest Trolox-equivalent value,
whereas C1 exhibited the lowest activity. Compounds C2-C4 showed comparable ORAC-FL values.
Overall, while the results indicate assay-dependent differences in antioxidant performance among
the tested compounds, C6 consistently demonstrated the strongest activity across the applied
methods. Most of the compounds studied here exhibited equal or slightly improved antioxidant
capacity in the DPPH and ORAC-FL assays compared with previously reported analogous
compounds containing a 2-pyridyl moiety [33]. Overall, both series displayed comparable levels of
antioxidant activity.

Table 3. ABTS, DPPH and ORAC-FL results for assessing the total antioxidant capacity.

d0i:10.20944/preprints202604.0146.v1

ICs0 + SD (mg/mL) TC* +SD (uM/g)
Compound
ABTS DPPH ORAC-FL
C1 0.020 + 0.001 0.043 +0.002 0.035 +0.001
C2 0.035 +0.006 0.030 + 0.001 0.022 +0.001
C3 0.021 +0.003 0.036 + 0.008 0.028 +0.001
C4 0.046 + 0.002 0.077 +0.007 0.022 +0.001

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0146.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2026

d0i:10.20944/preprints202604.0146.v1

C5 0.170 £ 0.060 0.043 £ 0.000 0.031 +0.001
Cé6 0.016 £ 0.001 - 0.016 £ 0.001
Trolox (STD) 0.015 £ 0.002 0.013 £ 0.002 1.000 = 0.000

6 of 20

2.3. Anticancer Activity

To evaluate the anticancer potential of the title thiosemicarbazones, their activity was assessed
against five human cancer cell lines, including malignant melanomas (A375, G-361), prostate cancer
(LNCaP), colorectal adenocarcinoma (Caco-2), and malignant glioma (U-87 MG). For comparison,
cytotoxicity toward healthy human fibroblasts (B]) was also examined. The obtained ICso values are
presented in Table 4, while the corresponding dose-response curves showing cell viability are
provided in the Supplementary Materials (Figures 525-S30). While most compounds did not induce
significant growth inhibition, compound C2 emerged as the most versatile derivative, exhibiting
pronounced activity against LNCaP cells and moderate activity against A375, G-361, and U-87 MG
cell lines. Importantly, in all cases, the viability of normal BJ fibroblasts remained above 80% even at
the highest tested concentration (100 uM). Notably, C2 was among the least toxic compounds toward
normal fibroblasts, with 90.26% cell viability observed at 100 uM, indicating a favorable selectivity

profile.
Table 4. Anticancer activity of the tested thiosemicarbazones.
ICs0 + SD [uM]
Compound
A375 G-361 LNCaP Caco-2 U-87 MG BJ
C1 >100 >100 60.25 +0.52 >100 >100 >100
C2 76.80+7.62 | 81.66+2.36 | 53.85+0.83 >100 97.28 +2.79 >100
C3 >100 >100 >100 >100 >100 >100
C4 >100 >100 >100 >100 >100 >100
C5 >100 >100 >100 >100 >100 >100
Cé6 >100 >100 >100 >100 >100 >100

2.4. Antibacterial Activity

Most bacterial strains were not sensitive to the tested substances, and the minimum inhibitory
concentration (MIC) values were mainly >1000 mg/L, except for compound C1 against Listeria
monocytogenes ATCC 19115, and C3 against Staphylococcus aureus ATCC 25923. The most promising
results were obtained for the Bacillus cereus strain, for which MIC values ranged from 50 to 1000 mg/L
(Table 3). The activity was markedly lower than that of the reference antibiotics, ciprofloxacin and
vancomycin, and, in most cases, also lower in comparison with similar derivatives investigated by
us. In this previous study, thiosemicarbazones containing a 2-pyridyl moiety exhibited a moderate
activity against Gram-positive strains, particularly B. cereus and S. aureus, with MIC values ranging
from 10 to >1000 mg/L, depending on the compound [33]. Notably, compounds lacking a chlorine
substituent (C1) or containing a single chlorine atom (C2-C4) were more active than the dichlorinated
derivatives (C5, C6), in agreement with our previous findings [33].

Table 3. Minimum inhibitory concentration (MIC) values of the investigated compounds against the tested

microorganisms.

MIC [mg/L]
C4

C1 C2 C3 C5 Ce Reference

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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(Van/Cip)*
Gram-negative bacteria
Escherichia coli ATCC 10530 >1000 >1000 >1000 >1000 >1000 | >1000 1
Salmonella Typhimurium
ATCC 14008 >1000 >1000 >1000 >1000 >1000 >1000 1
Gram-positive bacteria
Bacillus cereus ELOCK 0807 1000 50 1000 50 >1000 >1000 1
Bacillus subtilis ATCC 6633 >1000 >1000 >1000 >1000 >1000 | >1000 1
Enterococcus faccalis ATCC 11600 1 51000 | >1000 | >1000 | 1000 | 1000 2
29212
Staphylococeus aureus ATCC 1 000 | 1000 | 1000 | >1000 | >1000 | 1000 1
25923
Staphy low“g‘;;;ms ATCC 1 1000 | 51000 | >1000 | >1000 | >1000 | >1000 1
Staphylococcus
>1 >1 >1 >1 >1 >1 1
epidermidis ATCC 12228 000 000 000 000 000 000
Listeria mo”;’;ﬁfenes ATCC T 1000 | >1000 | >1000 | >1000 | >1000 | >1000 2

*Vancomycin and ciprofloxacin were used as reference positive controls for Gram-positive bacteria

and Gram-negative bacteria, respectively.

2.4. ADME Analysis

The ADME analysis results (Figure 3, Table 4) for the six analyzed compounds (C1-C6) show
that all compounds exhibit moderate water solubility, with Log S values ranging from -4.36 to -5.45.
This may suggest the possibility of oral administration, but may also require additional formulation
techniques to improve solubility. According to the BOILED-Egg diagram (Figure 4), all compounds
are characterized by high absorption in the gastrointestinal tract, indicating good bioavailability after
oral administration. Additionally, none of them penetrates the blood-brain barrier, which may limit
their use in the treatment of central nervous system disorders, but may be beneficial when targeting
peripheral tissues. While all compounds are predicted to be inhibitors of CYP1A2, CYP2C19,
CYP2C9, suggesting potential drug interactions, none of them is predicted to be a glycoprotein P
substrate. The compounds meet the criteria of Lipinski [40], Ghose [41], Veber [42], Egan [43], and
Muegge [44], indicating their potential as drug candidates. Overall, the pharmacokinetic profiles of
the investigated thiosemicarbazones are similar to those obtained for the recently studied analogous
compounds based on a 2-pyridyl moiety [33]. While the physicochemical characteristics may be
comparable, the different position of the nitrogen atom in the aromatic ring is expected to more
strongly influence metal-ion chelation and enzyme binding affinities, thereby influencing activity at
the mechanistic level.

Table 4. Basic pharmacokinetic properties of the studied ligands. Log S is calculated as an average of three
different predictions: ESOL, Ali, SILICOS-IT. Log P is calculated as an average of five different predictions:
iLOGP, XLOGP3, WLOGP, MLOGP, and SILICOS-IT.

Molecular
oh TPSA | Log Log | CYP1A2 | CYP2C19 | CYP2C9 | CYP2D6 | CYP3A4
weight R
& [A?] S P inhibitor | inhibitor | inhibitor | inhibitor | inhibitor
[g/mol]
C1 256.33 81.40 | -4.83 | 2.58 Yes Yes Yes No No
C2 290.77 81.40 | 4.36 | 2.73 Yes Yes Yes No No
C3 290.77 8140 | -5.45 | 3.12 Yes Yes Yes No Yes
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C4 290.77 81.40 | -5.45 | 3.13 Yes Yes Yes No Yes
C5 325.22 81.40 | -497 | 3.27 Yes Yes Yes No Yes
Ceo 325.22 81.40 | -497 | 3.25 Yes Yes Yes No Yes
LIPO LIPO LIPO
INSATU POLAR INSATU POLAR INSATU POLAR
INSOLU INSOLU INSOLU
C1 Cc2 C3
LIPO LIPO LIPO
FLEX SIZE FLEX SIZE FLEX SIZE
INSATU POLAR INSATU POLAR INSATU POLAR
INSOLU INSOLU INSOLU
C4 C5 (o]

Figure 3. Bioavailability radars generated using the SwissADME service. The red-colored zone is considered
physicochemically suitable for oral bioavailability. LIPO - lipophility (-0.7 < XlogP3 < 5.0); SIZE — molecular
weight (150 g/mol < MW < 500 g/mol); POLAR - polarity (20 A2 < TPSA <130 A2); INSOLU - insolubility (-6 <
logS < 0); INSATU - insaturation (0.25 < fraction Csp3 < 1); FLEX — flexibility (0 < num. of rotatable bonds < 9).

WLOGP
7
BEB
E HIA
5
4
9C5,C6
: o
C2,C3,C4
2 °c1
1
0
-1
-2
3
-4
0 20 40 60 80 100 120 140 160 180 TPSA

Figure 4. The BOILED-Egg diagram obtained for C1-C6. The white area represents high gastrointestinal

absorption; the yellow area represents the blood-brain barrier permeation.
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2.5. Molecular Docking

Since the observed anticancer activity does not correlate strongly with the antioxidant activity,
molecular docking was performed to evaluate the possible enzyme inhibition of C1-Cé6. The
molecular targets were closely related to the studied cancer cell lines and involved B-Raf Kinase
V600E (BRAF), human Androgen Receptor (hAR), Epidermal Growth Factor Receptor (EGFR), and
Lipid Kinase PI3K alpha (PI3K). BRAF V600E is a hallmark mutation in many malignant melanomas
[45]. At the same time, the Androgen Receptor (hAR) represents one of the most important molecular
targets in prostate cancer therapy [46]. Additionally, the Epidermal Growth Factor Receptor (EGFR)
is frequently overexpressed in glioblastoma, including the U-87 MG cell line, where it plays a key
role in promoting cell proliferation and survival [47]. Furthermore, Phosphoinositide 3-kinase (PI3K)
is a central component of the PI3K/AKT signaling pathway, which is commonly dysregulated in
cancer and is associated with enhanced tumor growth, survival, and resistance to therapy [48].

The obtained results showed partial correlation with the observed anticancer activity. Overall,
the docking scores for compounds C1-C6 were comparable (Table 5). Interestingly, although the most
active compounds (C1 and C2) exhibited effective binding to some targets (BRAF, hAR), the highest
docking scores were observed for C3 (BRAF), C6 (hAR), and C5 (EGFR, PI3K). The ligand-target
complexes with the highest docking scores were visualized in both 2D (Figures 5 and 6) and 3D
(Figures S31-534). In the case of the C3-BRAF and C5-PI3K, the ligand-protein complexes were
stabilized primarily by hydrophobic interactions. In contrast, additional hydrogen bonds were
identified for the C6-hAR and C5-EGFR complexes. For the C6-hAR complex, hydrogen bonds were
formed between the GIn711(A) and Arg752(A) residues and the pyridine ring nitrogen atom, as well
as between Leu704(A) and the nitrogen atom of the thiosemicarbazone core. In the C5-EGFR complex,
Met769(A) participated in hydrogen bond formation with the pyridine ring nitrogen atom.
Additionally, -7t stacking interactions were observed between the 2,4-dichlorophenyl substituents
and the phenyl ring of Phe699(A). For validation purposes, the co-crystallized ligands present in the
deposited protein structures were redocked into the active sites (Figures 5S35-538), yielding higher
docking scores in all four cases.

Table 5. Docking scores of C1-C6 and reference inhibitors docked into the active sites of selected molecular
targets. Docking scores are expressed as the total ChemPLP fitness values for each ligand-target complex. The
values are presented as a heatmap, where green indicates the highest docking scores. Target PDB IDs are

provided in parentheses.

Docking score
Compound
BRAF (30G?7) hAR (2AM9) EGFR (1M17) PI3K (4JPS)

C1 56.44 52.25 55.85
52.48 55.96
38.37 52.89 57.01
C4 55.76 31.17 58.23

C5 56.92 30.40
Ce 55.66 53.24 57.28

Inhibitor* 107.72 (0.4129) 76.81 (0.4126) 76.80 (1.9274) 91.19 (1.1852)

*Root mean square deviation (RMSD) values are given in parentheses for each reference inhibitor

originally present in the deposited crystal structures of the molecular targets.
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3. Materials and Methods

3.1. Chemicals and Synthesis

Chemicals used for the synthesis were purchased from the following companies:
thiosemicarbazides and 4-pyridinecarboxaldehyde from Sigma-Aldrich (St. Louis, MO, USA),
concentrated hydrochloric acid from Sigma-Aldrich, and methanol from POCH (Gliwice, Poland).

The reagents were of chemically pure quality.
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Preparation of thiosemicarbazone derivatives: a solution of thiosemicarbazide (1 mmol) in
methanol (20 mL) was slowly added to a solution of 4-pyridinecarboxaldehyde (1 mmol) and a few
drops of 36% HCI. The resulting mixture was heated under reflux for 2 hours. The precipitate was
then filtered off, washed with methanol, and recrystallized from methanol.

C1: N-phenyl-2-[(pyridin-4-yl)methylidene]hydrazine-1-carbothioamide

C1sH12N4S (256.326 g/mol), yield: 83%, m.p. 73-75°C. 'H NMR (700 MHz, DMSO-ds): d 12.04 (s,
1H, NH), 10.25 (s, 1H, NH), 8.60 (d, 2H, | = 5.4 Hz, CHpry), 8.09 (s, 1H, CH), 7.86 (d, 2H, | =5.4 Hz,
CHpyy), 7.53-7.20 (m, 5H, CHrn). ®C NMR (176 MHz, DMSO-ds): 0 177.9, 150.5 (2C), 141.8, 140.5, 139.4,
128.6 (2C), 126.7 (2C), 126.1, 121.9 (2C). ESI-MS m/z: [M+H]* theoretical: 257.0855, measured:
257.0847. FTIR (cm™): v(NH): 3300; v(CH): 3130; v(CC): 1595, 1529; v(CN), 0(CH), d(NH): 1446, 1262,
1190, 1101, 998, 910, 870, 744, 691.

C2: N-(2-chlorophenyl)-2-[(pyridin-4-yl)methylidene]hydrazine-1-carbothioamide

CisHuN4SCl (290.771 g/mol), yield: 81%, m.p. 180-184°C. 'H NMR (700 MHz, DMSO-ds): d 12.20
(s, 1H, NH), 10.23 (s, 1H, NH), 8.61-8.60 (m, 2H, CHry), 8.10 (s, 1H, CH), 7.84-7.83 (m, 2H, CHpry ), 7.60
(dd, 1H, J=7.8 Hz, 1.5 Hz, CHen), 7.54 (dd, 1H, ] = 7.8 Hz, 1.5 Hz, CHrs), 7. 38 (dt, 1H, J=7.8 Hz, 1.5
Hz, CHrn), 7.32 (dt, 1H, ] = 7.8 Hz, 1.5 Hz, CHprn). 3C NMR (176 MHz, DMSO-ds): 8 177.9, 150.5 (2C),
141.3, 140.6, 136.9, 131.7, 130.8, 129.9, 128.7, 127.7, 121.8 (2C). ESI-MS m/z: [M+H]* theoretical:
291.0466, measured: 291.0457. FTIR (cm™): v(NH): 3316, 3258, 3149; v(CH): 2988; v(CC): 1596, 1550;
Vv(CN), 5(CH), d(NH): 1443, 1420, 1266, 1191, 1095, 927; v(CN), d(CH), v(CCl): 811, 752.

C3: N-(3-chlorophenyl)-2-[(pyridin-4-yl)methylidene]hydrazine-1-carbothioamide

C1sHuN4SCl (290.771 g/mol), yield: 82%, m.p. 186-190°C. 'H NMR (700 MHz, DMSO-ds): 5 12.18
(s, 1H, NH), 10.30 (s, 1H, NH), 8.62-8.61 (m, 2H, CHry), 8.11 (s, 1H, CH), 7.87-7.86 (m, 2H, CHey ), 7.71
(t, 1H, J=2.0 Hz, CHrm), 7.57 (ddd, 1H, ] =8.0 Hz, 2.0 Hz, 0.9 Hz, CHry), 7.39 (t, 1H, ] = 8.0 Hz, CHrn),
7.27 (ddd, 1H, ] = 8.0 Hz, 2.0 Hz, 0.9 Hz, CHrn). 3C NMR (176 MHz, DMSO-ds): 8 176.9, 150.5 (2C),
141.6, 141.0, 140.9, 132.7, 130.1, 125.9, 125.8, 124.9, 121.9 (2C). ESI-MS m/z: [M+H]* theoretical:
291.0466, measured: 291.0457. FTIR (cm™): v(NH): 3331; v(CH): 3126; v(CC): 1587, 1552, 1523; v(CN),
O(CH), d(NH): 1416, 1282, 1195, 1101, 1076, 961, 927; v(CN), d(CH), v(CCl): 772; 5(CH), v(CCl): 692.

C4: N-(4-chlorophenyl)-2-[(pyridin-4-yl)methylidene]hydrazine-1-carbothioamide

C1sHuN4SCl (290.771 g/mol), yield: 74%, m.p. 207-209°C. 'H NMR (700 MHz, DMSO-ds): 8 12.15
(s, 1H, NH), 10.30 (s, 1H, NH), 8.64-8.63 (m, 2H, CHzry), 8.13 (s, 1H, CH), 7.88-7.87 (m, 2H, CHey ), 7.61-
7.43 (m, 4H, CHrr). ®C NMR (176 MHz, DMSO-ds): 0 176.6, 150.0 (2C), 141.2, 140.4, 137.9, 129.6, 128.0
(2C), 127.7 (2C), 121.4 (2C). ESI-MS m/z: [M+H]* theoretical: 291.0466, measured: 291.0458. FTIR (cm-
1): v(NH): 3300; v(CC): 1591, 1533; v(CN), 5(CH), d(INH): 1489, 1388, 1303, 1258, 1188, 998, 921; v(CN),
d(CH), v(CCl): 827, 761.

C5: N-(2,4-dichlorophenyl)-2-[(pyridin-4-yl)methylidene]hydrazine-1-carbothioamide

C1sH1oN4SClz (325.261 g/mol), yield: 82%, m.p. 216-218°C. 'H NMR (700 MHz, DMSO-ds): & 12.28
(s, 1H, NH), 10.24 (s, 1H, NH), 8.63-8.62 (m, 2H, CHry), 8.12 (s, 1H, CH), 7.86-7.85 (m, 2H, CHpry), 7.74
(d, 1H, J=2.4 Hz, CHrn), 7.62 (d, 1H, ] = 8.5 Hz, CHrn), 7.48 (dd, 1H, ] =8.5 Hz, 2.4 Hz, CHryn). ®*C NMR
(176 MHz, DMSO-ds): d 178.5, 150.1 (2C), 141.1, 140.4, 135.8, 132.5, 131.7, 131.65, 128.9, 127.4, 121.3
(2C). ESI-MS m/z: [M+H]* theoretical: 325.0076, measured: 325.0069. FTIR (cm): v(NH): 3266; v(CC):
1579, 1529; v(CN), 8(CH), 5(NH): 1379, 1315, 1255, 1185, 1101, 998; v(CN), 5(CH), v(CCl): 802.

Cé: N-(2,6-dichlorophenyl)-2-[(pyridin-4-yl)methylidene]hydrazine-1-carbothioamide

C1sH1N4SCl2 (325.261 g/mol), yield: 79%, m.p. 185-188°C. 'TH NMR (700 MHz, DMSO-ds): d 12.24
(s, 1H, NH), 10.25 (s, 1H, NH), 8.61-8.60 (m, 2H, CHyry), 8.09 (s, 1H, CH), 7.86-7.85 (m, 2H, CHyry), 7.55
(d, 2H, J = 8.1 Hz, CHrn), 7.38 (t, 1H, ] = 8.1 Hz, CHern). 2C NMR (176 MHz, DMSO-de): & 177.8, 150.0
(2C), 141.2, 140.2, 135.1 (2C), 134.9, 129.5, 128.4 (2C), 121.3 (2C). ESI-MS m/z: [M+H]* theoretical:
325.0076, measured: 325.0068. FTIR (cm): v(NH): 3330, 3222; v(CC): 1561, 1505; v(CN), 5(CH),
O(NH): 1270, 1222, 1199, 1103, 1014, 927, 870; v(CN), d(CH), v(CCl): 815, 778.

3.2. NMR Spectroscopy
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NMR spectra were acquired on a Bruker Ultra Shield 700 instrument, running at room
temperature at 700 MHz for '"H and 176 MHz for *C, respectively. Chemical shifts (d) are reported in
ppm relative to residual solvent signals (DMSO-ds: 2.50 ppm for 1H NMR, 39.52 ppm for 3C NMR).

3.3. Mass Spectrometry

An Exploris 240 (Thermo Scientific, Germany, Bremen) mass spectrometer equipped with an
electrospray ionization source was used. Positive-ion electrospray was performed at a spray voltage
of 3.4 kV. Spectral acquisition was performed between m/z 80 and 800 in full scan mode. Data were
analyzed using FreeStyle 1.8 (Thermo Scientific, USA) software. Samples were dissolved and diluted
in methanol to achieve a concentration of 1 pug/mL. The Ultimate 3000 system (Thermo Scientific,
Germany, Bremen) was then used to inject 1 uL of each sample at a flow rate of 20 puL/min.

3.4. Infrared Spectroscopy

FTIR spectra were recorded with an IR Tracer-100 Shimadzu Spectrometer (4000-600 cm™ with
recording accuracy of 1 cm, Shimadzu, Kyoto, Japan) using KBr pellets prepared from KBr ground
with the addition of the investigated sample.

3.5. Single-Crystal X-Ray Diffraction

The single-crystal X-ray diffraction data for C6 were collected on the XtaLAB Synergy Dualflex
Pilatus 300K diffractometer. Data collection, cell refinement, data reduction, and absorption
correction were carried out using CrysAlisPro software [49]. The SHELXT [50] and SHELXL [51]
programs implemented in Olex2 software [52] were used to solve and refine the structure. All non-
hydrogen atoms were refined anisotropically. The carbon-bonded hydrogen atoms were positioned
geometrically and refined using the riding model, whereas the nitrogen-bonded hydrogen atoms
were located from the Fourier difference map and refined freely. Structural visualizations were made
using the Mercury 2024.2.0 [53]. Geometrical parameters were calculated using the Platon PWT
2021.2 [54]. Crystal data and structure refinement details are summarized in Table 5. CCDC 2442569
contains the supplementary crystallographic data for C6. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_ request@ccdc.cam.ac.uk, or by
contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: +44 1223 336033.

Table 5. Crystal data and structure refinement details for C6.

Empirical formula Ci5sH16N4OS2Cl2
Formula weight 403.34
Temperature (K) 100.00(10)

Crystal system orthorhombic
Space group P212121
a(A) 8.25920(10)
b (A) 8.64490(10)
c(A) 25.9037(2)
a () 90
BO) 90
YO 90
Volume (A3) 1849.52(3)
Z 4
ocalc (g/cm?) 1.448
U (mm) 5.358
F(000) 832.0
Crystal size (mm?) 0.14 x 0.08 x 0.06
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Radiation Cu Ka (A =1.54184)
20 range for data collect. (°) 6.824 to 159.422
-7<h <10,
Index ranges -10<k <10,
-33<1<29
Reflections collected / independent 18368 / 3838
Rint 0.0288
Data/restraints/parameters 3838/0/225
Goodness-of-fit on F2 1.108
Final R indexes [I>2s(I)] R1=0.0219, wR2=0.0561
R indexes (all data) R1=0.0233, wR2=0.0601
Largest diff. peak and hole (e® A2) 0.26/-0.18
Flack parameter -0.015(9)

3.6. Antioxidant Activity

ABTS

To test the antioxidant activity of the obtained compounds, 2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) - ABTS (Merck, Steinheim, Germany) was used. Potassium
persulfate (K25:20s, Merck, Steinheim, Germany) activates ABTS and converts it from the inactive to
the active radical form. 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox, Merck,
Steinheim, Germany) was used as the standard. 19.20 mg of ABTS was weighed and dissolved in 5
mL of distilled water to obtain a 7 mM solution. To 5 mL of the ABTS solution, 88 uL of 140 mM
potassium persulfate was added to generate the ABTS* cation radical. The mixture was protected
from light and set aside at room temperature for 16 h. All tests were performed in 75 mM phosphate
buffer (pH 7.4) with a final reaction volume of 100 uL per well. Compounds were first dissolved in
dimethyl sulfoxide (DMSO, Merck, Steinheim, Germany) and then diluted in phosphate buffer to
final concentrations of 0.01-25 ug/mL, as was Trolox. For the assay, 50 uL of the compound or Trolox
solution and 50 uL of ABTS* solution were added to wells of a 96-well plate (Greiner Bio-One,
Frickenhausen, Germany). Absorbance was immediately measured at 734 nm at room temperature
using a Synergy H1 multifunctional plate reader (BioTek). 75 mM phosphate buffer (pH 7.4) was used
as a blank. The plate was automatically shaken for 5 s before each measurement. All tests were
performed in triplicate. Percent inhibition of ABTS* was plotted against compound concentration,
and ICso values were calculated from the linear regression equation [55]:

50—-b

y=ax+b; IC5y =

DPPH

The antioxidant activity of compounds was measured using 2,2-diphenyl-1-picrylhydrazyl
(DPPH, Merck, Steinheim, Germany) as the oxidizing agent. 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox, Merck, Steinheim, Germany) was used as the standard. The assays and
standard were dissolved in 75 mM phosphate buffer (pH 7.4) with a final reaction volume of 50 uL
per well of a 96-well plate. 1.58 mg of DPPH was weighed and dissolved in 20 mL of methanol to
obtain a 0.2 mM solution. All compounds and the standard were first dissolved in dimethyl sulfoxide
(DMSO, Merck, Steinheim, Germany) and then diluted in phosphate buffer. Final concentrations
were 0.01-25 pug/mL for both Trolox and all compounds. Solutions of the tested compounds (50 puL)
and DPPH solution (50 pL) were added to the appropriate wells of a 96-well microplate (Greiner Bio-
One, Frickenhausen, Germany), giving a final volume of 100 uL per well. Plates were immediately
placed in a multifunctional microplate reader Synergy H1 (BioTek), and absorbance was measured
at 517 nm at room temperature. 75 mM phosphate buffer (pH 7.4) was used as a blank. The plate was
automatically shaken for 5 s before each measurement. All tests were performed in triplicate. Percent
inhibition of DPPH was plotted against compound concentration, and ICs values were calculated
from the linear regression equation [56]:
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50—-b

y=ax+b; IC5y =

ORAC-FL

Oxygen Radical Absorbance Capacity-Fluorescein (ORAC-FL) was used to assess antioxidant
activity of the compounds, with Trolox as a standard. Fluorescein disodium salt (FL, Merck,
Steinheim, Germany), 2,2’-azobis(2-methylpropionamidine) dihydrochloride (APPH, Merck,
Steinheim, Germany), and Trolox (Merck, Steinheim, Germany) were used. APPH solution was
prepared as follows: 2 mg of fluorescein disodium was dissolved in 4.58 mL of PBS to obtain 1.17
mM. 3 uL of the fluorescein stock was diluted with 30 mL of PBS to obtain 117 nM. All compounds
and Trolox were prepared in 75 mM phosphate buffer (pH 7.4) with a final mixture volume of 200
uL. The final concentrations of the tested compounds were 1-13 uM. Mixtures were incubated in the
dark at 37°C for 15 min. Plates were then placed in a multifunctional microplate reader Synergy H1
(BioTek), and fluorescence was measured kinetically at 70 s intervals for 140 min at 37°C, with
excitation at 485 nm and emission at 520 nm. Phosphate buffer (pH 7.4) was used as a blank. The
plate was automatically shaken for 10 s before each measurement. All tests were performed in
triplicate. Percent effect (% NET AUC) was plotted against concentration. Linear regression was
performed using;:

y=ax+b
The Trolox equivalent (TE) was calculated as [57]:

a
TE = -
a
where g is the slope of the tested compound and 4’ is the slope of the Trolox standard.

3.7. Anticancer Activity

Cell Culture

Human normal skin fibroblasts (BJ) and human cancer cell lines including melanoma (A375 and
G-361), prostate cancer (LNCaP), colorectal cancer (Caco-2) and glioblastoma (U-87 MG) were
obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were
cultured as adherent monolayers in media recommended by ATCC. A375 cells were maintained in
Dulbecco’s Modified Eagle Medium DMEM (Corning Inc., Tewksbury, MA, USA), G-361 cells in
McCoy’s 5A medium (Corning Inc., Tewksbury, MA, USA), Caco-2, U-87 MG, and B] cells in Eagle’s
Minimum Essential Medium EMEM (Corning Inc., Tewksbury, MA, USA) and LNCaP cells in RPMI-
1640 medium (Corning Inc., Tewksbury, MA, USA). All media were supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (FBS) (Corning Inc., Tewksbury, MA, USA), penicillin (100
U/mL), streptomycin (100 pg/mL) and amphotericin B (0.25 pg/mL) (Sigma-Aldrich Chemicals, St.
Louis, MO, USA). Cells were incubated at 37°C in a humidified atmosphere containing 5% CO: and
routinely passaged at approximately 80% confluence to maintain logarithmic growth. Cell
detachment was performed using 0.25% trypsin-EDTA (Corning Inc., Tewksbury, MA, USA). Cell
number and viability were determined by trypan blue exclusion using a Countess™ Automated Cell
Counter (Thermo Fisher Scientific, Waltham, MA, USA). Cells between passages 5 and 10 were used
in all experiments.

MTT Cytotoxicity Assay

The cytotoxic activity of compounds C1-C6 was evaluated against the cancer cell lines and the
normal BJ cell line using the MTT colorimetric assay (Sigma-Aldrich, USA). Cells were seeded into
96-well plates at a density of 2x10* cells per well and allowed to attach for 24 h. Subsequently cells
were treated with the tested compounds at concentrations of 1, 25, 50, 75, and 100 uM and incubated
for an additional 48 h. After treatment MTT solution was added to each well at a final concentration
of 0.5 mg/mL and incubated for 4 h at 37°C. The medium was then removed, and the formazan crystals
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were dissolved in dimethyl sulfoxide (DMSO) (POCH, Gliwice, Poland). Absorbance was measured
at 570 nm using a PowerWave microplate spectrophotometer (BioTek Instruments, USA). Cell
viability was expressed as a percentage of untreated control cells. All experiments were performed
in triplicate and repeated three times independently. ICso values were determined by nonlinear
regression analysis using GraphPad Prism (GraphPad Software, San Diego, CA). Dose-response
curves were fitted using a four-parameter logistic model with the top and bottom plateaus
constrained to 100% and 0% cell viability, respectively.

3.8. Antibacterial Activity

The antimicrobial activity of the synthesized compounds was evaluated by determining the MIC
using the agar well diffusion method. The MICs of the tested samples were determined against a
panel of reference microorganisms obtained from the American Type Culture Collection (ATCC),
including Gram-negative bacteria (Escherichia coli ATCC 10530, Salmonella Typhimurium ATCC 14028),
and Gram-positive bacteria (Staphylococcus aureus ATCC 25923, Staphylococcus aureus ATCC 6538,
Staphylococcus epidermidis ATCC 12228, Enterococcus faecalis ATCC 29212, Listeria monocytogenes ATCC
19115, Bacillus subtilis ATCC 6633), as well as Bacillus cereus LOCK 0807, obtained from the Pure
Culture of Industrial Microorganisms of the Institute of Fermentation Technology and Microbiology
LOCK 105 (L6dz, Poland). The reference positive controls used in this study were antibiotics:
vancomycin for Gram-positive bacteria and ciprofloxacin for Gram-negative bacteria (Escherichia coli,
Salmonella Typhimurium), purchased from Sigma-Aldrich, Saint Louis, MO, USA. Bacterial cultures
grown for 24 h and adjusted to a density of 1.5x108 CFU/mL (corresponding to a 0.5 McFarland
standard) were plated (0.1 mL) on Mueller-Hinton Agar (Merck, Darmstadt, Germany) following the
procedures recommended by the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) [58]. Wells with a diameter of 8 mm were cut in the agar medium. Subsequently, 100 pL
of prepared solutions containing the tested compounds at concentrations ranging from 10,000 mg/L
to 1 mg/L dissolved in a 50% (v/v) DMSO were added to each well. The possible effect of the solvent
was accounted for by including appropriate solvent controls. The plates were incubated at 30°C (for
B. subtilis and B. cereus) or 37°C (for other bacteria) for 18 h. After incubation, the MIC value (the
lowest concentration of the tested compounds that prevents bacterial growth) was determined and
expressed in mg/L. The experiment was conducted in triplicate.

3.9. ADME Analysis

The pharmacokinetic profile of C1-C6 compounds were evaluated using freely available online
tools, the SwissADME service (Swiss Institute of Bioinformatics 2021) [59,60].

3.10. Molecular Docking

Molecular docking was performed using GOLD and Hermes software [61-63]. The crystal
structures of the selected target molecules were obtained from Protein Data Bank: B-Raf Kinase V600E
(BRAF; PDB ID: 30G7 [64]), human Androgen Receptor (hAR; PDB ID: 2AM9 [65]), Epidermal
Growth Factor Receptor (EGFR; PDB ID: 1M17 [66]), and Lipid Kinase PI3K alpha (PI3K; PDB ID:
4JPS [67]). All ligands were optimized with Gaussian software using B3LYP/6-31G method [68].
Before docking, the water molecules and bound ligands were removed and hydrogen atoms were
added. The binding properties were calculated with ChemPLP scoring function for the area within a
radius of 6.0 A from the original ligands. All ligands were set as flexible molecules. The results were
visualized using Hermes 2023.2.0 and LigPlot + v.2.3.1 software [69,70].

4. Conclusions

In this study, six 4-pyridyl-based thiosemicarbazones variously substituted with chlorine atoms
were synthesized, and their biological potential was thoroughly evaluated. All compounds possess
favourable pharmacokinetic profiles and can potentially be utilized as drugs. While the antimicrobial
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activity of the tested compounds was negligible, some of them exhibited potent antioxidant and
anticancer activity. In general, compounds with double chlorine substitution (C5 and C6) showed
stronger radical scavenging capacity than the unsubstituted (C1) and mono-chlorinated (C2-C4)
derivatives, with C6 consistently displaying the highest activity. These results indicate that
chlorination enhances the antioxidant potential of the thiosemicarbazone scaffold, with structural
modifications providing a means to tune radical scavenging properties. Interestingly, compound C2
exhibited the strongest anticancer activity, indicating that the mechanisms underlying cytotoxicity
differ from those driving radical scavenging and that structural features other than chlorination
contribute to anticancer efficacy. The lowest ICso values were observed against LNCaP prostate cancer
cells (53.85 + 0.83 uM) and A375 skin cancer cells (76.80 = 7.62 uM). Importantly, the same compound
was significantly less toxic toward healthy BJ cells, with 90.26% viability observed at the highest
tested concentration (100 uM). These results highlight the strong selectivity and tunability of
chlorinated thiosemicarbazones as potential drug candidates.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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