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ABSTRACT: We report herein a new 1,2,3-triazole derivative,
namely, 4-((1-(3,4-dichlorophenyl)-1H-1,2,3-triazol-4-yl)-
methoxy)-2-hydroxybenzaldehyde, which was synthesized by
copper(I)-catalyzed azide−alkyne cycloaddition (CuAAC). The
structure of the compound was analyzed using Fourier transform
infrared spectroscopy (FTIR), 1H NMR, 13C NMR, UV−vis, and
elemental analyses. Moreover, X-ray crystallography studies
demonstrated that the compound adapted a monoclinic crystal
system with the P21/c space group. The dominant interactions
formed in the crystal packing were found to be hydrogen bonding
and van der Waals interactions according to Hirshfeld surface (HS)
analysis. The volume of the crystal voids and the percentage of free
spaces in the unit cell were calculated as 152.10 Å3 and 9.80%,
respectively. The evaluation of energy frameworks showed that stabilization of the compound was dominated by dispersion energy
contributions. Both in vitro and in silico investigations on the DNA/bovine serum albumin (BSA) binding activity of the compound
showed that the CT-DNA binding activity of the compound was mediated via intercalation and BSA binding activity was mediated
via both polar and hydrophobic interactions. The anticancer activity of the compound was also tested by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay using human cell lines including MDA-MB-231, LNCaP, Caco-2, and HEK-
293. The compound exhibited more cytotoxic activity than cisplatin and etoposide on Caco-2 cancer cell lines with an IC50 value of
16.63 ± 0.27 μM after 48 h. Annexin V suggests the induction of cell death by apoptosis. Compound 3 significantly increased the
loss of mitochondrial membrane potential (MMP) levels in Caco-2 cells, and the reactive oxygen species (ROS) assay proved that
compound 3 could induce apoptosis by ROS generation.

1. INTRODUCTION
Cancer is one of the most common diseases in the world,
causing the deaths of millions of people every year.1 For this
reason, the investigation of anticancer compounds has emerged
as an essential field in medicinal chemistry.2,3 The therapeutic
compounds that can bind to DNA and proteins and exhibit
anticancer activity have attracted a significant amount of
attention.4,5 Among these, triazoles are well-known hetero-
cyclic organic compounds that are associated with a variety of
biological activities. These significant biological and medicinal
properties of triazoles have encouraged investigations into the
synthesis and detailed structural characterization of new 1,2,3-
triazole derivatives.6,7 The Cu(I)-catalyzed azide−alkyne
cycloaddition, also known as the CuAAC “click reaction,”
significantly improved the preparation of 1,4-disubstituted
1,2,3-triazole-based compounds under mild conditions.8,9

Especially, 1,2,3-triazole derivatives have been thoroughly
studied as potent tools in anticancer research.10−12 A few
triazole compounds have also been transferred to clinical trials.

Among them, tazobactam, which is a non-nucleoside inhibitor
of reverse transcriptase activity,13 β-lactamase,14 carboxyami-
dotriazole (CAI), which are signal transduction blockers,15

letrozole, and anastrozole, which are triazole derivative drugs
targeting aromatase, are used to treat breast cancer.15

An effective interaction between a small drug molecule and
DNA or proteins typically dictates its anticancer activity. For
this reason, it is critical to examine binding interactions
between DNA and anticancer compounds in order to find
effective anticancer drugs.16−18 Anticancer drugs bind to DNA
mainly in three modes: electrostatic attraction, groove binding,
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and intercalation.19 However, anticancer drugs interact with
DNA in a variety of complex ways, the exact mechanisms of
which are still unknown and need to be deeply investigated. In
these circumstances, research into how compounds interact
with DNA is critical for the design and development of
anticancer drugs that are effective against a wide range of
diseases.
In addition to DNA, proteins have also attracted the

attention of researchers as prime molecular targets. Albumins
are the most important proteins found in blood plasma,
transporting both endogenous and exogenous compounds.20

The investigation of the drug−protein interactions is also
critical, since most of the drugs, which are bound to serum
albumin, are transported as drug−protein adducts.21

Molecular docking is one of the most popular techniques
used for examining the molecular mechanisms of interactions
formed between small compounds and their potential
biomacromoleculer targets including DNA or bovine serum
albumin. The use of molecular docking to identify preferred
sites for binding and the optimum orientation of drug
candidates on a target protein can be helpful when designing

chosen analogues with higher activities, as this information
reveals the binding affinity and potential activity of the drug
candidate.22−24

Despite the market’s abundance of anticancer medications
and the fact that many are currently undergoing clinical trials,
there is an urgent need for the development of effective,
targeted, less toxic anticancer drugs to treat the millions of new
cases of cancer diagnosed each year.

Therefore, in light of these facts, we have decided to design a
novel molecule that can be used as an anticancer agent. We
used click chemistry to synthesize 4-((1-(3,4-dichlorophenyl)-
1H-1,2,3-triazol-4-yl)methoxy)-2-hydroxybenzaldehyde as a
new 1,4-disubstituted 1,2,3-triazole derivative. The compound
was characterized using elemental analyses, Fourier transform
infrared spectroscopy (FTIR), 1H and 13C APT NMR, and
single-crystal X-ray diffraction (SCXRD). The HS analysis,
interaction energy and energy framework investigations, and
the volume of the crystal voids of the compound were also
performed. Additionally, DNA and bovine serum albumin
interaction properties of the synthesized compound were
further studied by applying in vitro and in silico methods.

Scheme 1. Synthesis Route of the 1,2,3-Triazol Derivative. (i) CuAc/NaAsc, CH2CI2/H2O, 8 h, RT

Figure 1. (a) 1H NMR spectra and (b) 13C APT NMR spectra of compound 3.
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Finally, its anticancer activity was evaluated using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay against cancer cell lines including MDA-MB-231 (breast
cancer), LNCaP (prostate carcinoma), Caco-2 (colorectal
adenocarcinoma), and HEK-293 (the normal cell line).
Annexin V, mitochondrial membrane potential (MMP), and
reactive oxygen species (ROS) assays were also carried out.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization. 4-((1-(3,4-Di-

chlorophenyl)-1H-1,2,3-triazol-4-yl)methoxy)-2-hydroxyben-
zaldehyde (3) was synthesized by the copper(I)-catalyzed
azide−alkyne cycloaddition (CuAAC) reaction between 2-
hydroxy-4-(prop-2-yn-1-yloxy)benzaldehyde (1) and 4-azido-
1,2-dichlorobenzene (2) with the addition of CuAc as a
catalyst and NaAsc as a reducing agent using dichloro-
methane/water (1:1) as a solvent system (Scheme 1).
In the IR spectra of the compound, as shown in Figure S5,

the absence of an azide peak belongs to 4-azido-1,2-
dichlorobenzene at 2120 cm−1 and the presence of the peak
at 3155 cm−1 belongs to the target compound, showing the
formation of the 1,2,3-triazole ring.25 In the IR spectra of
compound 3, the ν(C�O) stretching vibrations of benzalde-
hyde carbonyl were determined at 1644 cm−1 and ν(C−O) is
identified at 1218 cm−1.26

The 1H NMR spectrum of 4-((1-(3,4-dichlorophenyl)-1H-
1,2,3-triazol-4-yl)methoxy)-2-hydroxybenzaldehyde showed a
singlet peak at δ 8.08 ppm due to the −CH of the 1,2,3-triazole
ring, which confirms the formation of the 1,2,3-triazole moiety
(Figure 1). Singlet signals at δ values of 11.46, 9.74, and 5.33
ppm correspond to the protons for (−OH), (−CHO), and
(−CH2−), respectively. The aromatic protons appear as
doublets at the δ values of 6.56, 6.64, 7.47, 7.62, and 7.91
ppm.25,27,28

The 13C NMR was applied as attached proton test (APT),
where the signals belong to the CH/CH3 yield positive and
signals belong to the C/CH2 yield negative. 13C NMR spectra
of the compound showed peaks at δ values of 119.66 and
144.38 ppm, which were attributed to the C-5 and C-4 carbon
atoms of the 1,2,3-triazole ring, respectively. The observed
peak at 62.19 ppm was assigned to the methylene carbon
attached to the C-4 position of the triazole ring. The signals
belonging to the aldehyde carbonyl carbon atom appeared
downfield at a δ value of 194.69 ppm. The signals at δ values of
165.15, 164.49, 135.93, 135.68, 134.27, 133.40, 131.72, 122.50,
121.10, 115.82, 108.56, and 101.92 ppm were assigned to the
carbon atoms of aromatic rings. 13C NMR signal directions
were in good agreement with the type of carbon atoms and had
a good correlation with 1H NMR spectra when considering the
attached protons to each carbon atom.
Spectral characterization data were similar to those

previously reported for 1,2,3-triazole derivatives.29−31 The
molecular formula was confirmed by 1H NMR, 13C APT
NMR, FTIR, UV−vis, and elemental analysis.
2.2. Single-Crystal X-ray Structure. The spectroscopic

data-based structure assignment of 3 was confirmed using
single-crystal X-ray structural analysis. Table 1 contains the
experimental details.
The asymmetric unit along with the atom numbering

scheme is depicted in Figure 2. Atoms Cl1, Cl2, C9, O1, O2,
O3, and C16 are 0.0243 (8) Å, 0.0950 (9) Å, −0.0087 (28) Å,
−0.0084 (20) Å, 0.0325 (24) Å, −0.0569 (24) Å, and −0.0204
(20) Å away from the best least-squares planes of adjacent

rings A (C1−C6), B (N1−N3/C7/C8), and C (C10−C15),
respectively. So, they are almost coplanar with adjacent rings.

The planar rings are oriented at dihedral angles of A/B =
35.76(8)°, A/C = 47.00(7)°, and B/C = 12.37(8)°. There is an
intramolecular O−H···O hydrogen bond (Table 2).

In the crystal structure of 3, C−H···N and C−H···O
hydrogen bonds link the molecules into a network structure
(Table 2 and Figure 3), enclosing R2

2(12) ring motifs.32

Further, π−π interactions between planar, C (C10−C15)
rings, and [Cg3···Cg3i] of neighboring molecules help to
consolidate the crystal packing [centroid−centroid distance =
3.8673 (13) Å; symmetry code: (i) −x, 2 − y, −z; Cg3 is the
centroid of ring C (C10−C15)].

Table 1. Experimental Details for Compound 3

CCDC 2240671
chemical formula C16H11Cl2N3O3

Mr 364.18
crystal system, space group monoclinic, P21/c
temperature (K) 273
a, b, c (Å) 18.0572 (6), 7.3509 (3), 12.1743 (4)
β (deg) 106.229 (4)
V (Å3) 1551.58 (10)
Z 4
radiation type Mo Kα
μ (mm−1) 0.44
crystal size (mm) 0.12 × 0.10 × 0.05

Data Collection
diffractometer Bruker APEX II QUAZAR three-circle

diffractometer
absorption correction
no. of measured, independent, and
observed [I > 2σ(I)] reflections

43989, 3832, 2645

Rint 0.053
(sin θ/λ)max (Å−1) 0.667

Refinement
R[F2 > 2σ(F2)], wR(F2), S 0.053, 0.158, 1.04
no. of reflections 3832
no. of parameters 225
H-atom treatment H atoms treated by a mixture of

independent and constrained
refinement

Δρmax, Δρmin (e Å−3) 0.96, −0.47

Figure 2. Asymmetric unit of compound 3 with the atom numbering
scheme. Thermal ellipsoids are drawn at the 50% probability level.
Dashed lines show the intramolecular O−H···O hydrogen bond.
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2.3. Hirshfeld Surface (HS) Analysis. Hirshfeld surface
(HS) analysis was carried out in order to visualize the
intermolecular interactions in the crystal of 333,34 by using
Crystal Explorer 17.5.35 The dnorm, electrostatic potential, and
shape index are three different properties that can be used to
map Hirshfeld surfaces. These are helpful in gathering
additional information on weak intermolecular interactions.
The white surface in the HS plotted over dnorm (Figure 4)
denotes contacts with distances equal to the sum of van der
Waals radii, while the red and blue colors refer to distances
shorter (in close contact) or longer (distinct contact) than the
van der Waals radii, respectively.36

In addition to appearing as blue and red regions
corresponding to positive and negative potentials, respectively,
on the HS mapped over electrostatic potential37,38 as shown in
Figure 5, the bright red spots that appear show their roles as
the respective donors and/or acceptors.

Hydrogen-bond donors are represented by blue regions,
which have positive electrostatic potential, while hydrogen-
bond acceptors are represented by red regions. The shape
index of the HS is a tool to visualize the π···π stacking by the
presence of adjacent red and blue triangles; if there are no
adjacent red and/or blue triangles, no π···π interactions are
present. Figure 6 clearly suggests that there are π···π
interactions in 3.

The complex information contained in the crystal is
summarized in two-dimensional (2D) fingerprint plots,
which show the visual contents of the frequencies of the de
and di combinations across the surface of the molecule. The
color of each point corresponding to the relative area of each
de and di combination is recognized as the contribution from
different interatomic contacts. The uncolored region denotes
no contribution to the HS, while the blue, green, and red
correspond to the smallest, moderate, and largest contribu-
tions, respectively. The overall 2D fingerprint plot, Figure 7a,
and those delineated into H···Cl/Cl···H, H···H, H···C/C···H,
H···O/O···H, H···N/N···H, C···C, C···N/N···C, O···Cl/Cl···O,
C···O/O···C, C···Cl/Cl···C, N···Cl/Cl···N, O···O, and N···N39

are illustrated in Figure 7b−n, respectively, together with their
relative contributions to the Hirshfeld surface. The most
important interaction is H···Cl/Cl···H contacts contribute
22.4% to the overall crystal packing, which is reflected in
Figure 7b as the pair of spikes of the symmetrical distribution
of points with the tips at de + di = 2.86 Å. The H···H contacts
are reflected in Figure 7c as widely scattered points of high

Table 2. Hydrogen-Bond Geometry (Å, °) for Compound
3a

D−H···A D−H H···A D···A D−H···A
O2−H2A···O3 0.76 (4) 1.96 (3) 2.637 (3) 149 (4)
C2−H2···N2i 0.93 2.62 3.269 (3) 128
C6−H6···N3ii 0.93 2.60 3.509 (3) 167
C14−H14···O2iii 0.93 2.52 3.434 (3) 168

aSymmetry codes: (i) x, −y + 1/2, z − 1/2; (ii) −x + 1, −y + 1, −z +
2; (iii) x, −y + 3/2, z − 1/2.

Figure 3. Partial packing diagram of compound 3. Dashed lines show
the intramolecular O−H···O and intermolecular C−H···O and C−
H···N hydrogen bonds. For clarity, nonbonding hydrogen atoms have
been omitted.

Figure 4. Three-dimensional (3D) Hirshfeld surface of compound 3
plotted over dnorm in the range of −0.1757−1.2160 au.

Figure 5. 3D Hirshfeld surface of compound 3 plotted over
electrostatic potential energy in the range of −0.0500−0.0500 au
using the STO-3 G basis set at the Hartree−Fock level of theory.

Figure 6. Hirshfeld surface of compound 3 plotted over shape index.
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Figure 7. Full 2D fingerprint plots for compound 3, showing (a) all interactions and divided into (b) H.. Cl/Cl···H, (c) H···H, (d) H···C/C···H,
(e) H···O/O···H, (f) H···N/N···H, (g) C···C, (h) C···N/N···C, (i) O···Cl/Cl···O, (j) C···O/O···C, (k) C···Cl/Cl···C, (l) N···Cl/Cl···N, (m) O···O,
and (n) N···N interactions. The di and de values are the closest internal and external distances (in Å) from given points on the HS contacts,
respectively.
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density due to the large hydrogen content of the molecule with
the tip at de = di = 1.24 Å. In the absence of C−H···π
interactions, the pair of characteristic wings in the fingerprint
plot delineated into H···C/C···H contacts (Figure 7d, 10.3%
contribution to the HS) has the tips at de + di = 3.06 Å. The
H···O/O···H (9.9%, Figure 7e) and H···N/N···H (9.2%,
Figure 7f) contacts have symmetrical distributions of points
with the pairs of spikes at de + di = 2.34 Å and de + di = 2.42 Å,
respectively. The C···C (7.0%, Figure 7g) contacts have a
bullet-shaped distribution of points with the tip at de = di =
1.70 Å. The C···N/N···C (5.2%, Figure 7h) and O···Cl/Cl···O
(5.1%, Figure 7i) contacts are observed with the tips at de + di
= 3.42 Å and de + di = 3.12 Å, respectively. Finally, the C···O/
O···C (3.6%, Figure 7j), C···Cl/Cl···C (2.4%, Figure 7k), N···
Cl/Cl···N (1.1%, Figure 7l), O···O (1.1%, Figure 7m), and N···
N (0.3%, Figure 7n) contacts have scattered points of low
densities.
The nearest neighbor coordination environment of a

molecule can be determined from the color patches on the
HS based on how close to other molecules they are. The HS
representations with the function dnorm plotted onto the surface
are shown for the H···Cl/Cl···H, H···H, H···C/C···H, and H···
O/O···H interactions in Figure 8a−d, respectively.
The HS analysis confirms the significance of H-atom

contacts in packing formation. The abundance of H···Cl/
Cl···H, H···H, H···C/C···H, and H···O/O···H interactions

suggests that van der Waals interactions and hydrogen bonding
play major roles in the crystal packing.40

2.4. Crystal Voids. The strength of the crystal packing
determines how the crystal packing responds to the applied
mechanical force. If there are significant empty spaces within
the crystal packing, the molecules are not tightly packed and
the crystal is easily broken by a small amount of applied
external mechanical force. By adding the electron densities of
the spherically symmetric atoms contained in the asymmetric
unit, void analysis was carried out to assess the mechanical
stability of the crystal packing.41 The void surface is calculated
for the entire unit cell and defined as an isosurface of the
procrystal electron density, where the void surface meets the
boundary, and the capping faces are generated to form an
enclosed volume. The volume of the crystal voids (Figure 9a,b)
and percentage of free spaces in the unit cell are calculated to
be 152.10 Å3 and 9.80%, respectively. As a result, there are no
large cavities in the crystal packing.
2.5. Interaction Energy Calculations and Energy

Frameworks. The intermolecular interaction energies are
calculated with the CE−B3LYP/6-31G(d,p) energy model
available in Crystal Explorer 17.5,35 and a cluster of molecules
is generated by applying crystallographic symmetry operations
to select the central molecule within a radius of 3.8 Å by
default.42 The total intermolecular energy (Etot) is the sum of
electrostatic (Eele), polarization (Epol), dispersion (Edis), and
exchange−repulsion (Erep) energies43 with scale factors of

Figure 8. HS representations with the function dnorm plotted onto the surface for (a) H···Cl/Cl···H, (b) H···H, (c) H···C/C···H, and (d) H···O/
O···H interactions.

Figure 9. Views of voids in the crystal packing of compound 3. Along the (a) a-axis and (b) b-axis.
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1.057, 0.740, 0.871, and 0.618, respectively.44 Hydrogen-
bonding interaction energies (in kJ mol−1) are −18.7 (Eele),
−4.2 (Epol), −24.2 (Edis), 23.7 (Erep), and −29.3 (Etot) for C2−
H2···N2; −10.2 (Eele), −1.1 (Epol), −43.4 (Edis), 25.5 (Erep),
and −33.6 (Etot) for C6−H6···N3; and −15.3 (Eele), −2.9
(Epol), −73.3 (Edis), 44.2 (Erep), and −54.8 (Etot) for C14−
H14···O2.
The calculation of intermolecular interaction energies is

combined with a graphical representation of their magnitude in
energy frameworks.43 Energies between molecular pairs are
represented by cylinders joining the centroids of two
molecules, with the radius of the cylinder proportional to the
relative strength of the corresponding interaction energies,
which were scaled to the same factor of 80 with a cutoff value
of 5 within 2 × 2 × 2 unit cells. Figure 10 shows energy
frameworks for Eele (red cylinders), Edis (green cylinders), and
Etot (blue cylinders). The evaluation of the electrostatic,
dispersion, and total energy frameworks shows that the
dispersion energy contribution dominates the stabilization.
2.6. DNA Binding Studies. The use of absorption spectral

titration to determine the interactions of potent anticancer
agents with CT-DNA is an effective method.45 For this reason,
the interactions between compound 3 and CT-DNA were
investigated by measuring the absorption spectral changes
when CT-DNA was added to a fixed concentration of the
compound. Figure 11 shows the UV−vis spectra of compound
3 in the absence and presence of increasing concentrations
(0−100 μM) of CT-DNA along with the inset of the Wolfe−
Shimmer plot. Table 3 shows data on the UV−vis spectral
changes and intrinsic binding constant (Kb).
The UV−vis spectra of 3 showed an absorption band at 272

nm, and this band revealed hypochromicity (86.18%) with
increasing concentrations of CT-DNA. Upon the addition of
CT-DNA, the absorption spectrum of compound 3 also
showed a bathochromic shift (Δλ = 13 nm) within the bands
at 272−285 nm, indicating an interaction between the
electronic states of chromophores and DNA bases, possibly

as a result of the intercalation. These observations are common
for compound−DNA non-covalent interactions.46 Addition-
ally, the isosbestic point at 370−390 nm indicates an
equilibrium between the free and CT-DNA bound com-
pound.47

The intrinsic binding constant (Kb) was calculated based on
titration data using the Wolfe−Shimmer equation.48 Kb was
determined by the slope-to-y-intercept ratio in the plot of
[DNA]/(εa − εf) versus [DNA], as detailed in the SI.

The Kb value for compound 3 was calculated as 3.00 × 105
M−1, which is lower than those of typical intercalators such as
EB with a Kb value of around 106 M−1,49 but higher than the
groove binders such as spermidine, methotrexate, and
moxifloxacin, which have Kb values of 8.22 × 104, 1 × 103,
and 9.4 × 104 M−1, respectively.50−52 After considering the

Figure 10. Energy frameworks for a cluster of compound 3 molecules viewed down the b-axis direction, demonstrating the (a) electrostatic energy,
(b) dispersion energy, and (c) total energy diagrams.

Figure 11. Absorption spectra of 3 (50 μM) in the absence (dashed
line) and presence of increasing concentrations of CT-DNA. The
intrinsic binding constant calculation plots for the spectral changes at
272 nm were given as the inset.
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DNA binding abilities of compound 3 with previously reported
1,2,3-triazoles, we found that compound 3 had a similar Kb
value around the order of 105 M−1 as reported in the literature
with a wide range of DNA binding properties and modes of
interaction (e.g., intercalation or groove binding).53−57 In the
case of intercalation, general spectral absorption changes for
intercalation have been expected to be bathochromic (>15
nm) and hypochromic (>35%), whereas groove binding results
in no bathochromism or around 6−8 nm shift.58 In light of
these facts, our findings suggest that compound 3 was bound
to CT-DNA via intercalation. Furthermore, ΔG for the DNA−
compound 3 interaction was found to be −31.25 kJ·mol−1. A
negative value revealed the spontaneity of the binding.
However, further experiments were definitely needed to
confirm the intercalation binding mode because of the lower
bathochromic shift than typical intercalation interactions.
EB displacement studies were also employed using

fluorescence spectroscopy. EB is a well-known DNA
intercalator, intercalating with CT-DNA through its planar
phenanthroline moiety to form an EB + CT-DNA complex. EB
shows weak fluorescence intensity when excited around 520
nm. Intercalation of EB into DNA base pairs significantly
increases the emission intensity of EB.59 If compound 3 or any
compound competes with EB and intercalated between base
pairs of EB-bound DNA, the emission will be decreased after
the displacement of the EB molecules from the CT-DNA.
Increasing amounts of compound 3 (0−150 μM) were

added into constant concentrations of [EB (5 μM) + CT-DNA
(25 μM)] solution while the spectral changes in the
fluorescence emission were monitored at 602 nm after
excitation at λex 510 nm. With the addition of increasing

concentrations of compound 3 into the solution containing a
fixed concentration of the EB + CT-DNA adduct, a decrease in
the emission intensity of the 602 nm band is observed, as
shown in Figure 12. This emission change in the EB + CT-
DNA adduct after addition of compound 3 indicated that the
studied compound displaced the EB from CT-DNA, which is a
characteristic of the intercalative binding mode.60

The Stern−Volmer quenching constant (Ksv) was calculated
as 4.13 × 103 M−1 from the slope of the plot of I0/I versus [Q]
given in Figure 12b. The representative straight line plot for
compound 3 according to the Stern−Volmer equation (Io/I =
1 + Ksv[Q]) using emission spectral data is given in Figure 12b.
The Ksv value suggests a moderate affinity of the compound to
EB-bound CT-DNA and that it can competitively displace EB
from DNA via an intercalative mode of binding (Table 4).

A typical linear Scatchard plot for compound 3 is shown in
Figure 12c. Scatchard plots also provided the binding constant
Kbin, and the number of binding sites “n” values were calculated
using the Scatchard equation log(Io − I)/I = log Kbin +
n log[Q]. The bimolecular quenching rate constant (Kq) was
calculated according to the equation Ksv = Kqτ0 as 1.88 × 1011
M−1·s−1. This value is higher than those of typical dynamic
quenchers (∼1010 M−1·s−1).61−63 According to the result, EB

Table 3. CT-DNA Binding Data for Compound 3

λmax (nm)

compound free bound Δλ (nm) % Ha isosbestic point (nm) Kb (M−1)b ΔG (kJ·mol−1)

3 272 285 13.00 −86.18 380 3.00 × 105 −31.25
aH, hypochromism. by = −6 × 10−5x − 2 × 10−10, R2 = 0.99.

Figure 12. (a) Emission spectra of [EB (5 μM) + CT-DNA (25 μM)] in the presence of increasing concentrations of 3. Arrow shows the decrease
in emission intensity after additions of 3. (b) Stern−Volmer plot of Io/I versus [Q] and (c) Scatchard plot of log[(Io − I)/I] versus log [Q].

Table 4. Binding Data for the Interaction of Compound 3
with [EB + CT-DNA]

compound Ksv (M−1)a Kbin (M−1)b Kq (M−1·s−1) n

3 4.13 × 103 3.45 × 104 1.88 × 1011 1.26
ay = 4126.1x + 0.94, R2 = 0.99. by = 1.2569x + 4.5381, R2 = 0.98.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03355
ACS Omega 2023, 8, 31839−31856

31846

https://pubs.acs.org/doi/10.1021/acsomega.3c03355?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03355?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03355?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03355?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03355?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


was displaced from CT-DNA statically instead of dynam-
ically.64

The compound’s ability to displace EB and bind with CT-
DNA was agreed with electronic absorption spectral data and
indicated that the DNA binding mode of the compound was
intercalation. Additionally, a molecular docking study was
performed to gain insights into the mechanism and mode of
DNA binding, and the docking results confirmed the
experimental values pertaining to DNA binding studies.
2.7. BSA Binding Studies. Because of the structural

similarity between bovine serum albumin and human serum
albumin, drug interactions involving BSA are currently the
subject of pharmaceutical studies.65 Fluorescence quenching
and UV−vis absorption studies have been performed in order
to understand the interaction mechanism between compound
3 and BSA.
The UV−vis absorption spectrum of BSA provides a simple

and straightforward way to investigate the type of quenching. A
significant change in the absorption spectra of BSA is not
expected in the case of a dynamic quenching mechanism;
however, when a quencher forms a BSA adduct in its ground
state for a static quenching mechanism, the UV−vis absorption
spectra of BSA are expected to be changed.66 After addition of
compound 3, BSA absorption decreases with a slight blue shift
(Δλ = ∼1 nm), indicating a possible static interaction between
compound 3 and BSA (Figure 13).

Fluorescence spectroscopy is a well-known method for
investigating the interaction mechanisms and binding affinities
of potent compounds with bovine serum albumin. Tryptophan
and tyrosine residues play a major role in the fluorescence
properties of BSA. Tryptophan residues are primarily
responsible for spectral changes related to protein conforma-
tional changes, denaturation, or substrate binding.67,68

Fluorescence spectroscopy experiments were conducted
with 5 μM BSA and varying concentrations of compound 3
(ranging from 0 to 8 μM). The emission spectra were
monitored in the 300−450 nm range after excitation at 280
nm. Figure 14 illustrates the fluorescence intensity of BSA at
∼345 nm, exhibiting a slight red shift (69.12%, 5 nm) as a
result of quenching. The results showed that the fluorescence
intensity consistently decreased as compound 3 was gradually

added, indicating that compound 3 quenched the fluorescence
of BSA as a result of interactions.

The quenching constant, Ksv, has been determined using the
Stern−Volmer equation and the I0/I versus [Q] plot (Figure
14b) in order to clarify the magnitude of the interaction and
also the quenching type of compound 3 with bovine serum
albumin. Furthermore, the Scatchard equation, log[(I0/I)/I] =
log Kbin + n log [Q], was used to calculate the binding constant,
where Kbin is the binding constant of 3 with BSA and n is the
number of binding sites (Table 5). The values of Kbin and n
were calculated from the log (I0/I)/I versus log [Q] plot,
which is given in Figure 14c.

According to the Scatchard equation, the value of n supports
the existence of a single binding site in BSA for compound 3.68

The values of Ksv and Kbin for compound 3 further suggested
that the compound interacts moderately with BSA. The
bimolecular quenching constant, kq, was also computed using
the equation Ksv = kqτ0, and the values of kq and n are shown in
Table 5. The kq (∼1013 M−1·s−1) of compound 3 is higher than
the maximum scatter collision quenching constant of diverse
kinds of quenchers for biopolymer fluorescence (2 × 1010 M−1·
s−1), indicating the existence of the static quenching
mechanism.69 Furthermore, ΔG was calculated as −24.75 kJ·
mol−1 and showed spontaneity of compound 3 binding with
BSA.
2.8. Docking Studies on DNA, BSA, and Compound 3.

As explained in detail in the Materials and Methods section, we
tested the performance of different docking schemes to identify
the best method in terms of capturing experimentally obtained
binding modes of the compounds in the crystal structures in
complex with DNA. Accordingly, we demonstrated that the
extra precision method, where enhanced sampling and
enhanced planarity are implemented (named as XP3 here),
gave smaller RMSD values between the docked and
experimental poses (Table S1), so we performed the remaining
docking studies using that method in this study. We used two
differently shaped DNA molecules. In the first one, the
intercalator distorted the DNA (Figure 15a,b), whereas in the
second one, the molecule bound to the DNA from its groove
(Figure 15c,d). We used ethidium bromide (Pubchem
CID:14710), which is a well-known intercalating agent, as
our control group in our docking studies.

We presented the binding poses pertaining to the ligand
from the crystal complex, ethidium bromide, a compound that
is known as an intercalator, and compound 3, as shown in
Figure 15. We demonstrated that compound 3 gave similar
poses to those of ethidium bromide and the ligands present in
the respective crystals. As explained in the methods, we
performed docking including the whole DNA and observed
that compound 3 preferred binding as an intercalator when
partially open DNA was used (see Figure 15a,b), whereas it
preferred binding to the minor groove when the DNA was
intact (Figure 15c,d).

We also presented energy values obtained by these poses, as
given in Table 6. In general, compound 3 gave closer binding
energy values to those of ethidium bromide and the ligands
when it bound to the partially open DNA, whereas the binding
energy difference was bigger between compound 3 and both
ethidium bromide and the crystal ligands in docking
experiments performed in the groove of DNA, suggesting
that compound 3 might act as an intercalating agent.

We also performed docking studies on compound 3 and
BSA, which showed that compound 3 was found to be docked

Figure 13. UV−vis spectra of BSA (10 μM) in the absence and
presence of compound 3 (10 μM).
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to the same region with naproxen in one of the chains of BSA,
while they were docked to different regions on the other chain,
as shown in Figure 16. The gscore value of compound 3 was
found to be higher than that of naproxen (gscorecompound 3 = −7
kcal·mol−1; gscorenaproxen= −5 kcal·mol−1) in one of the chains,
suggesting that compound 3 can bind and be carried by BSA.
On the other hand, the binding energy of compound 3 was

comparable to that of naproxen (gscorecompound 3 = −6 kcal·
mol−1) in the other chain of BSA. The interactions formed
between naproxen and BSA in the crystal structure and docked
models are shown in Figure S7.
2.9. Anticancer Activity. 2.9.1. MTT Assay. The MTT

assay was used to determine whether compound 3 can inhibit
cell proliferation in three cancer cell lines (MDA-MB-231,

Figure 14. (a) Emission spectra of BSA (5 μM) in the presence of increasing concentrations of compound 3. Arrow shows the decrease in the
emission intensity after addition of 3. (b) Stern−Volmer plot of Io/I versus [Q] and (c) Scatchard plot of log[(Io − I)/I] versus log [Q].

Table 5. Binding Data for the Compound 3−BSA Interaction

compound Ksv (M−1)a Kbin (M−1)b Kq (M−1·s−1) n ΔG (kJ·mol−1)

3 1.99 × 105 2.18 × 104 1.99 × 1013 0.80 −24.75
ay = 199382x + 1.1665, R2 = 0.99. by = 0.8044x + 4.3387, R2 = 0.99.

Figure 15. Binding poses obtained from docking studies performed with DNA and its respective crystal ligands with PDB IDs: (a) 1Z3F, (b) 3FT6,
(c) 1D30, and (d) 8EC1. The DNA is shown in pink color. The ligands of 1ZF3, 3FT6, 1D30, and 8EC1 were shown in cyan, purple, crystal blue,
and ice blue, respectively. Compound 3 and ethidium bromide were shown in yellow and red, respectively.

Table 6. Docking Energies Obtained by the XP3 Method

PDB ID

1Z3F 3FT6 1D30 8EC1

GSCORE (kcal mol−1) ligand (redock) −6.41 −7.89 −11.86 −13.14
ethidium bromide −8.15 −7.39 −6.14 −6.13
compound 3 −5.19 −5.18 −2.91 −3.24
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Caco-2, and LNCaP) and one normal cell line (HEK-293).
Under identical conditions, the conventional anticancer drug
etoposide was used as a positive control, and cisplatin was
selected as parallel control.
Compound 3 was found to have higher cytotoxic activity

than etoposide for all cell lines in a dose-dependent manner
after 24, 48, and 72 h. Compound 3 was found to be more

cytotoxic than cisplatin in the Caco-2 and LNCaP (for 48 and
72 h) cell lines (Figure 17). The IC50 values of compound 3
(31.70 ± 0.34, 16.63 ± 0.27, 11.77 ± 0.01 μM) against Caco-2
cells for 24, 48, and 72 h were lower than those of cisplatin
(48.92 ± 0.34, 32.69 ± 0.87, 12.5 ± 0.89 μM) and etoposide
(76.27 ± 0.34, 53.81 ± 0.17, 17.52 ± 0.26 μM), respectively.
For LNCaP cell lines, compound 3 showed better or

Figure 16. (a) Docking poses pertaining to naproxen (purple) and compound 3 (yellow) were shown with dashed circles on the crystal structure of
BSA (PDB ID: 3V03). Chain A and chain B of BSA were shown in blue and white, respectively. Types of interactions formed between compound 3
and BSA in (b) chain A and (c) chain B are shown.
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equivalent inhibitory effects [IC50 values are 17.08 ± 0.26 (48
h) and 10.05 ± 0.03 (72 h)] than the cisplatin effects [IC50
values are 25.95 ± 0.48 (48 h) and 10.33 ± 0.28 (72 h)]. This
suggests that compound 3 could inhibit cell growth in a dose-
and time-dependent manner (Table 7). Compared to
previously reported studies,70−75 cytotoxicity of compound 3
was effective as a potent cytotoxic agent.
Furthermore, the cytotoxicity of compound 3 and control

drugs (cisplatin and etoposide) for HEK-293 suggests that
compound 3, cisplatin, and etoposide are all cytotoxic against

HEK-293 cells, and compound 3 is less cytotoxic than the
control cisplatin but more cytotoxic than the control etoposide.
These results are noteworthy for calculating the selectivity
index (SI) of the compounds studied against normal cells and
cancer cells and predicting their therapeutic potential. The
term selectivity index refers to how selectively the compounds
can destroy cancer cells compared to normal cells. High SI
values mean that cancer cells will be killed more quickly than
normal ones.

Figure 17. MTT Assay results of compound 3, cisplatin, and etoposide in different cancer cell lines.

Table 7. MTT Assay Results of Compound 3, Cisplatin, and Etoposide

IC50 (μM)

time (h) compound HEK-293 MDA-MB-231 LNCaP Caco-2

24 3 43.95 ± 0.20 65.03 ± 0.31 44.82 ± 0.09 31.70 ± 0.34
cisplatin 18.62 ± 0.09 8.43 ± 0.01 26.05 ± 0.58 48.92± 0.34
etoposide 110.29 ± 0.16 85.40 ± 0.74 81.47 ± 0.62 76.27 ± 0.34

48 3 24.44 ± 0.13 10.64 ± 0.03 17.08 ± 0.26 16.63 ± 0.27
cisplatin 4.70 ± 0.01 2.19 ± 0.02 25.95 ± 0.48 32.69 ± 0.87
etoposide 59.20 ± 0.32 63.17 ± 0.05 62.02 ± 0.61 53.81 ± 0.17

72 3 17.09 ± 0.08 8.39 ± 0.04 10.05 ± 0.03 11.77 ± 0.01
cisplatin 2.43 ± 0.01 1.78 ± 0.01 10.33 ± 0.28 12.5 ± 0.89
etoposide 51.62 ± 0.48 24.33 ± 0.44 20.79 ± 0.08 17.52 ± 0.26
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SI values for compound 3, etoposide, and cisplatin were
calculated as SI(HEK/Caco-2) = 1.46, 1.10, 0.14, SI(HEK/
MDA-MB-231) = 2.30, 0.94, 2.15, and SI(HEK/LNCap) =
1.43, 0.95, 0.18, respectively, showing that the cytotoxic
selectivity of compound 3 was higher than those for both
etoposide and cisplatin. Compared with the positive control of
cisplatin, the SI of compound 3 was 10 times higher than that
for Caco-2 cells and 8 times higher than that for LNCap cells
(Table 8).
The SI value of compound 3 for the MDA-MB-231 cancer

cell line was found to be greater than 2, which is considered
acceptable selectivity for SI definition. The findings indicate
that the compound’s anticancer activity is valuable, as
evidenced by its low cytotoxicity against healthy cells and
moderate cytotoxicity against cancer cells. Consequently,
compound 3 has potential for selective cytotoxicity against
cancer cells.
2.9.2. Apoptosis Assay. Following findings that compound

3 impacts the viability of cancer cell lines and displays the most
promising antitumoral activities toward Caco-2 cells, we
analyzed the Annexin V/propidium iodide (PI) staining in
cell culture media by flow cytometry to investigate whether
apoptosis accounted for the cytotoxicity of compound 3 on
Caco-2 cells. The cells exposed to compound 3 (7.5, 15, and
30 μM) showed high levels of Annexin V and PI positive
staining compared to the control (without compound 3),
suggesting the induction of cell death by apoptosis (Figure 18).

As shown in Figure 18, after treatment with compound 3 at
different concentrations (0, 7.5, 15, and 30 μM) for 48 h, the
percentages of apoptosis on Caco-2 cells were 2.8, 46.09,
57.77, and 70.25%, respectively. The Annexin V/PI result
indicated that compound 3 could induce apoptosis of cells
with concentration dependence.
2.9.3. MMP and ROS Assay. However, we decided to

investigate other mechanisms besides cell death under the
action of compound 3, such as MMP and ROS. In many cells,
morphological and molecular changes in mitochondria are
crucial stages in apoptosis. By staining Caco-2 cells with the

intrinsically fluorescent dye TMRE, we were able to detect a
loss of mitochondrial membrane potential after 48 h of
treatment with compound 3. According to the results,
compound 3 caused a significant increase in MMP loss in
Caco-2 cells in a dose-dependent manner (Figure 19a).

The generation of ROS within cells is closely linked to the
induction of apoptosis. Figure 19b depicts the production of
ROS by compound 3 on Caco-2 cells for 48 h at 0, 7.5, 1.5,
and 30 μM concentrations. The results showed that adding
compound 3 increased the fluorescence intensity, indicating
the generation of reactive oxygen species, proving that
compound 3 could induce cell apoptosis via ROS generation.

3. CONCLUSIONS
In the current study, a new 1,4-disubstituted 1,2,3-triazole
derivative (3) was synthesized using an azide and alkyne
compound via click chemistry. In addition to various
spectroscopic methods, structural confirmation of the com-
pound was carried out by SCXRD, which revealed a
monoclinic system with the P21/c space group. HS analysis
was also applied, and van der Waals interactions and hydrogen
bonding were found to be the dominant types of interactions.
The volume of crystal voids showed that there was no large
cavity in the crystal packing. The investigation of the
electrostatic, dispersion, and total energy frameworks indicates
that stabilization is dominated by the dispersion energy
contribution.

In vitro and in silico investigations on DNA/BSA binding
activity of compound 3 showed that DNA interaction via
intercalation mode (Kb: 3.00 × 105 M−1) and both polar and
hydrophobic interactions via BSA and both bindings were
spontaneous as we obtained negative ΔG values. In vitro MTT
cytotoxic activities of the compound gave two times better
cytotoxicity activity after 48 h in human colorectal
adenocarcinoma cell line Caco-2 (16.63 ± 0.27 μM) than
cisplatin (32.69 ± 0.87 μM) and nearly three times better than
etoposide (53.81 ± 0.17 μM). Also, it had the least effect on
human normal cell line HEK-293 compared to the control
drug cisplatin. These findings reflect that the SI values of
compound 3 were higher than those for both etoposide and
cisplatin on all cancer cells. In addition, compound 3 induced
apoptosis in the Caco-2 cancer cell line. The wet lab and
computational investigations suggest that the 1,2,3-triazole
derivative (3) may be utilized as an alternative cytotoxic agent
for cancer therapy with no adverse effects on healthy cells.
However, these results must be validated in vivo, and further
experiments are needed.

4. EXPERIMENTAL SECTION
4.1. Materials and Methods. All reagents were purchased

from Merck/Sigma. Working solutions were prepared using
doubly distilled water. A LECO 932 CHNS analyzer was used
for microanalysis (C, N, H), and a Bruker 400 MHz
spectrometer was used to perform NMR analysis. IR spectra
were recorded with a Nicolet iS10-ATR (Thermo-Scientific).

Table 8. SI Values (μM) of Compound 3 for 48 ha

compound HEK-293/Caco-2 HEK-293/MDA-MB-231 HEK-293/LNCap

3 1.46 2.30 1.43
cisplatin 0.14 2.15 0.18
etoposide 1.10 0.94 0.95

aSI = IC50 on normal cells/IC50 on cancer cells.

Figure 18. Bar diagram of percent apoptotic cells (early + late)
according to Figure S8.
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DNA and BSA interaction studies were performed using a
T80+ UV−vis spectrophotometer (PG) and a SpectraMax i3x
Multi-Mode microplate reader (Molecular Devices). X-ray data
collections were performed with a Bruker APEX II QUAZAR
three-circle diffractometer using Mo Kα radiation (λ = 0.71073
Å). 2-Hydroxy-4-(prop-2-yn-1-yloxy)benzaldehyde (1) and 4-
azido-1,2-dichlorobenzene (2) were synthesized according to
previously reported methods,76,77 and their detailed syntheses
and characterization data are given in the Supporting
Information (SI).
4.2. Synthesis of 1,4-Disubstituted 1,2,3-Triazole. The

compound was prepared according to a previously reported
method by us with minor modifications.25 Briefly, Cu-
(CO2CH3)2·H2O (0.040 g, 0.20 mmol) and sodium ascorbate
(0.079 g, 0.40 mmol) were added to a solution of 2-hydroxy-4-
(prop-2-yn-1-yloxy)benzaldehyde (0.176 g, 1 mmol) and azide
derivative (1.20 mmol) in 10 mL of a 1:1 mixture of H2O/
CH2CI2. After stirring for 8 h at RT, the mixture was diluted
with 10 mL of H2O/CH2CI2 (1:1), and the organic layer was
separated, washed with water (1x), 1 M EDTA (3x), and brine
(2x), dried over Na2SO4, and filtered. The solvent evaporated
to give a brownish or yellowish residue. Then, the residue was
dissolved in the minimum amount of CH2CI2, and an off-white
product was precipitated by adding 50 mL of n-hexane. The
pure compound was filtered and dried, and single crystals
suitable for X-ray analysis were obtained by the recrystalliza-
tion of the compound from a methanol/ethyl acetate mixture
at room temperature (Scheme 1).
4.2.1. 4-((1-(3,4-Dichlorophenyl)-1H-1,2,3-triazol-4-yl)-

methoxy)-2-hydroxybenzaldehyde. Yield: 89%. mp: 144−
145 °C. FTIR (ATR, ν, cm−1): 3155 (C−H)tz, 3074−2837
(Ar−H), 1218 (C−O), 1644 (C�O). 1H NMR (400 MHz,
CDCI3) δ (ppm): 11.46 (s, 1H), 9.74 (s, 1H), 8.08 (s, 1H),
7.91 (dd, J = 1.9, 1.0 Hz, 1H), 7.62 (d, J = 1.8 Hz, 2H), 7.47
(d, J = 8.6 Hz, 1H), 6.64 (dd, J = 8.6, 2.4 Hz, 1H), 6.56 (d, J =
2.4 Hz, 1H), 5.33 (s, 2H). 13C APT NMR (101 MHz, CDCI3)
δ (ppm): 194.69, 165.15, 164.49, 144.38, 135.93, 135.68,
134.27, 133.40, 131.72, 122.50, 121.10, 119.66, 115.82, 108.56,
101.92, 62.19. Anal. calcd. for C16H11Cl2N3O3: C, 52.77; H,
3.04; N, 11.54. Found C, 52.65; H, 3.05; N, 11.54.
4.3. X-ray Crystallography. The crystallographic data

were processed by SHELX program packages [SHELXT 2018/
278 and SHELXL-2018/379] to solve and refine the molecular
structure. The structure visualizations were obtained using
ORTEP-380 and PLATON81 programs. Materials were
prepared for publication using the WinGX80 publication
routine. The hydroxy and methine hydrogen atoms are located
in a difference Fourier map and refined freely. The positions of

the C-bound hydrogen atom were calculated geometrically at
distances of 0.93 Å (for aromatic CH), 0.97 Å (for CH2), and
0.96 Å (for CH3) and refined using a riding model with the
constraints of Uiso(H) = k X Ueq (C), where k = 1.5 for methyl
H atoms and k = 1.2 for other H atoms. Crystallographic data
for the structure described in this paper have been deposited
with the Cambridge Crystallographic Data Centre as
Supporting Information, CCDC No. 2240671.
4.4. DNA Binding Experiments. The DNA binding

activity of the compound was investigated using UV−vis and
fluorescence spectral studies in accordance with our previous
studies.59,82

All titrations were performed in 10 mM Tris-HCl buffer with
a pH of 7.4 at room temperature. The UV−vis absorption
studies were performed by adding increasing amounts of DNA
(0−100 μM) to a solution of a fixed concentration (50 μM) of
the compound. The Wolfe−Shimmer equation48 was used to
calculate the intrinsic binding constant (Kb), and the van’t Hoff
equation was used to calculate the Gibbs free energy (ΔG).

The competitive emission quenching experiment was carried
out using a well-known intercalating agent and fluorescent
probe for DNA, ethidium bromide (EtBr).83 The compound in
varying concentrations (0−150) was added to the [EB (5 μM)
+ CT-DNA (25 μM)] adduct. The excitation wavelength was
fixed to 510 nm, and the emission spectra were recorded
(λem = 500−700 nm). The quenching efficiency of the
compound was analyzed using the Stern−Volmer and
Scatchard equations, and the Stern−Volmer (quenching)
constant, Ksv, the bimolecular quenching rate constant, kq,
binding constant, Kbin, and the number of binding sites per
nucleotide, n, were calculated.84

The detailed experimental procedures including solution
preparations and calculations of the binding data for both
absorption studies and fluorescence studies are provided in the
SI.
4.5. BSA Binding Experiments. The BSA−compound

interactions are studied by comparing the UV−vis spectra
(200−400 nm) of BSA (10 μM) alone and a mixture of [BSA
(10 μM) + compound 3 (10 μM)] at room temperature in 10
mM Tris-HCl buffer with a pH of 7.4.85

BSA fluorescence spectral studies of the compound and
related calculations were the same as those performed for the
[CT-DNA + EB] quenching method described in Section 4.5.
Detailed experimental procedures and the calculations of the
binding data are given in the SI.
4.6. Docking Studies on DNA, BSA, and Compound 3.

As we opt to examine the binding mode of compound 3
(intercalation vs groove binding), we first investigated the

Figure 19. (a) Compound 3-treated Caco-2 cells show a dose-dependent increase in MMP loss. (b) Flow cytometry analysis of ROS production in
compound 3-treated Caco-2 cells. Compound 3 caused a dose-dependent increase in ROS levels in cancer cells.
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performance of different docking schemes to identify the best
one in terms of docking performance, which was described by
its capability in terms of placing the ligand into its position in
the crystal. Toward this end, we used standard precision and
extra precision docking schemes, both of which are
implemented in Schrodinger software.86 The schemes with
enhanced sampling are named SP2 and XP2. On the other
hand, when we used a scheme that contained both enhanced
sampling and enhanced planarity, we named the methods as
SP3 and XP3. We achieved more accurate results with the XP3
method, wherein the enhanced planarity of conjugated pi
groups was implemented. In docking, we used crystal
structures with PDB IDs: 1Z3F,87 3FT6,88 1D30,89 and
8EC1.90 The first two structures can be given as examples of
intercalation, whereas the last two represented the groove
binding. We performed docking using the OPLS3e force field91

and described the box dimensions to include the whole DNA
present in the crystal structures studied. The molecules other
than the ligand and DNA, which were present in the crystal,
were removed before performing docking studies. The
ionization state of the ligands and DNA was assigned at pH
7.4.
We also performed docking studies on BSA and compound

3 using the same docking scheme, namely, XP3, that we used
in DNA docking. There is a couple of crystal structures
pertaining to the complex of BSA with different ligands in the
PDB. Among them, we used the crystal structure of naproxen-
bound BSA (PDB ID: 4OR0)92 and took naproxen from that
structure, while the structure of BSA was obtained from the
crystal structure pertaining to the apo form of the protein
(PDB ID: 3V03).93 The ionization state of the ligand and
protein was assigned at pH 7.4, and the OPLS3e force field91

was used. Disulfide bonds were added to the protein except for
Cys34 in correspondence with its physiological state.93 The
calcium ions and water molecules that were present in the
crystal structure of BSA were kept during docking calculations.
4.7. Cell Culture. Human cancer cell lines (MDA-MB-231,

LNCaP, Caco-2) and a human healthy cell line (HEK-293)
were obtained from the European Collection of Cell Cultures.
The cells were incubated in a humidified incubator (37 °C, 5%
CO2) and cultured under standard conditions in Dulbecco’s
modified Eagle medium (DMEM), 10% heat-inactivated fetal
bovine serum, 100 U mL−1 penicillin, 100 U mL−1

streptomycin, and 4 mM L-glutamine. Compound 3 (10 mM
in DMF), clinically used cisplatin (Cipintu, 100 mg/100 mL),
and etoposide (10 mM in DMF) formulation was used as stock
solution in experiments. A cell culture medium was used to
make further dilutions, while keeping the equivalent of DMF
below 0.5% of the total volume.94

The detailed procedures of the cell viability inhibition assay,
Annexin V/PI double-staining assay, MMP, and ROS
determination studies are provided in the SI.
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(31) Güngör, S. A.; Köse, M.; Tümer, M.; Türkes,̧ C.; Beydemir, Ş.
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4-disubstituted 1, 2, 3-triazoles: in silico ADME profiling, molecular
docking and biological evaluation studies. J. Biomol. Struct. Dyn. 2022,
41, 1988−2001.
(73) Yadav, P.; Lal, K.; Kumar, A.; Guru, S. K.; Jaglan, S.; Bhushan,
S. Green synthesis and anticancer potential of chalcone linked-1, 2, 3-
triazoles. Eur. J. Med. Chem. 2017, 126, 944−953.
(74) Al Sheikh Ali, A.; Khan, D.; Naqvi, A.; Al-Blewi, F. F.; Rezki,
N.; Aouad, M. R.; Hagar, M. Design, synthesis, molecular modeling,
anticancer studies, and density functional theory calculations of 4-(1,

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03355
ACS Omega 2023, 8, 31839−31856

31855

https://doi.org/10.1021/jz502271c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz502271c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CC09074H
https://doi.org/10.1039/C4CC09074H
https://doi.org/10.1107/S205225251700848X
https://doi.org/10.1107/S205225251700848X
https://doi.org/10.1107/S205225251700848X
https://doi.org/10.1016/j.jphotobiol.2013.03.013
https://doi.org/10.1016/j.jphotobiol.2013.03.013
https://doi.org/10.1016/j.jphotobiol.2013.03.013
https://doi.org/10.1039/C4RA14369H
https://doi.org/10.1039/C4RA14369H
https://doi.org/10.1039/C4RA14369H
https://doi.org/10.4067/S0717-97072020000204754
https://doi.org/10.4067/S0717-97072020000204754
https://doi.org/10.4067/S0717-97072020000204754
https://doi.org/10.4067/S0717-97072020000204754
https://doi.org/10.1021/bi00394a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00394a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00394a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-2836(67)90353-1
https://doi.org/10.1016/0022-2836(67)90353-1
https://doi.org/10.1016/0022-2836(67)90353-1
https://doi.org/10.1016/j.jpba.2008.12.035
https://doi.org/10.1016/j.jpba.2008.12.035
https://doi.org/10.1155/2012/378674
https://doi.org/10.1155/2012/378674
https://doi.org/10.1155/2012/378674
https://doi.org/10.1002/slct.202003919
https://doi.org/10.1002/slct.202003919
https://doi.org/10.1002/slct.202003919
https://doi.org/10.1002/slct.202003919
https://doi.org/10.1021/acsomega.1c03668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c03668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c03668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molstruc.2019.04.005
https://doi.org/10.1016/j.molstruc.2019.04.005
https://doi.org/10.1016/j.molstruc.2019.04.005
https://doi.org/10.1016/j.tet.2011.01.063
https://doi.org/10.1016/j.tet.2011.01.063
https://doi.org/10.1016/j.tet.2011.01.063
https://doi.org/10.1016/j.molstruc.2020.129148
https://doi.org/10.1016/j.molstruc.2020.129148
https://doi.org/10.1016/j.molstruc.2020.129148
https://doi.org/10.1016/j.abb.2015.03.024
https://doi.org/10.2478/s11696-013-0379-8
https://doi.org/10.2478/s11696-013-0379-8
https://doi.org/10.2478/s11696-013-0379-8
https://doi.org/10.2478/s11696-013-0379-8
https://doi.org/10.1039/C4RA16755D
https://doi.org/10.1039/C4RA16755D
https://doi.org/10.1039/C4RA16755D
https://doi.org/10.1002/aoc.4579
https://doi.org/10.1002/aoc.4579
https://doi.org/10.1002/aoc.4579
https://doi.org/10.1021/acs.molpharmaceut.6b01124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.6b01124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.6b01124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00745a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00745a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7NJ05173E
https://doi.org/10.1039/C7NJ05173E
https://doi.org/10.1039/c2dt31079a
https://doi.org/10.1039/c2dt31079a
https://doi.org/10.1039/c2dt31079a
https://doi.org/10.1039/c2dt31079a
https://doi.org/10.1002/jmr.2734
https://doi.org/10.1002/jmr.2734
https://doi.org/10.1002/jmr.2734
https://doi.org/10.1039/c0dt01657h
https://doi.org/10.1039/c0dt01657h
https://doi.org/10.1039/c0dt01657h
https://doi.org/10.1039/c0dt01657h
https://doi.org/10.1039/c0dt01657h
https://doi.org/10.1021/acs.molpharmaceut.8b00864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.8b00864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.8b00864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molstruc.2008.05.005
https://doi.org/10.1016/j.molstruc.2008.05.005
https://doi.org/10.1016/j.molstruc.2008.05.005
https://doi.org/10.1039/C6RA22942E
https://doi.org/10.1039/C6RA22942E
https://doi.org/10.1039/C6RA22942E
https://doi.org/10.1080/14756366.2021.1890066
https://doi.org/10.1080/14756366.2021.1890066
https://doi.org/10.1080/07391102.2022.2025905
https://doi.org/10.1080/07391102.2022.2025905
https://doi.org/10.1080/07391102.2022.2025905
https://doi.org/10.1016/j.ejmech.2016.11.030
https://doi.org/10.1016/j.ejmech.2016.11.030
https://doi.org/10.1021/acsomega.0c04595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c04595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03355?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2, 4-Triazol-3-ylsulfanylmethyl)-1, 2, 3-triazole derivatives. ACS
Omega 2021, 6, 301−316.
(75) Aneja, B.; Azam, M.; Alam, S.; Perwez, A.; Maguire, R.; Yadava,
U.; Kavanagh, K.; Daniliuc, C. G.; Rizvi, M. M. A.; Haq, Q. M. R.;
Abid, M. Natural product-based 1, 2, 3-triazole/sulfonate analogues as
potential chemotherapeutic agents for bacterial infections. ACS
Omega 2018, 3, 6912−6930.
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