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ABSTRACT
Due to their stable nature and medical applicability properties, coumarin derivatives have fascinated medicinal chemists in the

discovery of novel therapeutics. In this study, the cytotoxic/anticancer properties of some newly synthesized coumarin deri-

vatives were aimed at designing, synthesizing, and examining cultured human neuroblastoma cells. Moreover, molecular

docking studies were carried out to determine the potential mechanism. In addition, ADMET properties were evaluated to

examine the drug‐likeness of newly designed coumarin derivatives. To detect the cytotoxic action of compounds, 3‐(4,5‐
dimethylthiazol‐2‐yl)‐2,5 2,5‐diphenyltetrazolium bromide (MTT) and lactate dehydrogenase (LDH) release assays were carried

out. In addition, Hoechst 33258 staining was used to detect abnormal nuclear structures. In silico, the estimates for all

compounds (3a‐3c) used in the study revealed that they possessed desirable physicochemical properties for bioavailability. The

results of our study showed that all tested compounds exhibited remarkable cytotoxic effects on human neuroblastoma cell lines

(p< 0.05). Additionally, among the compounds tested, 3a and 3c showed selective effects on neuroblastoma cells effectively at

all tested concentrations. However, it was found that the selective feature of 3b, unlike the others, was concentration‐
dependent. Our findings clearly showed that novel coumarin derivatives exerted potent and selective anticancer effects. Results

of molecular docking studies were in parallel with in vitro studies. Unlike the majority of hybrid coumarin derivatives reported

in anticancer research, the present study introduces minimalist, heteroatom‐free coumarins bearing bulky aliphatic substitu-

ents. These compounds demonstrated selective cytotoxicity against SH‐SY5Y neuroblastoma cells and a favorable multi‐target
binding profile, highlighting a distinct hydrophobic volume‐based SAR. As a result, the obtained data exhibited that all used

molecules may be good multitarget drug alternatives for the treatment of neuroblastoma.

1 | Introduction

Cancer is a significant disease, responsible for the deaths of an
estimated 9.6 million people in 2018, according to the WHO [1].
Neuroblastoma is a neoplasm that develops from embryonic

neural crest cells and is responsible for approximately 9%–15%
of pediatric cancer deaths [2, 3]. Despite significant advances in
treatment modalities, 5‐year survival rates are still below 50%
[4]. Currently, therapies including a combination of surgical
resection, immunotherapy, stem cell transplantation, radiation,
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and chemotherapy are applied according to the risk group of the
patients [5]. Serious side effects due to toxicity by chemother-
apeutics in normal cells continue to be an essential obstacle in
the use of chemotherapeutic drugs in clinical practice [6].
Moreover, today, traditional methods such as surgery, chemo-
therapy, and radiotherapy are widely used in cancer treatment.
However, these methods can damage healthy cells [7]. In
addition, chemotherapy drugs in use lose their effectiveness
daily due to the resistance of cancer cells [8]. Many scientists
worldwide have made great efforts to discover effective cancer
agents with high activity and minimal adverse effects [9]. The
selectivity of newly synthesized anticancer agents may bring
different perspectives to the development of the drug [10].

Synthetic chemistry has a vital role in discovering new antic-
ancer agents. The newly improved synthetic chemistry meth-
ods expedite the novel drug discovery and development
process, including small molecules [11, 12]. Moreover, syn-
thetic chemistry makes it easier to research effective

interactions that kill cancer cells selectively while protecting
healthy cells [13]. At this point, coumarin derivatives, natural
or synthetic, gained importance as promising scaffolds for
drug discovery because of their biological activities and
structural simplicity [14].

Coumarins, naturally occurring in higher plants, are phyto-
chemicals in the polyphenol class with some medicinal prop-
erties. Coumarins belong to the benzopyrone class. They
represent an essential resource for discovering novel anticancer
agents [15, 16]. In addition, medicinal chemists have been
attracted to the discovery of coumarin derivatives because of
their stability, solubility, and medical properties [17, 18]. An-
ticancer effects of coumarin derivatives in human cervical
cancer cell lines have been reported in recent studies by Maleki
et al. [19], Hybrid lonidamine‐coumarin derivatives were also
shown to have anticancer activity by Ipek et al. [20]. In another
study, the anticancer potential of novel dipyrromethane‐
coumarin and porphyrin‐coumarin derivatives was highlighted
by Holiyachi et al. [21]. Most reported anticancer coumarins are
hybrid scaffolds bearing heteroatom‐rich linkers or secondary
pharmacophores targeting kinases such as EGFR and VEGFR‐2.
However, studies focusing on minimalist, heteroatom‐free
coumarins with activity against neuroblastoma cells remain
rare [22, 23].

In addition, the FDA (US Food and Drug Administration) does
not approve a compound even if it has good biological activity
due to its absorption, distribution, metabolism, excretion, and
toxicity (ADMET) properties or adverse side effects [24].
Therefore, in silico modeling and ADMET estimation for
effective drug development have also attracted the attention of
researchers. The fact that these methods are accessible and

FIGURE 1 | Mechanism and the structures of novel coumarin derivatives.

Summary

• Remarkable cytotoxic effects on human neuroblastoma cell
lines are determined (p<0.05), and novel coumarin deri-
vatives exerted potent and selective anticancer effects.
Infrared behavior and charge transfers were compared.

• Orbital contributions of 3a‐b‐c molecules play a com-
plete role in charge transfer.

• All of the employed compounds may be suitable mul-
titarget medication substitutes for the treatment of
neuroblastoma, according to the data collected.
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easy, that the biological activities of newly designed molecules
can be predicted based on structure, or that safety, bio-
availability, and activity can be analyzed in parallel, reveals a
more effective drug development process [25]. Moreover,
molecular docking studies have been widely used by many re-
searchers recently. The most important feature of these studies
is the determination of protein‐ligand interactions using in si-
lico methods [26–28].

On the other hand, targeting specific proteins in cancer treat-
ment is an increasing trend in new anticancer drug development
[29]. EGFR (epidermal growth factor receptor), VEGFR‐2
(vascular endothelial growth factor receptors), and CDK9

(Cyclin‐dependent kinase‐9) are the specific proteins in can-
cer treatment, including neuroblastoma SH SY5Y cell lines
[30–32]. Targeting dual inhibition of EGFR and VEGFR2
proteins, which have a vital role in tumor growth and
angiogenesis, is a promising approach for cancer treatment
[33, 34]. Moreover, targeting the CDK9 receptor, which is an
essential regulator of transcription, in cancer treatment is
also a promising strategy. Today, CDK9 inhibitors exhibit an
essential potential for cancer treatment, and some inhibitors
of this protein are in clinical trials [35]. EGFR supports
growth, proliferation, differentiation, and survival signaling
of mammalian cells [36]. It has been reported that EGFR's
widespread expression is available in neuroblastoma tissue

FIGURE 2 | MTT analyses of the HDFa cell lines treated with novel derivatives for 24 h. (*) Symbols indicate a statistically significant reduction

vs. the negative control.

FIGURE 3 | Cell viability tests of the HDFa cell lines treated with novel derivatives for 24 h. (*) Symbols indicate statistically significant

reduction vs. the negative control.
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and cell lines. This makes EGFR an attractive target for new
therapies [37, 38]. The VEGFR protein has the ability to
control the cellular proliferation of cancer cells, including
neuroblastoma [39, 40]. Next, CDK9 proteins are regulators
for RNA transcription of Mcl‐1 proteins in the neuroblas-
toma SH‐SY5Y cell line. It has been reported that the inhi-
bition of RNA synthesis, which is related to CDK9 blocking,
suggests that it may inhibit the growth of neuroblastoma cell
lines [41].

The goal of the research was to design, synthesize, and deter-
mine the biological activity of some novel coumarin derivatives
on human neuroblastoma cell lines, considering the problems
arising from the lack of selectivity and specificity encountered
in cancer treatment, and to evaluate in silico interactions of

synthesized molecules and CDK9, EGFR, and VEGFR2 via the
molecular docking method. In addition, the ADME properties
of molecules were determined.

2 | Materials and Methods

2.1 | General Procedure for the Synthesis of 3a‐c

Substituted phenol (3a–c) and ethyl acetoacetate (0.01 mol),
sulfuric acid (50 mL) mixture was refluxed for 2 h. Solid
coumarin formed in the reaction flask after 4 h, and then the
reaction ended. The obtained residue was mixed with ice by
stirring. It was filtered, dried, and recrystallized using ethyl
alcohol. In addition, 1H‐NMR and 13C‐NMR graphics of

FIGURE 4 | MTT analyses of SH‐SY5Y cell lines treated with novel derivatives for 24 h. (*) Symbols indicate statistically significant reduction vs.

negative control.

FIGURE 5 | Cell viability analyses of SH‐SY5Y cell lines treated with novel derivatives for 24 h. (*) Symbols indicate a statistically significant

reduction vs. the negative control.
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the compounds are given in Supporting Information S1:
Figures S1–S6.

In this study, new derivatives of coumarin class compounds
were synthesized. The reaction to form the coumarin ring
took place via the von Pechmann condensation mechanism.
In this reaction, substituted phenols were reacted with ethyl
acetoacetate under sulfuric acid catalysis to obtain substi-
tuted 4‐methylcoumarin. The reaction mechanisms of the
synthesized compounds are shown in Figure 1.

2.2 | Chemical Assays

IR spectra were measured using a Perkin‐Elmer Spectrum One
FT‐IR spectrophotometer. NMR was performed on a Bruker
AC‐400 NMR spectrometer at 400MHz for 1H and 100MHz for
13 C. The compounds were dissolved in DMSO, and the
chemical shifts were determined with respect to TMS (for 1H

and 13 C NMR). The chemicals were purchased from
Sigma‐Aldrich (Taufkirchen, Germany) and Merck (Darmstadt,
Germany), respectively.

2.3 | Biological Assays

2.3.1 | Cell Cultures

The human fibroblast cell line (HDFa, ATCC PCS‐201‐012) was
grown in DMEM medium including 1% penicillin/streptomycin
antibiotic mixture and fetal bovine serum (FBS, 10%) at 37°C
temperature with 5% CO2 until it reached 80% confluency.
Neuroblastoma cell line (SH‐SY5Y, ATCC CRL‐2266) was
grown by using 1% penicillin/streptomycin, and FBS (10%) in
DMEM/F12 culture media. When the medium was brought to
37°C, 5 mL was transferred in a T25 flask. SHSY‐5Y cells were
cultivated at 37°C with 5% CO2 level. Cells in the flask were
incubated until they reached 80% density.

FIGURE 6 | Hoechst 33258 fluorescent staining of HDFa cell cultures. (a) Negative control (no administration), (b) 100 μg/mL of 3b adminis-

tration, (c) 100 μg/mL of 3c administration, and (d) 100 μg/mL of 3a administration to the HDFa cell cultures.

TABLE 1 | Nuclear aberrations (NA) in the fibroblast cell line (HDFa) in response to compounds applied at a concentration of 100 μg/mL.

Readings are mean ± SEM of 3 samples per 1000 cells. The statistical differences in the same column were shown with different letters. The

application values were calculated for 24 h period (GraphPad Prism 7, ANOVA: Significant differences in samples were calculated by Dunnett's

multiple comparison test).

Nuclear abnormalities (NA)

Treatment Total MN Total lobbed Total notched Mean NA/1000 cells ± SD

(−) Ctrl 7 8 8 0.023 ± 0.005a

3a 5 8 9 0.022 ± 0.002a

3b 8 5 11 0.024 ± 0.003a

3c 9 6 8 0.023 ± 0.002a
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2.3.2 | Cell Viability and Cytotoxicity Analyses

The cell death rate of the cell cultures was analyzed using the
LDH assay (Cayman Chemical Company, USA), following the
instructions of the manufacturer. A 96‐well plate was seeded
with cell cultures. Compounds at various concentrations (1.65
to 100 μg/mL) were applied to cultures for 24 h. After incuba-
tion, 100 μL culture supernatant was discarded into a fresh
96‐well plate. Then, 100 μL reaction mixture was added, and the
color intensity was observed at 490 nm absorbance. The samples

were incubated at room temperature for 30 min. The absorb-
ance was monitored using a microplate reader at 490 nm. 3‐(4,5‐
dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide (MTT)
assays were used to determine the viability of the fibroblast and
neuroblastoma cell cultures. The doses ranged from 1.65 μg/mL
to 100 μg/mL, and the incubation time was 24 h. Ten microlitres
of MTT solution was then added to each well, and incubation
was allowed at 37°C for 3 h. The cell medium was discarded.
Hundred microlitres of DMSO was added to each well to dis-
solve the crystals and give them a blue color. The color inten-
sities were measured using a microplate reader at a wavelength
of 570 nm.

2.3.3 | Hoechst 33258 Fluorescent Staining and Nuclear
Abnormality Analysis

The abnormal nuclear structures were detected by Hoechst
33258. To monitor nuclear morphology, the compounds were
applied to fibroblast cultures at concentrations of 100 μg/mL,
and the cultures were incubated for 24 h. Phosphate‐buffered
saline containing 4% paraformaldehyde was used. Cells were
fixed for 30 min at 4°C. The cell cultures were washed twice
with PBS and then incubated with 1 μM of the fluorescent dye
Hoechst 33258 for 5 min at room temperature. Fluorescence
microscopy was used to photograph the observed cells
(Leica DM IL LED).

FIGURE 7 | The visualisation of the interactions of 3a and CDK9, 3D, 2D, Hydrogen bonds and superimpose of 3a and reference ligand UT5.

TABLE 2 | Molecular docking scores of used molecules.

Molecule

Target Proteins

CDK9 VEGFR2 EGFR
ΔG

(kcal/mol)
ΔG

(kcal/mol)
ΔG

(kcal/mol)

3a −8.1 −8.9 −7.1

3b −7.8 −8.3 −6.3

3c −8.1 −8.6 −6.8

UT5 −10 — —
D0D −8.6

42Q −13.3

6 of 22 Cell Biochemistry and Function, 2025
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2.4 | In Silico Studies

2.4.1 | Molecular Docking

The Autodock Vina program was used to calculate the binding
affinity of the synthesized coumarin compounds. To obtain the
3D structures of the compounds and to perform the geometry
optimization, the Avogadro 1.2.0n package program was used.
The optimized structures were recorded in *.mol2 format. The
X‐ray crystal structures of CDK9, VEGFR2, and EGFR (PDB ID:
7NWK, resolution: 2.81 Å, PDB ID: 3VHE, resolution: 1.55Å, and
PDB ID: 8SC7, resolution:1.98 Å, respectively) of the proteins
obtained from the protein data bank website [http://www.rcsb.
org/pdb]. Proteins downloaded in *.pdb format. The protein
structures were optimized using the Maestro viewer within the
Schrödinger program. The files are recorded in *.pdb format. To
visualize 3D and 2D structures, PyMOL and Biovia Discovery
2024 Client programs were used. For the validation of docking
studies, we extracted ligands from the X‐ray structures of pro-
teins and re‐docked them. We then presented the superimposed
modes of the synthesized ligands. Then the Maestro viewer
Schrödinger program was used to calculate RMSD values.

2.4.2 | ADME Prediction

Many chemical compounds synthesized to obtain drug‐active
ingredients fail due to their low bioavailability profiles.

Therefore, in silico ADMET scores are evaluated, making them
an important part of drug discovery research. These studies
reduce the likelihood of any drug candidate failing in clinical
trials. The in silico‐toxic properties of the synthesized com-
pounds were evaluated using a Protox‐II free web server [42]. In
silico pharmacokinetic properties are also predicted via the
SwissADME free web tool [43]. The prediction of brain pene-
tration and gastrointestinal absorption was studied with the
BOILED‐Egg model [44].

2.5 | Statistical Analyses

The GraphPad Prism (GraphPad Software, Version 8, San
Diego, USA) statistical program was used for statistical eva-
luations. One‐way ANOVA and Dunnett comparison tests
were used. The level of statistical significance was accepted
as p< 0.05.

3 | Results

Synthesis of 6‐tert‐butyl‐4,8‐dimethyl coumarin (3a) (C15H18O2)
White solid, yield 40%, m.p. 157°C–159°C; FT‐IR (KBr, cm−1,
ʋ): 3000–3100 (Ar─H), 2880–2989 (C─H), 1710 (C═O, lactone),
1587(C═C, Ar), 1147(C─O─C, Lactone); 1H‐NMR (400MHz,
DMSO‐d6, δ, ppm): 1.35 (s, 9H (CH3)3C), 2,50 (s, 6H) CH3; 6,30
(s, 1H) (lactone); 7,45 (s, 2H) (Ar). 13C‐NMR (100MHz, DMSO‐

FIGURE 8 | The visualisation of the interactions of 3b and CDK9, 3D, 2D, Hydrogen bonds and superimpose of 3b and reference ligand UT5.
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d6, δ, ppm): 16, 19, 32, 35, 112, 120, 121, 124, 125, 142, 145, 153,
160. Among these values, structures between 0 and 50 ppm
indicate the presence of CH3, which reduces the ability to
attract bond electrons. The effect of the fourth bond, the C─C
structure, is seen at values of 16, 19, 32, and 35 ppm. However,
there are 5 CH3 and 1 tert C─C bond, emphasizing the C─C
structure. It has a high density at 32 ppm (two times the NMR
density at 16 ppm) (Supporting Information S1: Figures 1–6).
There is also a similarly high NMR density of 35 ppm. So there
are two overlaps here. It overlapped the carbon atom in the CH3

molecules, which directly binds to the aromatic ring, exhibiting
a strong, similar chemical environment at 32 ppm. Sixteen ppm
represents one of the CH3s in 6‐tert‐butyl. Nineteen ppm indi-
cates the central C atom in the tert‐structure. Thirty‐five ppm
represents the two carbon atoms in CH3 that are symmetrical to
each other in the tert‐structure. The C═O structure, which has
the highest electronegative properties, is responsible for
160 ppm. The structure at 153 ppm is responsible for a low
electronegativity (C─O) bond. The remaining 7 ppm values
(112, 120, 121, 124, 125, 142, 145) belong to the carbon atoms in
the aromatic ring. There is no overlap in this aromatic region.

Synthesis of 4,7,8‐trimethyl coumarin (3b) (C12H12O2) White
solid, yield 80%, m.p. 145°C–146°C; FT‐IR (KBr, cm−1, ʋ):
2980–3090 (Ar─H), 2870–2989 (C─H), 1690 (C═O, lactone),
1600(C═C, Ar), 1185(C─O─C, Lactone); 1H‐NMR (400MHz,

DMSO‐d6, δ, ppm): 2.30 (s, 9H) CH3; 6,15 (s, 1H) (lactone);
6,90‐ 7,40 (m, 2H) (Ar). 13C‐NMR (100MHz, DMSO‐d6, δ,
ppm): 12,19, 20, 112, 116, 123, 125, 126, 141, 150, 151, 161.
Looking at Supporting Information S1: Figure S4, the values at
12, 19 and 20 ppm show the presence of 3 CH3 structures with
almost equal density. The fact that their chemical shift values
are close to each other and their peak intensities are practically
equal to each other shows that they have a similar bonding
structure. Similar to molecule 3a; The C═O structure, which has
the highest electronegative properties, is responsible for 161
ppm. The structure at 151 ppm is responsible for a low elec-
tronegativity (C─O) bond. The remaining ppm values (112, 116,
123, 125, 126, 141, and 150) indicate the presence of 7 carbons
in the aromatic ring. Since these carbons do not have similar
chemical structures, there is no overlap.

Synthesis of 6‐isopropyl‐4‐methyl coumarin (3c) (C13H14O2)
White solid, yield 40%, m.p. 154°C–155°C; FT‐IR (KBr, cm−1,
ʋ): 2985–3110 (Ar─H), 2885–2995 (C─H), 1711 (C═O, lactone),
1625 (C═C, Ar), 1190 (C─O─C, Lactone); 1H‐NMR (400MHz,
DMSO‐d6, δ, ppm): 1.25 (d 6H) (CH3)2; 6,25 (s, 1H) (lactone); 7,
10‐ 7, 55 (m, 3H) (Ar). 13C‐NMR (100MHz, DMSO‐d6, δ, ppm):
19, 23, 33, 115, 118, 121, 124, 130, 146, 151, 153, 161. Here,
chemical shift values of 19, 23, and 33 indicate 3 CH3 groups.
However, one of the peak intensities (23 ppm) is almost twice as
large as the others. Here, an overlap increases the probability.

FIGURE 9 | The visualisation of the interactions of 3c and CDK9, 3D, 2D, Hydrogen bonds and superimpose of 3c and reference ligand UT5.
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As in the 3a molecule, two CH3 groups have the same chemical
environment as each other. The 6‐isopropyl structure shows the
appropriate structure for this situation. One of these chemical
shift values represents 4‐methyl I, while the other is the C─C
connection in 6‐isopropyl. As in molecules 3a and 3b described
above, the C═O structure with the highest electronegative
properties is responsible for 161 ppm. The structure at 153 ppm
is responsible for a low electronegativity (C─O) bond. The
remaining 7 ppm values are for carbonaceous structures in the
aromatic ring. Here, the value of 151 ppm belongs to the carbon
atom at the aromatic junction of the 6‐isopropyl structure due
to its high electronegative environment. In this structure, there
is an overlap in the C─C structure, as in molecule 3a.

The analysis of the infrared spectra of the aforementioned com-
pounds reveals the presence of C─O stretch bands at 1179 cm−1,
1185 cm−1, and 1176 cm−1, as well as aromatic C═C stretch bands
at 1625 cm−1. Additionally, the 1601 cm−1 and 1625 cm−1 spectra,
as well as the distinct lactone carbonyl peak of coumarin at
1715 cm−1, 1690 cm−1, and 1711 cm−1, are evident. In the 1H
NMR spectra of the title compounds, the most characteristic peaks
were observed in the regions corresponding to the methyl groups
at the carbon atoms C‐4 and C‐3, the hydrogen atoms in the
aromatic rings, and the proton of the substituted phenol (OH).

The (CH3) (C‐4) hydrogen is observed as a singlet at 2.40, 2.30,
2.35 ppm; the (CH) (C‐3) hydrogen is observed as a singlet at
6.25, 6.15, 6.25 ppm; the hydrogen in the aromatic ring is
identified as a multiplet in the range of 10 to 6.90 ppm. Addi-
tionally, the proton of the substitutional phenol (OH) utilized in
the starting material is not observed at 5.35, 5.34, and 5.35 ppm,
respectively. In the 13 C NMR spectrum, the lactones were
observed at 163, 166, and 162 ppm.

In the present study, the selective anticancer properties of
newly synthesized coumarin derivatives were determined via
MTT and LDH release assays. The test results showed that
compounds 3a and 3c exhibited significant selective effects
against cancer cells at all tested concentrations. Compound 3b
acted selectively at low concentrations but failed to maintain
this property at high concentrations (Figures 2–5). To assess the
selective cytotoxic effects of coumarin derivatives 3a–3c, IC₅₀
values were determined for both human dermal fibroblast
(HDFa) and neuroblastoma (SH‐SY5Y) cell lines. Compounds
3a and 3b showed IC₅₀ values exceeding 1000 μg/mL in HDFa
cells, indicating minimal cytotoxicity toward normal fibroblasts.
In contrast, compound 3c demonstrated an IC₅₀ value of
146.72 μg/mL in HDFa cells. In neuroblastoma SH‐SY5Y cells,
all three compounds exhibited significantly lower IC₅₀ values,

FIGURE 10 | The visualisation of the interactions of 3a and VEGFR2, 3D, 2D, Hydrogen bonds and superimpose of 3a and reference ligand D0D.
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with 3a, 3b, and 3c showing 230.54, 213.38, and 48.26 μg/mL,
respectively. Based on these results, Selectivity Index (SI) values
were calculated. Compounds 3a and 3b demonstrated SI
values≥ 4, while compound 3c exhibited an SI of 3.04. These
results suggest that 3a and 3b possess a more favorable selec-
tivity profile for neuroblastoma cells over normal fibroblasts. In
addition, Hoechst 33258 fluorescent staining results stated that
there is no significant difference in cell surface distributions and
nuclear morphologies after treatment with novel derivatives
(Figure 6 and Table 1).

Molecular docking studies indicated that all used molecules
have good interaction potential with the receptors. And ADME
analyses showed all molecules have potentially good druglike
properties and powerful bioavailability features.

Molecular docking results of CDK9

Molecular docking results of VEGFR2

In addition, the pharmacokinetic properties of the title com-
pound were predicted via several web tools. Bioavailability
radar (SwissADME, Figure 17) reflects the region identified as

safe, indicated by a pink hexagon, and the red lines in this area
indicate the locations of the synthesized compounds. Based on
this data, it can be defined as safe since the title compound is in
the applicability region. The SwissADME web tool estimates the
bioavailability of a drug based on five different criteria
(Lipinski, Veber, Egan, Ghose, Muegge) [42].

4 | Discussion

In the field of cancer treatment, significant progress has been
made. However, the management of malignancies in patients
remains an important concern for modern medicine. In addi-
tion to radiotherapy and surgical treatments, cancer cases are
also treated with chemicals. These treatment approaches min-
imize the pain caused by surgical interventions or the harmful
effects of nuclear radiation [43]. Coumarins have come to the
forefront with their remarkable features in this field. Natural
and synthetic coumarin derivatives have gained importance
with their therapeutic properties in photochemotherapy and
cancer [45]. In addition, it has been shown that coumarin and
coumarin compounds rarely cause nephrotoxicity, cardiotoxi-
city, dermal toxicity, hepatotoxicity, and other side effects [46].

FIGURE 11 | The visualization of the interactions of 3b and VEGFR2, 3D, 2D, Hydrogen bonds and superimpose of 3b and reference ligand D0D.
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In the present study, the cytotoxic abilities of synthesized cou-
marin derivatives were evaluated on HDFa and SH‐SY5Y cell
lines spectrophotometrically. The obtained results indicated
that only 3b molecules showed toxic effects on HDFa cell lines
at higher concentrations (50 and 100 μg/mL), and these results
were statistically significant (p< 0.05). When the obtained
results on SH‐SY5Y were evaluated 3a and 3c molecules indi-
cated toxic effects on SH‐SY5Y cells at concentrations between
3.125 μg/mL and 100 μg/mL in statistically significant levels.
Moreover, only 3c molecule exhibited a toxic effect at a con-
centration of 1.65 μg/mL at a statistically significant level
(p< 0.05). These data indicated that 3a and 3c presented a
strong selective effect at significant statistical levels. 3b mole-
cule has a selective effect, but only low than 50 μg/mL
(Figures 2–5). The comparison of IC₅₀ values between normal
fibroblast (HDFa) and neuroblastoma (SH‐SY5Y) cell lines
revealed that compounds 3a and 3b exert strong selective
cytotoxic effects against cancer cells, with minimal toxicity to-
ward healthy cells. Their high Selectivity Index (≥ 4) under-
scores their potential as safer therapeutic candidates. Notably,
compound 3a, despite its relatively higher IC₅₀ value in cancer
cells, displayed the most pronounced selectivity, suggesting that
it could inhibit tumor growth without significantly affecting
noncancerous tissues. In contrast, compound 3c, while more
potent in SH‐SY5Y cells (IC₅₀= 48.26 μg/mL), showed reduced
selectivity due to its cytotoxicity in HDFa cells, lowering its SI to

3.04. These findings align with the overall aim of anticancer
drug development, which prioritizes compounds with potent
anticancer activity alongside high selectivity to minimize
adverse effects on normal tissues. The selectivity profiles of
these coumarin derivatives support their candidacy for further
development, with 3a and 3b in particular offering promising
potential for targeted neuroblastoma therapy. Besides, Hoechst
33258 fluorescent staining data indicated that there is no
important difference in cell surface distributions and nuclear
morphologies after treatment with the used molecules (Figure 6
and Table 1).

In contrast to the hybrid designs commonly described in the
literature—such as coumarin–triazoles, coumarin–benzofurans,
or coumarin–thiosemicarbazones—our compounds feature
bulky aliphatic substituents (tert‐butyl, isopropyl) at the C‐6
position of the 4‐methylcoumarin core and perimethylation.
This minimalist and hydrophobic substitution pattern produced
significant cytotoxicity in SH‐SY5Y neuroblastoma cells while
sparing human dermal fibroblasts.

These findings demonstrate a hydrophobic volume‐based
structure–activity relationship, offering an alternative to the
heteroatom‐driven interaction paradigms that dominate cou-
marin anticancer research. Moreover, the observed multi‐target
binding (CDK9, VEGFR‐2, EGFR) without additional

FIGURE 12 | The visualisation of the interactions of 3c and VEGFR2, 3D, 2D, Hydrogen bonds and superimpose of 3c and reference ligand D0D.
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pharmacophores highlights the mechanistic distinctiveness of
this scaffold [22, 23, 47, 48].

In parallel with the obtained results, Velasco‐Velazquez et al.
reported that 4‐hydroxycoumarin damages the actin cyto-
skeleton of murine melanoma cell lines without indicating any
toxic effect on healthy fibroblast cell lines [49]. In another
study, it has been stated that a coumarin derivative, which
includes 1,2,4‐triazolin‐3‐one attached to 4‐methylcoumarin,
has an anticancer effect in renal carcinoma cells [50]. Egan et al.
have indicated that 8‐nitro‐7‐hydroxycoumarin has cytotoxic
activities and induces apoptosis in the human leukemia cells
HL‐60 and K562 [51]. Synthetic scopoletin derivatives exhibited
powerful effects in human breast adenocarcinoma (MCF‐7 and
MDA‐MB‐231) and human colorectal adenocarcinoma (HT29)
cells [52].

On the other hand, in silico inhibition effects on CDK9,
VEGFR2, and EGFR of the used coumarin derivatives were
determined to evaluate the potential mechanism of the syn-
thesized compounds. When molecular docking results were
evaluated, the 3a molecule showed the best binding affinity
with CDK9 at the level of ΔG=−8.1 kcal/mol and interacted
with one hydrogen bond with ASPA167 residue (Figure 7 and

Table 2). Moreover, 3a bounded with ALAA:166, VALA:79,
LEUA:156, ALAA:46, ILEA:25 via alkyl bonds. In addition, it is
bound with PHEA:103 by pi‐pi‐T‐shaped. 3b compound has not
formed any hydrogen bonds but has created numerous alkyl
bonds with different residues. The binding energy was calcu-
lated as ‐7.8 kcal/mol (Figure 8 and Table 2). It also created
alkyl bonds with PHEA:105, ALAA:46, CYSA:106, VALA:79,
ALAA:166, LEUA:156. In addition, pi‐pi‐T‐shaped and pi‐sigma
bounds were seen between 3b and the PHEA:103 residue.
Lastly, the 3c molecule created two hydrogen bonds with
LYSA41 and ASPA145 residues, and the binding affinity was
−8.1 kcal/mol (Figure 9 and Table 2). Furthermore, 3c formed
alkyl bonds with ALA A:39, VALA:26, and LEUA:134 residues.
Reference ligand UT5 has a hydrogen bond with the CYS106
residue. The used compounds created hydrogen bonds with
different residues. 3a and 3c exhibited equal binding affinity
with CDK9 receptor. These results were found near the refer-
ence ligand score (Table 2). Hydrogen bonds stabilize the
ligand–protein structures; in this way, these bonds play a crit-
ical role in molecular docking simulations. Especially, inter-
molecular hydrogen bonds have an important role in the
prediction of binding accuracy [53]. Moreover, it has been re-
ported that alkyl bonds are important for molecular docking
studies and biological activity. Alkyl chains contribute to

FIGURE 13 | The visualisation of the interactions of 3a and EGFR, 3D, 2D, Hydrogen bonds and superimpose of 3a and reference ligand 42Q.
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binding stability through hydrogen bonds, π‐cation/anion and
π‐π interactions, as well as π‐alkyl interactions, which help
stabilize ligands in the active site [54]. The data showed that the
compounds used showed strong interactions with target
proteins.

When the molecular docking results of the VEGFR2 protein
with the synthesized molecules were evaluated, 3a compound
showed the best binding affinity score as −8.9 kcal/mol
(Figure 10 and Table 2). 3a compound formed lots of alkyl
bonds with LEUA:1035, PHEA:1047, ALAA:866, CYSA:919. In
addition, 3a formed pi‐sigma bonds with LEUA:840 and
VALA:848 residues. The binding energy of 3b was calculated as
−8.3 kcal/mol. The interaction of this compound did not form
any hydrogen bonds but created many alkyl bonds with the
VEGFR2 protein (Figure 11 and Table 2). 3b created alkyl bonds
with LEUA:840, ALAA:866, PHEA:918, CYSA:919, LEUA:1035,
VALA:916, CYSA1045, VALA:899. It also created pi‐sigma
bonds with VALA:848 and PHEA:1047 residues. 3c indicated a
powerful interaction with the VEGFR2 receptor, and binding
energy was −8.6 kcal/mol with several alkyl bonds (Figure 12
and Table 2). 3c formed lots of alkyl bonds with PHEA:1047,
VALA:848, ALAA:866, CYSA:919, LEUA:1035, VALA:899,
VALA:916 and created pi‐sigma bond with LEUA:840. But
differently, the reference molecule 42Q formed hydrogen bonds

with GLU:75, CYS:109, and ASP:236. The obtained affinity
scores were lower than the reference ligand of the used protein
structure (Table 2).

Next protein, EGFR, and synthesized compounds indicated
good interactions. 3a molecule binding affinity was found as
−7.1 kcal/mol and 2 hydrogen bonds formed between LYSA745
and ASPA855 residues (Figure 13 and Table 2). 3a created alkyl
bonds with ALAA:743, VALA:726, LEUA:844 and LEUA:718.
3bmolecule showed a lower binding affinity according to the 3a
and 3c compounds. The binding affinity of 3b was −6.3 kcal/
mol and formed only one hydrogen bond with META:793
(Figure 14 and Table 2). In addition, 3b created alkyl bonds
with ALAA:743, LEUA:844, LYSA:745 and VALA:726. Lastly,
the 3c molecule created two hydrogen bonds with
GLYA:796 and CYSA:797 residues, and the binding affinity
was calculated as −6.8 kcal/mol (Figure 15 and Table 2). 3c
crerated alkyl bonds with META:793, LEUA:844, LEUA:792,
ALAA:743, VALA:726, LYSA:745 residues. Differently, the ref-
erence molecule DOD formed a hydrogen bond with the
MET:101 residue. The results of molecular docking studies
indicated that the binding affinity scores of the synthesized
molecules were lower than the reference ligand used in the
protein structure. The superimposed models of all ligands with
the proteins are shown in Figure 16, and the RMSD values are

FIGURE 14 | The visualisation of the interactions of 3b and EGFR, 3D, 2D, Hydrogen bonds and superimpose of 3b and reference ligand D0D.

13 of 22

 10990844, 2025, 10, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/cbf.70128 by H

asan K
alyoncu U

niversity, W
iley O

nline L
ibrary on [05/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 15 | The visualisation of the interactions of 3c and EGFR, 3D, 2D, Hydrogen bonds and superimpose of 3c and reference ligand D0D.

FIGURE 16 | Superimpose models of redocking (a) CDK9 (b) VEGFR2 (c) EGFR and all ligands with proteins (d) CDK9 (e) VEGFR2 (f) EGFR

(Reference ligands: green, 3a: blue, 3b: yellow, 3c:salomon pink).

14 of 22 Cell Biochemistry and Function, 2025

 10990844, 2025, 10, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/cbf.70128 by H

asan K
alyoncu U

niversity, W
iley O

nline L
ibrary on [05/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



reflected in Table 3. Molecular docking accuracy is typically
determined by the root mean square deviation (RMSD) of the
positions of all heavy atoms of the ligand in the docked position
relative to those in the crystal structure. An RMSD value of the
ligand of less than 2.0 Å is considered acceptable [55].

In a recent study, Kasmi et al. (2020) tested the anticancer ef-
fects of 24 coumarin derivatives on CDK protein in HepG‐2
cells. At the end of the study, they declared that the best

docking energy was −9.43 kcal/mol [56]. In another study, Abd
El‐Kerim et al. (2019) reported some thiazol‐hydrazono‐
coumarin hybrids targeting CDK2 in human cervical cancer. In
the study, they determined significant inhibitory effects of some
hybrid molecules. In molecular docking studies, part of their
study, they found several binding free energy levels between
−13.00 kcal/mol and −13.66 kcal/mol when their reference
molecule's binding free energy was −11.11 kcal/mol [57].
Shamsiya and Bahulayan (2022) synthesized some solid‐state
emitters based on oxazolone‐coumarin‐triazole with multi‐
component reaction as anti‐breast cancer compounds. More-
over, they performed molecular docking studies on six synthe-
sized compounds (31 to 36) with the CDK receptor. In the
study, only 31.,32. and 36. molecules created hydrogen bonds
with the receptor's LYS89 amino acid, and the docking score
was −10 kcal/mol [58]. El Sayed et al (2022) tested 18 new
structures of tri‐azolecoumarin‐glycosyl hybrid molecules and
their tetrazole hybrid analogues as potent anticancer molecules.
They determined 19., 20. and 21. molecules have good antic-
ancer activity in PC‐3, Paca‐2, A‐375, Mel‐501, and Caco‐2
cancer cell lines. As an important point, they declared that the
coumarin groups formed hydrogen bonds with an important
residue LEU83. In addition 20. and 21. molecules created
hydrogen bonds with GLN131 and LYS129 respectively with
free bonding energy between −10.76 kcal/mol and −10.85 kcal/

TABLE 3 | RMSD values of superimposed models.

Molecule

Target proteins

CDK9 VEGFR2 EGFR
RMSD RMSD RMSD

3a 1.0115 0.7762 0.9532 Å

3b 1.0143 0.7901 1.2388 Å

3c 0.8120 0.5394 1.0648 Å

Re‐docking RMSD Values

UT5 1.0166 Å

D0D 1.3032 Å

42Q 0.5357 Å

FIGURE 17 | Bioavailability radar scores of used compounds.

TABLE 4 | Prediction of physicochemical properties of the used compounds.

Molecule MW CHA NAHA FCsp3 NRB NHBA NHBD MR TPSA

3a 230.3 g/mol 17 10 0.40 1 2 0 71.69 30,21 A2

3b 188.22 g/mol 14 10 0.25 0 2 0 57.38 30,21 A2

3c 202.25 g/mol 15 10 0,31 1 2 0 62.03 30,21 A2

Abbreviations: CHA, count of heavy atoms; FCsp3, fractionalised Csp3; MR, molar refractivity, MW, molecular mass; NAHA, number of aromatic heavy atoms;
NHBA, number of hydrogen bond acceptors; NHBD, number of hydrogen bond donors; NRB, number of rotatable bonds; TPSA, topological polar area of the surface.

TABLE 5 | Prediction of lipophilicity features of the used compounds.

Molecule
Log Po/w
(iLOGP)

Log Po/w
(XLOGP3)

Log Po/w
(WLOGP)

Log Po/w
(MLOGP)

Log Po/w
(SILICOS‐IT)

Consensus Log
Po/w

3a 3.02 3.86 3.71 3.32 4.63 3.71

3b 2.40 2.55 2.72 2.53 3.86 2.81

3c 2.65 2.95 3.22 2.80 3.91 3.11
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mol. Moreover, the study outcomes indicated that compound 19
may be a good inhibitor for EGFR and VEGFR2 [59].

Beyaztaş et al (2024) synthesized a novel compound,
7‐diethylamino‐4‐chloromethyl coumarin (referred to as 7D4C),
and assayed against human epithelial adenocarcinoma (LoVo)
and healthy fibroblast (CCD‐18Co) cell lines. The targeting
VEGFR2 (PDB ID: 1YWN) in silico molecular docking study data
indicated −6.38 ± 0.43 kcal/mol binding score. This score was
better than reference molecule [60]. Twenty azaheterocyclic
coumarin derivatives were synthesized and their inhibition effect
on VEGFR2 was investigated in a study by Ahmed et al (2021),
which emphasized that 4a molecule showed an important inhi-
bition activity on VEGFR2 (PDB ID:4ASD) and molecular
docking score was determined as −7.0594 kcal/mol [61].

On the other hand, Gangadhar et al (2023) assessed the antic-
ancer activities of some coumarin‐piperazine 1,2,3‐triazole
hybrid compounds on MCF‐7, MDA‐MB‐468, and MDA‐MB‐
231 cancer cells. They stated that 7f and 7h have more impor-
tant effects on EGFR than the standard drug erlotinib. Fur-
thermore, they indicated that molecular docking studies on
EGFR (PDB ID‐4HJO) clearly showed 7e, 7f, 7h, and 7k have
more powerful binding energies and Ki values than erlotinib.
The binding free energies of synthesized compounds
found as −9.58 kcal/mol, −10.67 kcal/mol, −10.50 kcal/mol,
and −10.27 kcal/mol, respectively. Erlotinib′s bonding affinity
was found as −7.69 kcal/mol. According to the study outcomes
7e formed 3 hydrogen bonds 7k and 7h created 2 hydrogen
bonds with the receptor. When 7h did not have a hydrogen
bond, erlotinib showed only one hydrogen bond [62]. In the
study of Yadav et al. (2024), which synthesized new thiosemi-
carbazones (3a‐d) of 3‐acetylumbelliferone and Schiff's bases of
3‐acetyl‐coumarin as an anticancer agent against MCF‐7 cells,
in silico molecular docking results targeting EGFR, of the study
showed that the used compounds have good binding scores
than erlotinib. The best binding score was calculated as
−10.1 kcal/mol [63]. Kecel‐Gündüz et al (2023) tested the an-
tioxidant and anticancer activity of a novel coumarin com-
pound, 7‐((8‐(4‐benzylpiperidin‐1‐yl)octyl)oxy)‐4‐methyl‐2H‐
chromen‐2‐one. In the research, authors used EGFR (PDB ID:
1M17) as a target in a molecular docking study and the score
was −5.24 kcal/mol [64]. In another research, which indi-
cates anticancer effects of N (3)‐alkyl incorporated‐3‐acetyl‐

TABLE 6 | Prediction of water solubility features of the used compounds.

Parameters 3a 3b 3c

Log S (ESOL) −4.07 −3.14 −3.38

Solubility 1.96e‐02mg/mL; 8.53e‐05mol/L 1.36e‐01mg/mL; 7.21e‐04mol/L 8.44e‐02mg/mL; 4.17e‐04mol/L

Class Moderately soluble Soluble Soluble

Log S (Ali) −4.19 −2.83 −3.25

Solubility 1.48e‐02mg/mL; 6.44e‐05mol/L 2.77e‐01mg/mL; 1.47e‐03mol/L 1.15e‐01mg/mL; 5.66e‐04mol/L

Class Moderately soluble Soluble Soluble

Log S (SILICOS‐IT) −5.60 −4.77 −4.83

Solubility 5.75e‐04mg/mL; 2.49e‐06 mol/L 3.17e‐03mg/mL; 1.68e‐0.5mol/L 3.02e‐03mg/mL; 1.49e‐05mol/L

Class Moderately soluble Moderately soluble Moderately soluble

4‐hydroxycoumarin thiosemicarbazones and their copper(II)
complexes by Shrestha et al (2024) reported that compounds 3,4
and 5 exhibited important free binding energies with EGFR
receptor between −6.8 and −8.4 kcal/mol [65].

The ADME data indicated that all molecules used have good
bioavailability radar scores (Figure 17). When synthesized
compounds are evaluated according to Lipinski's ‘rule of 5’;
MW of all compounds are lower than 500. Furthermore, it has
been reported that lipophilicity, which is measured by the Log P
octanol‐water solubility ratio, is associated with absorption.
This is indicated by the distribution coefficient between octanol
and water [25]. Log P values of all synthesized compounds are
lower than 5 and all compounds has water‐soluble features
(ESOL model). When a drug candidate molecule is evaluated
according to the Lipinski criteria, if there are violations of at
least two rules, it is unlikely that the molecule is an oral drug,
and the molecules used in this study fully comply with these
criteria (Tables 4–7).

Veber et al. [66] evaluated the effect of polar properties and
flexibility of the molecule on the oral bioavailability of a drug
candidate molecule and reported that molecular stiffness plays
an effective role in oral bioavailability. In addition, the perme-
ability increases as the polar surface decreases. If the number of
rotatable bonds increases, it affects the permeability rate nega-
tively. It was reported that drug‐candidate molecules with
NRB≤ 10 bonds and a polar surface area equal to or less than
140 Å2 (TPSA≤ 140 Å2) are highly likely to be bioavailable in

TABLE 7 | Prediction of drug‐likeness properties of the used

compounds.

Parameters 3a 3b 3c

Lipinski Yes Yes Yes

Ghose Yes Yes Yes

Veber Yes Yes Yes

Egan Yes Yes Yes

Muegge Yes No; 1 violation
MW< 200

Yes

Bioavailability score 0.55 0.55 0.55
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rats. In the present study, the number of rotatable bonds of
3a,3b,3c were detected as 1,0,1 respectively. Besides, TPSA
value of title compounds was 30.21 A2.. These data are in
accordance with Veber's criteria (Tables 4, 5 and 7).

Ghose et al. [67] characterized the drugs used both quantita-
tively and qualitatively. In their studies, they made a quantita-
tive analysis of their physicochemical properties, while their
qualitative analysis took into account the functional groups.
The ALog P value is expressed as WLog P in the SwissADME
web tool [42]. When the compounds used in our research are
evaluated according to Ghose's rules, it is seen that they are in
full harmony (Tables 4, 5 and 7).

Muegge et al. [68] developed a simple filter that can distinguish
between drug‐like molecules and nondrug‐like molecules. Their
method is based on the criteria of poor functioning of nondrug
compounds and elimination of those with less than two phar-
macophore points and those with more than seven. The
obtained results of our research show that 3a and 3c are in the
range of these criteria. However, the 3b molecule does not fully
comply with these criteria, only because its molecular weight is
less than 200 (Table 7).

The BOILED‐Egg model (Brain or Gut Predictive Permeation
Method) is a method for estimating passive gastrointestinal
absorption of small parts and brain access, using mathematical
expressions of Wlog P and TPSA values [69, 70]. The TPSA is a
molecular identifier for orally active drugs that correlates well
with passive transport, and its value should be less than
approximately 120 Å2 [71, 72]. Additionally, it has been re-
ported that orally administered molecules with a small polar
surface area (less than 60–70 Å2) can cross the blood‐brain
barrier and enter the central nervous system (CNS), making
them potential agents for treating CNS diseases [73]. The

BOILED‐Egg model of the used compounds is shown in
Figure 13. The yellow area represents compounds predicted to
penetrate the blood‐brain barrier, while the white area represents
the physicochemical domain showing compounds predicted to
indicate human intestinal absorption. These regions are inter-
related. Since all of these molecules are in the yellow area, they
are not removed from the central nervous system via
P‐glycoprotein [25]. This reveals that the compounds used in the
study can be potential drug candidates for the treatment of brain
cancer and/or central nervous system diseases (Figure 18).

In humans, the cytochrome P450 family consists of 57 iso-
zymes that have a function in normal metabolic activities,
affect the pharmacokinetics of drugs, and cause adverse effects
in patients with drug‐drug interactions [74, 75]. Therefore,
examining the interactions of CYPs with drug candidate mo-
lecules is important in drug design [25]. In the presented
study, the interactions of the title compounds with CYP iso-
enzymes were estimated using the in silico SwissADME tool.
The used molecules are expected to inhibit only one enzyme.
The compounds used in the study may inhibit CYP1A2, which
mediates the metabolic rate, which may result in increased
toxic effects (Table 8). Since CYP1A2 metabolizes some drugs,
including theophylline, propranolol, and clozapine, inhibition
of this enzyme may cause unfavorable drug‐drug interactions
[76]. This prediction score needs to be corrected via further
studies.

PAINS (Pan‐Assay Interference Compounds) are chemical
structures that may cause false positives during high‐
throughput scanning. Rather than affecting a specifically iden-
tified target, these compounds interact nonspecifically with
many biological targets [77, 78]. SwissADME gives a warning
when there are such parts in the molecule. As seen from
Table 9, there is no violation. These prediction data show that

FIGURE 18 | BOILED‐Egg determination of the used compounds. The BOILED egg predicts the passive permeability of the BBB, gastrointestinal

reabsorption, and the presence of P‐gp.
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the compounds used in the study cannot cause false‐positive
results and are suitable for further biological activity tests.

The SwissADME web tool identifies a structural violation in the
medicinal chemistry section, comprising a list of 105 com-
pounds that are presumably toxic, chemically reactive, meta-
bolically unstable, or exhibit weak pharmacokinetic properties
[79]. Brenk et al. [79] defined undesirable structures and eva-
luation criteria to enrich lead‐like structures that facilitate the
interaction between direct structure and activity. In the medical
chemistry section, SwissADME gives a structural warning from
the coumarin ring for all used compounds. Because the cou-
marin ring has double bonds, which SwissADME shows as a
violation. The structure's double bond can be oxidized by
cytochrome P‐450 and covalently bound to proteins [68, 69].

The compounds used in the study did not pass the Brenk filter,
presumably due to potential receptor binding and instability
(Table 9). In addition, Teague et al. [42] suggested that mole-
cules with MWT= 100‐350 and ClgP = 1‐3.0 are superior to
other drug‐like compounds. According to these results, 3b and
3c compounds agree with the criteria of Teague et al. [80]
(Table 7).

Daina et al. [42] set up a piece‐meal method system in their
study, in which they analyzed more than 13 million com-
pounds, and scored if the more common molecular fragments
have higher synthetic accessibility (SA), while rare structures
show SA after a difficult synthesis. In this rating, they ranked
accessibility from 1 (very easy) to 10 (very difficult). In our
study, the obtained results reflect SA scores of title compounds

TABLE 8 | Predicted pharmacokinetic determination of the used compounds.

Parameters 3a 3b 3c

GI absorption High High High

BBB permeant Yes Yes Yes

P‐gp substrate No No No

CYP1A2 inhibitor Yes Yes Yes

CYP2C19 inhibitor No No No

CYP2C9 inhibitor No No No

CYP2D6 inhibitor No No No

CYP3A4 inhibitor No No No

Log Kp (skin permeation) −4.96 cm/s −5.64 cm/s −5.44 cm/s

Abbreviations: BBBper, blood‐brain penetration; CYP, cytochromes; GI abs, gastrointestinal uptake; P‐gp sub, P‐glycoprotein as a substrate.

TABLE 9 | Predicted medicinal chemistry determination of the used compounds.

Parameters 3a 3b 3c

PAINS 0 alert 0 alert 0 alert

Brenk 1 alert: Coumarin 1 alert: Coumarin 1 alert: Coumarin

Leadlikeness No:2 violations: MW< 250, XLOGP3 > 3.5 No;1 violation
MW< 250

No;1 violation
MW< 250

Synthetic accessibility 3.02 2.92 2.74

Note: SwissADME predictions showed that our compounds comply with Lipinski's five rules and the Ghose, Egan, and Veber rules. LogP values ranged from 2.8 to 3.71,
indicating moderate lipophilic properties, and topological polar surface area (TPSA) values were calculated to be < 75 Å². These parameters are consistent with high oral
bioavailability potential and the possibility of crossing the blood‐brain barrier (BBB) via passive diffusion. Furthermore, BOILED‐Egg model results indicated that the
compounds presented a suitable profile in terms of both gastrointestinal absorption and potential BBB permeability (Table 8). A negative prediction was obtained
regarding P‐gp substrate potential, supporting the drug candidate potential for central nervous system tumors.

TABLE 10 | In silico toxic activity prediction of the used compounds via Protox II.

Molecule

Oral Toxicity Organ toxicity, toxicity prediction/probability and endpoints

LD50
(mg/kg)

Toxicity
Class

Organ toxicity Toxicity endpoints

Hepatotoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity

3a 3800 V Inactive 0.77 Active 0.54 Inactive 0.97 Inactive 0.71 Inactive 0.66

3b 3800 V Inactive 0.70 Active 0.55 Inactive 0.96 Inactive 0.65 Inactive 0.65

3c 3800 V Inactive 0.73 Active 0.53 Inactive 0.98 Inactive 0.70 Inactive 0.58
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that range from 2.74 to 3.02, which means that the synthesis of
these compounds is easy (Table 9). Furthermore, toxicity
analysis is an important step in the discovery of new drugs.
Predicting the toxicity properties of a drug candidate molecule
can minimize payments, time, and the need for in vitro testing.
Various virtual tools based on known databases can be used to
test at an early stage and eventually determine the drug feasi-
bility of the substance. In the presented study, the Protox‐II web
tool was used to estimate the potential toxic properties of the
compounds used in the research [81–83]. The predicted data
show that all molecules have an LD50 of 3800mg/kg and
belong to toxicity class V (2000 < LD50≤ 5000). This is an
indication that the synthesised molecules may be harmful by
ingestion. In addition, with a probability score ranging from 0.7
to 0.77, the prediction of organ toxicity indicates that the
compounds do not possess hepatotoxic properties. In addition,
it was observed that the tested compounds fall into the group of
potential carcinogens with a low probability of 0.53–0.55. The
data obtained indicate a low to moderate carcinogenic effect.
Although these scores are noteworthy, further studies are
needed to compare these prediction results with in vitro and
in vivo studies. Moreover, all compounds were predicted as
non‐immunotoxins, non‐mutagenic, and non‐cytotoxic. Finally,
the nuclear binding prediction/probability score of synthesized
molecules was predicted for seven different toxicity targets
(Tables 10 and 11). According to the Protox‐II tool predictions,
the tested molecules did not show any interactions with the
selected targets.

In conclusion, the presented data from in vitro studies indicate
that all the coumarin derivatives used exhibit a very high
cytotoxic action potential on human neuroblastoma cell lines.
While 3a and 3c showed vigorous selective activity against
human neuroblastomas, 3b showed selective activity depending
on concentration. Molecular docking scores were also in line
with the in vitro studies. The obtained results of molecular
docking studies indicated that 3a molecule has the best affinity
score on all proteins. Its binding affinities were ΔG=−8.1 kcal/
mol, ΔG=−8.9 kcal/mol, Δand G= 7.1 kcal/mol for CDK9,
VEGFR2, and EGFR, respectively. When 3b showed the best
binding affinity on VEGFR2 (ΔG=−8.3 kcal/mol), 3c indicated
the best binding score on CDK9 (ΔG=−8.1 kcal/mol). These
data clearly showed that in silico and in vitro studies are in
agreement with each other. When the compounds used were
evaluated according to their in silico physicochemical features,
they demonstrated full agreement, while only the 3b molecule
showed a small deviation in drug‐likeness activity. In the eva-
luation of medical chemistry prediction, the title molecules
have no violation of PAINS, while according to Brenk, all mo-
lecules indicated one alert. In addition, when 3a and 3c are in
agreement with drug‐likeness features of Lipinski, Ghose,
Veber, Egan, and Muegge criteria, 3b was in disagreement with
only the Muegge criteria. The molecules used showed a selec-
tive inhibition effect on the CYP1A2 enzyme, which shows that
the molecules may induce undesirable drug‐drug interactions.
BOILED‐Egg analysis results indicate that these molecules can
be beneficial in the treatment of brain cancer and CNS diseases.
Furthermore, Protox II prediction demonstrated that the title
compounds have a slight carcinogenic effect but did not exhibit
predicted hepatotoxicity, cytotoxicity, immunogenic toxicity,
and mutagenicity, and they are in class V of oral toxicity. T
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Moreover, in silico nuclear binding predictions were negative
for the used molecules. Although in silico studies show that the
biocompatibility, BBB crossing, and drug‐like properties of the
molecules used are at the desired level, these results need to be
confirmed by both in vitro and in vivo experiments.

As a result, it was observed that the tested molecules, especially 3a
and 3c, have promising effects by acting as direct, selective, and
cytotoxic compounds. Molecular docking study data were in par-
allel with in vitro studies. Further, it is estimated that coumarin
compounds evaluated via SwissADME and Protox‐II web tools
have preferred physicochemical and ADMET properties and
showed very slight toxic activity. These results indicated that the
synthesized molecules have multi‐target properties and all mole-
cules are suitable drug candidates for further preclinical studies.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section.
Figure S1: 1 H‐NMR spectrum of 6‐tert‐butyl‐4,8‐dimethyl coumarin
(3a) (C15H18O2). Figure S2: 13C‐NMR spectrum of 6‐tert‐butyl‐4,8‐
dimethyl coumarin (3a) (C15H18O2). Figure S3: 1H‐NMR spectrum of
4,7,8‐trimethyl coumarin (3b) (C12H12O2). Figure S4: 13C‐NMR spec-
trum of 4,7,8‐trimethyl coumarin (3b) (C12H12O2). Figure S5: 1H‐NMR
spectrum of 6‐isopropyl‐4‐methyl coumarin (3c) (C13H14O2). Figure S6:
13 C‐NMR spectrum of 6‐isopropyl‐4‐methyl coumarin (3c) (C13H14O2).
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