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study reports the synthesis, characterization, Hirshfeld
surface analysis, molecular docking, and cytotoxic evaluation
of three novel diphenyldiquinoline derivatives: DPDQ-3a,
DNDPDQ-3b, and DCDPDQ-3c. The compounds were
synthesized via Friedlander condensation and tested against
lung (A549), colorectal (DLD1), and breast (MCF-7) cancer
cells, with human embryonic kidney (HEK293) as controls.
DPDQ-3a showed the strongest potency and selectivity, with
ICso values lower than cisplatin and reduced toxicity toward
normal cells. Hirshfeld analysis revealed stabilizing
intermolecular interactions, while docking studies confirmed
high binding affinities to cancer-related proteins. In silico
toxicity assessment indicated favorable safety, highlighting
DPDQ-3a as a promising anticancer candidate.
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1. INTRODUCTION

Cancer remains one of the leading causes of death and a major global health challenge,
claiming millions of lives each year despite significant advances in diagnosis and treatment.
Many reports regarding cancer and how to fight them are well-documented [1-5].
Chemotherapy continues to be widely used, yet it is often associated with severe side effects
and limited selectivity toward tumor cells. This situation underscores the urgent need for new
compounds that are both more effective and less toxic. In this context, heterocyclic
compounds (particularly quinoline derivatives) have shown remarkable promise in drug
development due to their versatile biological activities and structural tunability, making them
excellent candidates for therapeutic design [6].

The anticancer potential of quinoline derivatives has been demonstrated through several
mechanisms, including induction of apoptosis, inhibition of angiogenesis, and disruption of
key enzymatic and signaling pathways necessary for tumor growth and metastasis. Their
flexible molecular framework allows extensive modifications, enabling the development of
derivatives with enhanced biological activity. Substituents such as nitro and chloro groups
play a crucial role in modulating cytotoxicity, tumor specificity, and pharmacokinetic behavior
[7,8].

In recent years, diphenyldiquinoline derivatives have attracted growing interest as
potential anticancer agents. Derived through the Friedlander condensation, these
compounds combine quinoline and phenyl moieties, conferring favorable pharmacological
properties [9,10]. Previous studies suggest that structural modifications in these derivatives
can significantly improve therapeutic efficacy while reducing off-target effects. Nevertheless,
further insights into their structure-activity relationships (SAR) and interactions with
biological targets are essential for realizing their full potential [11].

The present study focuses on the synthesis and evaluation of three novel
diphenyldiquinoline derivatives (DPDQ-3a, DNDPDQ-3b, and DCDPDQ-3c). Their
antiproliferative activity was tested against non-small cell lung cancer (A549), colorectal
cancer (DLD1), and breast cancer (MCF-7) cell lines, with cytotoxicity assessed in normal
human embryonic kidney cells (HEK293). MTT assays were performed to determine 1Cso
values and selectivity indices, using cisplatin as a reference drug.

To support the biological findings, based on previous studies (see Table 1), molecular
docking studies were conducted to explore the binding potential of the most promising
derivatives with tumor-related protein targets. Additionally, in silico toxicity predictions were
carried out to evaluate safety profiles, particularly regarding hepatotoxicity, nephrotoxicity,
and other potential adverse effects. By integrating experimental and computational
approaches, this study provides a comprehensive evaluation of diphenyldiquinoline
derivatives as prospective anticancer agents. The significance of this research lies in advancing
the development of selective and effective compounds that may contribute to improved
cancer therapy.

Table 1. Previous studies on molecular docking.

No Title Ref.

1 Artemisia herba alba essential oil: GC/MS analysis, antioxidant activities with molecular [12]
docking on S protein of SARS-CoV-2

2 Triazolopyrimidine derivatives: A comprehensive review of their synthesis, reactivity, [13]

biological properties, and molecular docking studies

DOI: https://doi.org/10.17509/ijost.v11i2.89682
p- ISSN 2528-1410 e- ISSN 2527-8045



https://doi.org/10.17509/ijost.v11i2.89682

129 | Indonesian Journal of Science & Technology, Volume 11 Issue 1, April 2026 Hal 127-148

Table 1 (continue). Previous studies on molecular docking.

No Title Ref.
3 Deciphering the mechanism of action Cosmos caudatus compounds against breast [14]
neoplasm: A combination of pharmacological networking and molecular docking approach

with bibliometric analysis

4 Synthesis, antibacterial evaluation and molecular docking of 2,4,5-tri-imidazole derivatives  [15]

5 Reverse docking on five original PPO structures: Plant, bacterial, and human [16]

6 Synthesis, optimization, DFT/TD-DFT and COX/LOX docking of new Schiff base N’-((9-ethyl- [17]
9H-carbazol-1-yl)methylene)naphthalene-2-sulfonohydrazide

7 Synthesis, characterization, E/Z-isomerization, DFT, optical and IBNA docking of new Schiff [18]
base derived from naphthalene-2-sulfonohydrazide

8 Design, synthesis, and biological evaluation of new sulfonamides derived from 2- [19]
aminopyridine: Molecular docking, POM analysis, and identification of the pharmacophore
sites

9 Computational approaches to Spirulina platensis growth with urea-derived nanonutrients: [20]
Thermodynamic properties, energetic profiles, molecular docking and POM analysis

10 Preparation and characterization of new mixed azo ligand complexes with some metal ions [21]
and in vitro biological activity and molecular docking study of Ni(ll) and Hg(Il) complexes

11 Molecular docking studies for the identifications of novel antimicrobial compounds [22]
targeting Staphylococcus aureus

12  Potential inhibition of ALDH by argan oil compounds, computational approach by docking, [23]
ADMET and molecular dynamics

13 3D-QSAR, molecular docking, molecular dynamic simulation, and ADMET study of bioactive [24]
compounds against Candida albicans

14  Acetylcholinesterase, tyrosinase, a-glucosidase inhibition of Ammoides leucotrichus fruits [25]
essential oil and ethanolic extract and molecular docking analysis

15 3D-QSAR modeling, molecular docking and drug-like properties investigations of novel [26]
heterocyclic compounds derived from Magnolia officinalis as hit compounds against NSCLC

16 Novel triazole-pyrazine as potential antibacterial agents: Synthesis, characterization, [27]
antibacterial activity, drug-likeness properties and molecular docking studies

17 Investigating the biological activities of Moroccan Cannabis sativa L. seed extract: [28]
Antimicrobial, anti-inflammatory, and antioxidant effects with molecular docking analysis

18 Investigation of the usability of some triazole derivative compounds as drug active [29]
ingredients by ADME and molecular docking properties

19 Insilico design of new a-glucosidase inhibitors through 3D-QSAR study, molecular docking [30]
modeling and ADMET analysis

20 In search of new potent a-glucosidase inhibitors: Molecular docking and ADMET prediction [31]

21 In silico studies of 1,4-disubstituted 1,2,3-triazole with amide functionality: Antimicrobial [32]
evaluation against Escherichia coli using 3D-QSAR, molecular docking, and ADMET
properties

22  Deciphering the SARS-CoV-2 Delta variant: Antiviral compound efficacy by molecular [33]
docking, ADMET, and dynamics studies

23  In silico docking, drug-likeness and toxicity prediction studies of bioactive compounds of [34]
Eurycoma longifolia as potential multi-targeted antiviral agents against SARS-CoV-2

24 Extract and molecular docking: Exploring the oxidation of 3,5-di-tert-butylcatechol and 2- [35]
aminophenol in the presence of O, from air

25 Synthesis, structural and crystallographic characterization of new hydrosoluble thymol [36]
derivatives with enhanced antioxidant activity assessed by docking study

26  Synthesis, anticancer, antimicrobial evaluation, in silico molecular docking and POM [37]

analyses of new 4,7-dimethyl coumarin containing sulfonamides
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Table 1 (continue). Previous studies on molecular docking.

No Title Ref.

27 Synthesis, spectroscopic characterization, cytotoxic activity, ADME prediction and [38]
molecular docking studies of the novel series quinoxaline-2,3-dione

28 Molecular docking and ADMET prediction of compounds from Piper longum L. detected by [39]
GC-MS analysis in diabetes management

29 CoMFA topomer, CoMFA, CoMSIA, HQSAR, docking molecular, dynamique study and [40]
ADMET study on phenoxypropyl isoxazole derivatives for coxsackie virus B3 inhibitors
activity

30 Computational insights into benzothiophene derivatives as potential antibiotics against [41]
multidrug-resistant Staphylococcus aureus: QSAR modeling and molecular docking studies

2. METHODS
2.1. Synthesis of Diquinoline Derivatives

The synthetic pathway of the diquinoline derivatives is illustrated in Figure 1. All
compounds were prepared using the Friedlander condensation reaction, as previously
described [42,43]. The synthesis of several materials is in the following:

(i) Diphenyldiquinoline (DPDQ-3a). 2-Aminobenzophenone (2 equivalents) and
bicyclo[3.3.1]nonane-3,7-dione (1 equivalent) were dissolved in 20 mL of absolute
ethanol, followed by the addition of 2 mL of 10 M HCIl. The mixture was refluxed
overnight, then filtered and washed with ice-cold ethanol. The light brown powder
obtained corresponded to DPDQ, with a yield of 73%.

(ii) Dinitrodiphenyldiquinoline (DNDPDQ-3b). 2-Amino-5-nitrobenzophenone (2
equivalents) and bicyclo[3.3.1]nonane-3,7-dione (1 equivalent) were dissolved in 20 mL
of ethanol with 2 mL of HCI. The solution was refluxed overnight, filtered, and washed
with ice-cold ethanol. The product was collected as an off-white solid, with a yield of 50%.

(iii) Dichlorodiphenyldiquinoline  (DCDPDQ-3c).  2-Amino-5-chlorobenzophenone (2
equivalents) and bicyclo[3.3.1]nonane-3,7-dione (1 equivalent) were dissolved in 20 mL
of ethanol, followed by 2 mL of HCIl. The mixture was refluxed overnight, filtered, and
washed with ice-cold ethanol. The reaction produced a light orange powder, with a yield
of 92%.

2.2. Hirshfeld Surface Analysis

Hirshfeld surface (HS) analysis was employed to investigate intermolecular interactions in
the crystal structures of DPDQ-3a, DNDPDQ-3b, and DCDPDQ-3c. The analysis was performed
using Crystal Explorer software [44]. The normalized contact distance (dnorm) was calculated
from the internal (di) and external (de) atomic distances relative to their van der Waals radii
[45]. It is defined as the distance from the surface to the nearest internal and external atoms

and expressed in Equation (1).
di—rYdW g __pydw
dnorm= 1vle + evd'i/\/ (1)
Iy ra

where ™ and r."/V represent the van der Waals radii of atoms inside and outside the
surface, respectively. The dnorm values were then mapped onto the Hirshfeld surface using
a blue-white-red color scheme, in which blue indicates long contacts, white corresponds to
contacts close to the van der Waals separation, and red highlights short contacts [46].
Intermolecular interactions within the crystal lattice were further represented through the
combination of di and de in the form of two-dimensional fingerprint plots. These plots were
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generated within the range of 0.6-2.4 A to visualize reciprocal contacts and quantify the
contribution of different interaction types.

X o
SUCEE
NH, O
1 2
(2 eq) (1eq)
1a:X=H 1b:X=NO, 1c:X=Cl 3a: X=H 3b: X=NO, 3c: X=Cl

Figure 1. Synthesis of the diphenyldiquinoline derivatives (DPDQ-3a, DNDPDQ-3b, and

DCDPDQ-3c).

2.3. Anti-Tumor Activity Experiments

Anti-tumor activity experiments, including:

(i)

(ii)

(iii)

(iv)

Cell culture

Human cancer cell lines A549 (lung), DLD1 (colorectal), and MCF-7 (breast), along with
normal human embryonic kidney cells (HEK293), were purchased from ATCC. The
growth media and supplements were obtained from EuroClone (Milan, Italy). A549,
DLD1, and MCF-7 cells were cultured in RPMI 1640 medium supplemented with 2 mM
L-glutamine, 1% penicillin-streptomycin, 1% amphotericin B, and 10% fetal calf serum
(FCS). HEK293 cells were cultured in DMEM with the same supplements. All cell lines
were maintained at 37 °C in a humidified incubator with 5% CO,. Cells were detached
with 0.05% trypsin-EDTA during sub-culturing, and medium was refreshed every 48—72
hours.

Anti-proliferative activity

The Thiazolyl Blue Tetrazolium Bromide (MTT) assay was used to assess cell viability.
Cells were seeded in 96-well plates at a density of 1 x 10* cells/mL and allowed to
adhere. Different concentrations of DPDQ derivatives (1, 50, 100, and 200 uM/mL) were
added, with cisplatin (1, 25, 50, and 100 uM/mL) used as a positive control. After 96
hours, the medium was replaced with MTT solution (5 mg/mL) and incubated for 4
hours. Formazan crystals were dissolved in DMSO, and absorbance was measured at
620 nm using a multimode reader (Agilent Technologies, USA). All experiments were
repeated three times. ICso values were calculated, and the Selectivity Index (SI) was
determined as the ratio of ICso in normal cells to ICso in cancer cells. An SI > 3 was
considered indicative of selective anticancer activity.

Morphology analysis

Cell morphology was examined after treatment with each compound at its respective
ICso value. Cells were fixed with ice-cold methanol at 4 °C for 30 minutes and stained
with hematoxylin. After rinsing and drying, morphological changes were observed using
an inverted light microscope at 40x magnification.

Statistical analysis

Data were expressed as mean * standard deviation from three independent
experiments. Statistical differences between groups were analyzed using a t-test, with
p < 0.05 considered significant. We analyzed statistics to get a better understanding of

DOI: https://doi.org/10.17509/ijost.v11i2.89682
p- ISSN 2528-1410 e- ISSN 2527-8045



https://doi.org/10.17509/ijost.v11i2.89682

Alshahateet et al., Structural Characterization, Hirshfield Surface Analysis, and Molecular Docking... | 132

the results. Detailed information on how to analyze using statistical analysis is reported
elsewhere [47-49].

2.4. In Silico Toxicity Prediction

Based on cytotoxicity results, DPDQ-3a and DCDPDQ-3c were selected for toxicity
evaluation using the ProTox-Il webserver [50,51]. Predictions included acute oral toxicity
(LDso values), organ-specific toxicity, and various toxicological endpoints.

2.5. Molecular Docking

The synthesized compounds were visualized using ChemDraw 16.0 and optimized with the
MM2 method. Docking studies were conducted with the Molecular Operating Environment
(MOE) software [52]. Target proteins were retrieved from the Protein Data Bank [53]. Before
docking, water molecules were removed, hydrogen atoms added, and missing side chains
corrected. Potential energy was minimized using the MMFF94x force field [54-56]. The
optimized compounds were saved in MDB format for docking. In this study, DPDQ-3a and
DNDPDQ-3b were docked against tumor-related protein targets to assess binding affinity and
potential anticancer activity [57,58].

3. RESULTS AND DISCUSSION
3.1. Structural Description or Single X-Ray Diffraction Analysis
3.1.1. Diphenyldiquinoline

This molecule features a multi-cyclic framework with interconnected aromatic and non-
aromatic rings. The central structure is a bicyclic system comprising a six-membered aromatic
ring fused to a five-membered ring, with the aromatic ring exhibiting alternating double bonds
that suggest conjugation and resonance stability (Figure 2). Extending from this bicyclic core
is a branched aliphatic chain terminating in functional groups, including hydroxyl (-OH) and
thiol (-SH) groups, which may contribute to its chemical reactivity or interaction with other
molecules. Several additional substituents, such as methyl groups and hydrogen atoms, are
attached to the cyclic and aliphatic portions, and their specific spatial arrangements suggest
the presence of stereocenters, indicating chirality in the molecule. The sulfur atoms within
the thiol groups are likely connected to additional atoms or functional groups, suggesting
potential thioether or disulfide linkages. Overall, the molecule’s structure combines aromatic,
aliphatic, and functional group characteristics, making it a chemically diverse and potentially
bioactive compound.

Figure 2. The crystal packing viewed along the direction (101) of Dinitrodiphenyldiquinoline.
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3.1.2. Dinitrodiphenyldiquinoline

This molecule displays a complex structure with a combination of cyclic and acyclic
components, showcasing both aromatic and aliphatic regions (Figure 3). The core of the
molecule includes a central bicyclic system, where one six-membered ring is fused with
another six-membered or five-membered ring. The aromaticity of one or more rings is evident
through alternating double bonds, indicative of conjugation.

Attached to this bicyclic core is a branched aliphatic chain that incorporates several
functional groups. Hydroxyl (-OH) groups and other polar groups, such as sulfur-containing
thiol (-SH) or sulfoxide groups, appear to be present, suggesting potential reactivity or
functional diversity. The structure also features additional rings or substituents extending
from the main framework, with various hydrogen atoms, methyl groups, and stereocenters
labeled, indicating chirality.

The arrangement of bonds, including single, double, and possible aromatic bonds,
highlights the molecule's intricate three-dimensional conformation. This molecule's
structure, with its combination of functional groups and cyclic systems, suggests it could have
applications in organic synthesis, catalysis, or bioactivity studies.

Figure 3. The crystal packing viewed along the direction (101) of Diphenyldiquinoline.

3.1.3. Dichlorodiphenyldiquinoline

The molecule depicted is a structurally complex organic compound featuring both aromatic
and aliphatic regions (Figure 4). It contains two chlorine atoms, highlighted in green, attached
to different parts of the molecule, likely enhancing its chemical reactivity or stability. A
nitrogen atom (N1) is incorporated into the structure, indicating the presence of a nitrogen-
containing functional group, such as an amine or imine. The molecule's architecture includes
a combination of planar aromatic rings and branched aliphatic chains, providing structural
diversity. Additionally, the spatial arrangement of bonds and substituents suggests the
presence of chiral centers, highlighting the potential for stereocisomerism. This level of
functionalization and stereochemical complexity implies that the molecule could have
applications in medicinal chemistry, catalysis, or material science, depending on its specific
properties.
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Figure 4. The crystal packing viewed along the direction (110) Dichlorodiphenyldiquinoline.
3.2. Intermolecular Interactions Calculations

Hirshfeld surface analysis and 2D fingerprint plots were used to visualize intermolecular
interactions that ensure the cohesion of the crystal structures, identifying each type of
intermolecular interaction. The 3D dnorm surfaces were generated at high resolution over a
fixed color scale of —0.1293 (red) to 1.3355 A (blue) for DPDQ-3a (Figure 5(a)), —-0.1804 (red)
to 1.6558 A (blue) for DNDPDQ-3b (Figure 5(d)), and -1.2664 (red) to 1.1712 (blue) A for
DCDPDQ-3c (Figure 5(g)). The red spots in the dnorm map correspond to the closest
intermolecular interactions [59-61]. Furthermore, in the shape index map, red and blue
regions represent the donor and acceptor groups, respectively. It is important to highlight
that the the appearance of neighboring blue and red triangles in the shape index surface
confirms the interactions resulting from m-stacking, which can be seen as black circles in
Figure 5(e). Turning to the curvature map, the bright red cavities revealed concave regions
caused by the carbon atoms of the m-stacked molecule situated outside the surface, while the
green and blue regions provide visual insights into the planarity and curvature of the
molecule.

The distribution of the different intermolecular interactions, based on the HS analysis of
the studied compounds, is displayed in Figure 6. Fingerprint plots of 3a, 3b, and 3c are shown
in Figures 7, 8, and 9, respectively, and illustrate the intermolecular contacts present in the
crystalline solid. The analysis showed that H---H interactions had the the highest contribution,
representing 57, 44.5, and 46.7% of the total surface area in compounds 3a, 3b and 3c,
respectively. The prevalence of H---H contacts can be assigned to the small van der Waals radii
of hydrogen atomes, signifying the shortest distance on the surface [62].

Furthermore, the other prominent intermolecular contacts were C:--H/H---C interactions,
which primarily came from C-H---mt (ring) in compounds 3a and 3c, accounting for 33% and
22.2%, respectively. In contrast, O--- H/H---O contacts made up 25.1% in compound 3b. Other
interactions contributed as follows : N...H (8%), C...C (1.3%), C...N/N...C (0.7%) in compound
3a; C...H/H...C (12.8%), N...H/H...N (5.5%), C...C (5.4%), C...N/N...C (1.2%) in compound 3b;
and Cl...H/H...Cl (13.8%), C...C (9%), N...H/H...N (3.6%), N...CI/CI...N (2.8%), CI...C/C...Cl (2.1%)
in compound 3c.
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Figure 5. Hirshfeld surface mapped with dnorm (a), shape index (b), and curvedness (c) for
compound (DPDQ)-3a; dnorm (d), shape index (e), and curvedness (f) for compound
(DNDPDQ)-3b; and dnorm (g), shape index (h), and curvedness (i) for compound (DCDPDQ)-
3c.
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Figure 6. Percentage contributions of interatomic interactions to the HS for (a) compound
(DPDQ)-3a, (b) compound (DNDPDQ)-3b, and (c) compound (DCDPDQ)-3c.
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Figure 8. The full 2D fingerprint plots for compound (DNDPDQ)-3b, showing all
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Figure 9. The full 2D fingerprint plots for compound (DCDPDQ)-3c, showing all
interactions.

3.3. Anti-Proliferative Activity

Quinoline is a privileged scaffold that has been widely used for the development of new
drugs with numerous therapeutic uses. The diversity of quinoline synthetic properties has
enabled the development of a broad range of structurally diverse derivatives, thereby
enhancing various biochemical and biological applications, particularly cancer therapy [63].
Quinoline derivatives exert their potent anticancer activity through different mechanisms,
including but not limited to induction of cell cycle arrest and apoptosis, inhibition of
angiogenesis, and enzyme pathways like tyrosine kinases, and disruption of cell invasion and
migration. Therefore, the ability of quinoline derivatives to preferentially attack tumor
enzyme pathways and tumor-specific signals remains essential for developing safe and
effective anticancer treatments [64]. On this basis, the rationale for synthesizing DPDQ
derivatives (3a-c) with either dichloro or dinitro substitutions may potentially offer high
synergistic anti-cancer activity with minimal clinical toxicity for cancer patients.

Results showed that all DPDQ derivatives (3a-c) exhibited dose-dependent cytotoxicity
towards all cell lines, though to varying degrees (Figure 10 and Table 2). Compared to normal
cells (HEK293), DPDQ (3a) and DCDPDQ (3c) displayed a significantly potent cytotoxic effect
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against various cancer cell lines. However, DPDQ (3a) derivative exhibited higher potency and
best selectivity than DCDPDQ (3c) towards all types of cancer cells relative to normal cells.
Significantly, the DPDQ (3a) IC50 concentration for every cancer cell line was lower than that
of the reference drug cisplatin for the respective cancer cell line [IC50 = 8.7+1.8 uM/ml
(DLD1); 7.942.2 uM/ml (MCF-7) and 9+3.6 uM/ml (A549) (p < 0.001)], suggesting that DPDQ
has greater anti-cancer activity than the reference drug. In contrast, DPDQ (3a) was less toxic
to normal cells as its IC50 concentration for normal cells was quite greater than cisplatin [IC50
=38.6%5.1 uM/ml (HEK293), (p < 0.001)] [58]. Decoration of quinoline scaffold with a phenyl
moiety at the pyridine ring was shown to be an important factor for synergistic anticancer
activity [64]. Importantly, the addition of chloro atoms at both benzene rings, as in the case
of DCDPDQ (3c), preserved the cytotoxic activity and selectivity for only the lung cancer cell
line (A549), while cytotoxic activity was reduced by almost double in other cancer cell lines.
This is consistent with a previous study showing that halogenation of the phenylquinoline
moiety, particularly chlorine, has led to reduced anticancer activity in particular cancer cell
lines like MCF-7 [64]. Interestingly, a weak non-selective cytotoxic effect was displayed in
cancer cell lines upon replacement of dichloro atoms with dinitro groups, as in the case of
DNDPDQ (3b). Upon morphological analysis, treatment of cancer cells with DPDQ derivatives
(3a-c) and cisplatin at respective IC50 concentrations led to cell detachment and loss the
cellular integrity (Figure 11). Cells became rounded and shrunken with a condensed nucleus.
Such changes indicate a disruption in the cell cytoskeleton. In contrast, untreated control cells
preserved the cellular integrity as a typical spindled shape morphology with a uniform
cytoplasm and nucleus.

Table 2. Selectivity index and IC50 values (uM) of DPDQ derivatives and cisplatin in all cell
lines treated for 96 hours.

1Cso (LM) SI
Drug/ Cellline  HEK293 DLD1 MCF-7 A549 DLD1 MCF-7 A549
DPDQ -3a 38.645.1 8.7+1.8 7.9+2.2 9+3.6 4.4 4.9 43
DCDPDAQ- 3¢ 23.7+4.6 19.3%5.9 14.1+3.8 6.742.3 1.2 1.7 3.5
DNDPDQ-3b  679.8430.5 339.9+21.8 445.7#27.4 276.9+25.1 2 1.5 2.5
Cisplatin 19.61+4.8  11.8+3.9 1243.1 1042.2 1.7 1.6 2

3.4. In Silico Prediction of Toxicity

The ProTox-Il toxicity predictions showed that both DPDQ (3a) and DCDPDQ (3c) have a
similar toxicity profile. Both compounds have an estimated LD50 of 136 mg/kg and are
assigned to class Il for acute oral toxicity (toxic if swallowed, 50 < LD50 < 300). In comparison
to the determined IC50 values for both compounds, the predicted toxicity class encompasses
a wide concentration range, suggesting that both compounds are non-toxic. Importantly, the
toxicity profile of both compounds was favorable, exhibiting no hepatotoxicity,
nephrotoxicity, cardiotoxicity, or respiratory toxicity. Moreover, both compounds were
inactive for induction of carcinogenicity, mutagenicity, cytotoxicity, immunotoxicity, clinical
toxicity, and nutritional toxicity. However, both compounds were predicted to have active
neurotoxicity with probabilities ranging from 0.7-0.77 and blood-brain barrier (BBB)
permeability ranging from 0.93-0.97. Crucially, neither the toxicological signalling pathways
listed in the Tox21 dataset nor toxicological targets from the Novartis in vitro safety panels
used in the analysis showed activity for the induction of such less probable toxicity.
Furthermore, drug metabolising enzymes like CYP1A2, CYP2C19, and CYP2C9 were shown to
be active for metabolism of both compounds, but have probability less than 0.7 and therefore
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considered less probable to cause toxicity. Overall, both compounds emerged as promising

candidates with favorable toxicity profiles, characterized by lack of major organ toxicities and
low predicted oral toxicity.

a
12“ -
—a— [ 01
% MCFT
% i 55
W —— HEK 253
Concentration (i)
b
uﬂ -
1 &
=t DLD1
o m d
£ MCF7
% ¥ —e—AS40
A 90 - —s—HEK293
20 1 1
] : : = {
[/ 1 50 100 200
Concentration {pi)
C
uﬂ -
100
—a—[IL0O1
& E0
£ MCF7
g &0 —e—AS40
@ —s—HEK283
m .
ﬂ T T T 1
[V 1 50 100 200

Concentration {ph)

Figure 10. Concertation-dependent anti-cancer activity of (a) DPDQ (3a), (b) DCDPDQ (3c),
and (c) DNDPDQ 3b displayed by cancer cell lines (MCF-7, DLD1, and A549) and non-
cancerous cells (HEK293) for 96 h treatment.
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Figure 11. Anti-cancer activity of DPDQ derivatives and cisplatin against cancer cell lines
(MCF-7, DLD1, and A549) and non-cancerous cells (HEK293) for 96h treatment. Each cell line
was treated at the respective IC50 as indicated in Table 2. (40x objective lens).

3.5. Molecular Docking

The objective of this study was to accurately simulate the internal dynamics of infected
cells following treatment with the proposed inhibitors. To accomplish this, the MOE module
was employed to carry out molecular docking simulations between the inhibitors
Diphenyldiquinoline (DPDQ)-3a and Dinitrovdiphenyldiquinoline (DNDPDQ)-3b and the PDB
co-crystal structure 5KVT of anti-tumor agents [64]. Table 3 presents a summary of the
binding energy scores and details the interactions between the functional groups of the
compounds and the protein residues [65].

Table 3. Results of molecular docking for two compounds with the target protein.

Bonds formed between functional
groups of the component and protein

. E .
Compounds PDBID Activity nergy residues
(kcal/mol) -
Functional .
Residues
groups
Diphenyldiguinoline -7.6209 Benzene Asp 599 and Val 524
(DPDQ)-3a Anti- ' P

Dinitrovdiphenyldiq ~ 5KVT Tumor

uinoline (DNDPDQ)- Agents  -7.7664 Benzene Val 524, Gly 595, and

3b Gly 517

Figure 12 displays images of the docking complexes. Table 3 presents details of the ligand
types (hydrogen bonding interaction centers) and their corresponding protein receptors. The
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table also includes the functional groups interacting with the enzymes, as well as the
calculated binding energies for the molecular docking simulation.

The energy values (S) you've reported suggest that compounds 3A and 3B have a strong
binding affinity for the targeted protein (5KVT). Generally, lower (more negative) energy
values indicate more favorable interactions and higher binding affinities. If these scores are
derived from docking studies or similar computational methods, they imply that both
compounds have a potentially effective interaction with the protein, which could be
promising for their activity against tumors.

Figure 12 shows that molecule 3A forms bonds with residues Asp 599 and Val 524, while
molecule 3B interacts with residues Val 524, Gly 595, and Gly 517. These varied interactions
illustrate the potential inhibitory effects of these compounds on the targeted protein 5KVT.
The strong interactions observed between these synthesized molecules and the target
protein suggest their potential as anti-cancer drugs. Such promising affinity toward the
targeted protein is a key characteristic for developing effective anti-cancer agents.

Compound 3a-5KVT

Compound 3¢-5KVT

Figure 12. Best docking interaction of synthesized compounds and the target protein 5KVT.

4. CONCLUSION

This article showcases the therapeutic abilities of new diphenyldiquinoline derivatives
(DPDQ-3a, DNDPDQ-3b, and DCDPDQ-3c) as selective and efficient anti-tumor agents. The
prepared compounds revealed cytotoxicity in a concentration-dependent manner against
several cancer cell lines, with DPDQ-3a being the most effective and selective. In comparison
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with the reference drug cisplatin, DPDQ-3a exhibited the most potent antiproliferative effects
against lung, colorectal, and breast cancer cells with the least cytotoxicity toward normal
cells.

The results from molecular docking studies confirmed the strong binding of DPDQ-3a and
DNDPDQ-3b with some tumor-specific protein targets, thereby pointing out their potential as
inhibitors of cancer-related pathways. In silico toxicology predictions further foretold safety
profiles for both DPDQ-3a and DCDPDQ-3c, with no major organ toxicity or cancerogenicity,
even though the former showed it to be safe, while the latter was malignant.

The intermolecular interactions in the crystal structures were also investigated through
Hirshfeld surface analysis, which provided further insight into the molecular interactions and
stability of the compounds. The attachment of functional groups, for instance, nitro and
chloro substituents, has played a crucial role in the alteration of the biological activity and the
high selectivity of these derivatives, which underscores the crucial role that structural
modifications play in their pharmacological properties. Moreover, the extraordinary results
of this research underscore the compilation of experimental and computational approaches
for the development of more effective cancer Nano-therapy.

All in all, this research lays the groundwork for the future preclinical examination of
qguinoline-derived compounds as antitumor agents. Subsequent investigations may look into
these derivatives to make sure they are as strong and as fast in their action as they can be,
and study them using combination chemotherapy.
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