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hytochemical isolation and
characterization against HER2 as a breast cancer
target based on chromatographic methods, DFT
studies, 3D-QSAR analysis, and molecular docking
simulations†

B. S. Lakshmi,a Jayanna K. Bidarur,a H. G. Anilkumarb and B. S. Ravindranath *c

Cancer remains one of the leading causes of death globally. Over the past few decades, significant

advancements in cancer diagnostics, prevention, and therapeutics have been achieved. However,

developing effective treatments with minimal adverse effects remains the most critical challenge for the

medical community. Breast cancer is the second most common cause of cancer-related death in

women. Thus, there is a need for novel therapeutic strategies that can effectively cure cancer. In the

present study, we extracted very efficient bioactive phytocompounds from the Vitex negundo plant

species, which has shown abundant medicinal properties since ancient times. The extracted plant

sample was isolated and purified using HPLC analysis and LC-MS techniques. The LC-MS studies

revealed the presence of two important bioactive phytocompounds, artemetin and catechin, in the plant

extract. The functional groups present in each phytochemical were evaluated by FTIR analysis.

Quantitative Structure–Activity Relationship (QSAR) studies were performed to understand the

structure–activity relationships of bioactive compounds virtually, thereby minimizing labor costs and

time. Artemetin and Catechin extracted from plant samples were evaluated for their antioxidant activity

and anticancer activity using in silico molecular docking studies. Further, the physicochemical properties

of these phytocompounds were analyzed using density functional theory (DFT) studies. These results

suggest the efficiency of the method used to isolate phytocompounds with target-specific activity.
1 Introduction

Phytochemicals are natural chemicals available in nature.1,2 For
many years, these natural chemicals have been used as tradi-
tional medicines. Several secondary metabolites obtained from
medicinal plants in the form of phytochemicals have been re-
ported to have anticancer properties and have been adminis-
tered as medications for centuries to treat various human
ailments.3–5 These phytochemicals extracted from plants are
classied as phenolics, terpenoids, lipids, alkaloids, carbohy-
drates, and nitrogen-containing compounds depending on
their chemical structures and properties.6 Furthermore, these
phenolics are classied as avonoids and lignin compounds.
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Vitex negundo is one such plant, rich in diverse phytochemicals
in all its parts.7 V. negundo is a large aromatic shrub present in
most of the tropical regions of the Indian sub-continent. It
belongs to the Verbenaceae family and is also called the “chaste
tree”.8 It is used as a traditional medicine in many regions of the
Himalayas.9 It is used as amedicine withmany pharmacological
activities such as anti-inammatory, antioxidant, anti-
microbial, diuretic, and analgesic effects, among others.10,11

According to GLOBOCAN estimates for 2022, the incidence
of cancer reached 20 million new cases, and the mortality rate is
approximately 9.7 million.12 Among these, breast cancer,
a frequent malignancy in women, accounts for 0.5 million of all
cancer-related fatalities.5 Even with signicant improvements
in breast cancer treatment, the mortality rate remains relatively
high. The second most common cause of cancer-related deaths
in women is breast cancer.13

Breast cancer is differentiated into three major types: the
most common type is caused by the upregulation of estrogen
receptors (ERs) or progesterone receptors (PRs) in about 60%
cases. This is also called hormone-receptor-positive breast
cancer.14 The abnormal expression of human epidermal growth
factor receptor 2 (HER-2) causes the second type, which
RSC Adv., 2025, 15, 25103–25114 | 25103
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comprises about 15–20% of cases. The last type is triple-
negative breast cancer (TNBC), which is not caused by the
overexpression of ERs, HER-2 or PRs. Chemotherapy for breast
cancer primarily focuses on the activity of these receptors, as
they are the cause of the initiation and progression of the
disease. Endocrine therapy is utilized in treating hormone-
receptor-positive (ER- or PR-positive) breast cancer. EGFR is
signicant in triple-negative breast cancer (TNBC).15 An
increased level of EGFR was shown by many TNBC cell lines,16

therefore the usage of EGFR fractional expression can show
whether a treatment strategy is working. The available medi-
cines used for treating breast cancer, such as getinib,17 erlo-
tinib,17 pertuzumab,18 palbociclib,18 raloxifene,19 show
comparatively high levels of adverse effects. Therefore, phyto-
compounds and their bioactive derivatives, due to their poten-
tial anticancer abilities, may serve as an alternative therapy for
treating breast cancer.20 To effectively treat breast cancer with
minimal side effects, an alternative treatment must be
developed.

In the current study, V. negundo plants were subjected to
extraction, purication, isolation, and characterization for our
investigation. Analytical techniques such as HPLC analysis,21

LC-MS analysis,22,23 density functional theory (DFT) studies,24

and Quantitative Structure–Activity Relationship (QSAR)
studies25 were used to extract and study the phytochemicals
artemetin and catechin for their antioxidant and anticancer
activities, respectively. The chosen breast cancer target proteins
were used in molecular docking experiments involving arte-
metin and catechin. Further clinical trials are needed to assess
the full potential of the phytochemicals derived from V.
negundo.
2 Experimental
2.1 Materials and methods

2.1.1 Collection of Vitex negundo plants. During the winter
months of December through February, V. negundo plants were
collected from the Sahyadri mountain range in the Shivamogga
Fig. 1 HPLC chromatograms of V. negundo plant extract detected at 25

25104 | RSC Adv., 2025, 15, 25103–25114
district of Karnataka. Botanists at Kuvempu University (http://
www.kuvempu.ac.in/) authenticated the plants.

2.1.2 Sample preparation. The leaves of the V. negundo
plants were gathered, cleaned with distilled water, and dried
under shade for 15–20 days. Using a Soxhlet device, the
powdered dry leaves were extracted with absolute ethanol. The
extract was ltered and concentrated by solvent evaporation
under reduced pressure or vacuum.25 The nal extract was
further analyzed using HPLC,21 LC-MS,23 and FTIR.27

2.1.3 Instrumentation
2.1.3.1 HPLC analysis. A Shimadzu HPLC system (Shimadzu

Nexera-i LC2040C 3D-PDA, Tokyo, Japan) was utilized for
analyzing the plant extract of V. negundo. An autosampler, SIL
HTA; pump, LC-10ADVp; degasser, DGU-12A; detector, SPD-
10AVp; and column oven, CTO-10AVp, make up the Shimadzu
HPLC system.21 100 mg of plant sample and 50 mL of ethanol
were added to a conical ask. Aer 5–6 min of sonication of the
plant sample and ethanol solvent in a water bath, the mixture
was sieved through a 0.45 mmmicroporous lter. HPLC analysis
was performed using a C18 column (3.5 mm particle size, 50 ×

4.6 mm) to analytically separate phytocompounds from the
sample. The elution process was performed using a mobile
phase composed of 0.1% formic acid in a mixture of water and
acetonitrile, while the ow rate was kept constant at 1.2 mL
min−1; additionally, twenty liters of sample volume were
injected. An ultraviolet (UV) detector is utilized to monitor at
wavelengths of 225 nm and 254 nm. The following gradient
elution mode was applied in a solvent system containing stages
A (0.1% formic acid) and B (acetonitrile): 75–15% (B) from
8.00–11.00 min; and 15–15% (B) for 11.00–15.00 min, 75–75%
(B) from 6.00–8.00 min, and 15–75% (B) from 0.01–6.00 min. In
addition, until analysis, the column's equilibrium was main-
tained at 15% (B).26 HPLC chromatograms of V. negundo plant
extract detected at 254 nm and 225 nm are shown in Fig. 1, and
the details of HPLC peaks are provided in Table 1.

2.1.3.2 LC-MS analysis. WATERS XBridge apparatus27 with
dimensions of 50 × 4.6 mm and 3.5 mm size was used in the
current investigation to conduct the LC-MS analysis. Utilizing
4 nm and 225 nm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Details of HPLC peaks of ethanol leaf extracts of V. negundo

Peak # Ret. time Area Height Area (%)

(A) Detected at 254 nm
1 2.354 10 180 702 584 767 60.877
2 3.830 341 997 41 253 2.045
3 4.043 206 049 31 668 1.232
4 4.308 231 381 35 942 1.384
5 4.565 93 051 21 525 0.556
6 4.707 65 175 14 949 0.390
7 5.045 786 520 158 039 4.703
8 6.190 4 766 117 981 082 28.500
9 6.361 52 302 16 001 0.313
Total 16 723 294 1 885 227 100.000

(B) Detected at 225 nm
1 2.355 1 827 556 107 363 9.758
2 4.043 230 077 37 487 1.228
3 4.313 215 694 34 052 1.152
4 4.563 240 264 54 139 1.283
5 4.720 114 105 21 300 0.609
6 5.045 844 791 169 481 4.511
7 6.198 14 887 679 2 134 910 79.492
8 6.608 55 557 12 523 0.297
9 6.944 202 881 25 917 1.083
10 7.299 109 815 13 917 0.586
Total 18 728 418 2 611 088 100.000
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a C18 column, the sample was separated. The gradient was
eluted at a steady ow rate of 1.2 mL min−1 using solvent A
(distilled water diluted with 0.1% formic acid) and solvent B
(acetonitrile, MS grade). The diluent mixture consists of TFA,
methanol, acetonitrile, water, and 0.1% formic acid. During the
whole 15 minute ow period, the temperature of the column
remained at 30 °C. A volume of 20 mL of uid was injected.28

Electrospray mass spectra data were obtained in both positive
and negative ionizationmodes, with amass range of 50–1000m/
z. Waters MS spectroscopy was used with the Micromass
Quattro Micro model and MassLynx soware, version
4.1SCN805.29 The MS condition maintained was triple quadru-
pole (QqQ) MSMS.29 An electrospray ionization (ESI) source was
used to record the mass spectrum for both ionization modes. A
Fig. 2 The major compounds from V. negundo, analysed using LC-MS

© 2025 The Author(s). Published by the Royal Society of Chemistry
capillary voltage of 3.45 kV and collision gas ow desolvation of
800 L h−1 were used in both ion modes. We used the 50 L per h
cone. The temperature source was kept at 110 °C for both ion
modes, whereas the desolvation temperature was maintained at
350 °C. For both ionization modes, the energy of ionization I
(0.50 eV) was kept constant. An ionization energy II of 3.0 eV is
maintained during both ionization operations. Both of the
ionization modes, which used the mass range of 100–1000 m/z,
are coupled to the mass detector. An external device was utilized
for further assessment.22,23 As shown in Fig. 2, the major
compounds from V. negundo were analysed using the LC-MS ES-
TIC chromatogram at 254 nm. The LC-MS chromatograms of
the phytochemicals artemetin and catechin extracted from V.
negundo are shown in Fig. 3.

2.1.3.3 QSAR analysis. The structure-based virtual bioactive
compound screening was carried out withminimal exertion and
time usage, and a QSAR model was developed. Open3DQSAR,30

Open3DALIGN,31 PyMOL32 and Discovery Studio Visualizer33

related programs were combined to create the Cloud 3D-QSAR
server.34 This service enables us to quickly upload our own
datasets and automatically carry out CoMFA modelling
(comparative molecular eld analysis), which covers all neces-
sary stages, including molecular alignment and the computa-
tion of the MIF (molecular interaction eld).35 Aer the models
are effectively developed, the server will deliver all necessary
ndings, which users can then analyse along with a forecasting
function.

2.1.3.4 Molecular docking studies. Molecular docking simu-
lations were performed to analyze the best orientations of the
protein–ligand interactions of interest. The RCSB Protein Data
Bank (PDB) database, which has higher-resolution PDB struc-
tures, was used to retrieve the selected protein structures in this
study.36 The molecular docking procedure employed phyto-
chemicals that were chosen as phyto-ligands based on LC-MS
investigations. The breast cancer protein targets were assessed
through their binding affinities. The binding energies were
calculated for each phytocompound. The instruments utilized
to carry out the PDB formatting and ligand preparation
processes include the PDB database,37 MGL Tools,38 AutoDock
ES-TIC (254 nm).

RSC Adv., 2025, 15, 25103–25114 | 25105
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Fig. 3 LC-MS chromatograms of the phytochemicals (A) artemetin and (B) catechin extracted from V. negundo.
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Vina,39 PyRx,40 Open Babel,41 PyMol,32 and Discovery Studio
soware.33 The phytoligands were chosen based on LC-MS data
and standard compounds were explored from the PubChem
database42 and converted to SDF formats.45 The ligands were
rened using Open Babel soware43 and moved to AutoDock
Vina,39 which is inbuilt into PyRx.40,46,47 The results were evalu-
ated using Discovery Studio Visualizer.44

2.1.3.5 FTIR analysis. FTIR (Fourier transform infrared)48

transmission spectra of V. negundo leaf extracts were collected
Table 2 The characteristic FTIR peaks identified in the ethanolic extract

S. no. Related functional group Characteristics v

1 –OH (alcohol) 3200–3600
2 –NH (amide) 3000–3300
3 –CH 2850–3000
4 –C]O (carbonyl) 1670–1820
5 –C]C (aromatic) 10
6 –N–O (nitro compound) 1320–1400
7 –C–O (acid) 1210–1320
8 –C–O (ether) 1000–1200
9 C–H (alkanes) 800–1000
10 C–H (aromatic) 600–800
11 C–H (alkynes) 500–600

Fig. 4 The FTIR spectrum of V. negundo leaf extract obtained in the
wavenumber range of 4000–500 cm−1.

25106 | RSC Adv., 2025, 15, 25103–25114
using an Alpha II Fourier transform infrared spectrophotometer
(Bruker, Germany) with an ATR reection module.49 The plant
sample was placed on the platform under uniform pressure and
the spectra recorded involved sample scans of 32 scans with
a resolution of 4 cm−1. FTIR spectra of samples were recorded
between 500 and 4000 cm−1. The FTIR spectrophotometer was
used to record the peaks.

The functional groups in the plant extract from V. negundo
were determined using FTIR analysis. The –OH stretching is
represented by a peak at 3303 cm−1, which denotes the presence
of an alcoholic functional group. The amide group is indicated
by a peak at 3073 cm−1, which reects –NH stretching. Peaks at
2982, 2932, and 2855 cm−1 signify the stretching of –CH. The
carbonyl group is indicated by a peak at 1721 cm−1, which
represents stretching of –C]O. The aromatic group is indicated
by peaks at 1415, 1446, 1464, 1516, and 1581 cm−1, which
represent –C]C stretching. –N–O is represented by peaks at
1367 and 1391 cm−1.

The stretching of –C–O shown by a peak at 1275 cm−1

corresponds to an acid group. Peaks at 1164, 1122, 1098, 1072,
1039, and 1016 cm−1 show the presence of an ether group and
represent –C–O stretching. Peaks at 918, 894, 856, and 818 cm−1

represent alkane C–H groups. Peaks at 775, 743, 704, 650, 638,
of a Vitex negundo plant sample

ibration (cm−1) FTIR frequencies observed (IRmax in cm−1)

3303 cm−1

3073 cm−1

2982, 2932, 2855 cm−1

1721 cm−1

1415, 1446, 1464, 1516, 1581 cm−1

1367, 1391 cm−1

1275 cm−1

1164, 1122, 1098, 1072, 1039, 1016 cm−1

918, 894, 856, 818 cm−1

775, 743, 704, 650, 638, 606 cm−1

584, 559, 550, 525, 511, 503 cm−1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and 606 cm−1 represent aromatic C–H groups. Alkyne C–H
groups are dened by peaks at 584, 559, 550, 525, 511, and
503 cm−1, as displayed in Fig. 4. The characteristic FTIR peaks
identied in the ethanolic extract of the Vitex negundo plant
sample are represented in Table 2.

The peaks in the FTIR spectrum conrmed the presence of
phenols, avonoids, carboxylic acids, primary amines,
benzenes, nitro compounds, esters, ethers, and aromatic
compounds in the V. negundo plant sample.

2.1.3.6 DFT studies. DFT50,51 is one of the efficient quantum
chemical computational approaches needed to research the
characteristics of molecules and atoms in their ground states. It
aids in comprehending the quantum chemical features of many
different substances, including chemical reactivity, molecular
structure, ionization potential, electron affinity, and many
more.52–54 In the current work, the 6-31G basis set and B3LYP
level of theory55 were used for all calculations.56,57 The Gaussian
09 quantum chemistry package58 was used for computations in
the current investigation. The geometrically optimized struc-
tures of artemetin and catechin with the numbering of atoms
are presented in Fig. 5.
3 Results and discussion

Phytochemical Screening: In the present study, the phyto-
chemicals extracted from the leaves of the Vitex negundo plant in
ethanol solvent exhibited a wide range of phytocompounds with
bioactive properties.

Chemical composition: the principle of LC-MS analysis is to
separate the individual components present in a solvent
mixture by ionization and then analyse them based on their
mass-to-charge ratio.59 The chemical composition of the V.
negundo leaf extract was determined using LC-MS analysis. The
chromatograms of leaf extracts from V. negundo obtained using
LC-MS investigations in both positive and negative ion modes
are presented in Fig. 2 and 3. Based on LC-MS analysis, various
phytochemicals with essential bioactive properties were ob-
tained. Among these, artemetin and catechin, known for their
Fig. 5 The geometrically optimized structures of compounds with the n

© 2025 The Author(s). Published by the Royal Society of Chemistry
anticancer properties, were further analysed by molecular
docking and DFT studies against breast cancer targets.
3.1 Quantum chemical studies

3.1.1 Optimized geometrical analysis of artemetin and
catechin. The geometrical optimization of the compounds
artemetin and catechin was carried out using the B3LYP level of
theory and 6-31G basis set.54,55 These structures correspond to
a true energy minimum on the potential energy surfaces, which
indicates the absence of imaginary frequencies in these
compounds.60,61 The optimized molecular structures of arte-
metin and catechin obtained using the B3LYP level of theory
and 6-31G basis set, with the atom numbering, are displayed in
Fig. 5. The dihedral angle of artemetin is 24.141° (C19–C11–C6–
C5) and the dipole moment is 5.8669 D. The dihedral angle of
catechin is 48.099° (O6–C7–C8 C15) and the dipole moment is
2.2013 D. The dipole moment of molecules indicates electron
density and polarizability, contributing signicantly to the
understanding of both intermolecular and intramolecular
interactions, which is essential for predicting bulk and molec-
ular properties.62 The dipole moment of the catechin is higher
than that of artemetin, contributing to its greater polarizability
and higher electron density. The dihedral angle of catechin is
higher compared to that of artemetin, indicating the higher
stability of catechin (Fig. 5).

3.1.2 Frontier molecular orbital (FMO) theory. Frontier
molecular orbital (FMO) theory63 is used to assess the reaction
stability of compounds. The frontier molecular orbitals deter-
mined for artemetin and catechin compounds at the B3LYP
level of theory and using the 6-31G basis set are shown in Fig. 6.
The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energies of artemetin
and catechin compounds were examined using FMO theory.
The energy gap between the HOMO and LUMO indicates the
relative stability of a compound. A larger energy gap indicates
greater stability, while a smaller energy gap indicates lower
stability.61,64,65 Compounds with higher stability have lower
chemical reactivity, while a smaller energy gap indicates
umbering of atoms: (A) artemetin and (B) catechin.

RSC Adv., 2025, 15, 25103–25114 | 25107
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Fig. 6 FMO energies of (A) artemetin and (B) catechin; the positive phase is shown in red and the negative phase is shown in green.
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a compound with higher chemical reactivity. Therefore, the
smaller the energy gap between the HOMO and LUMO, the
more likely an eventual electron transition and the lower the
stability of a compound. Energy gaps are an essential parameter
in analysing the electron conductivity.66,67 HOMO–LUMO
dissolution is the result of a considerable degree of intermo-
lecular charge shiing from the electron donor group to the
electron acceptor group. The areas of highest electron density of
a molecule can be identied using the HOMO and LUMO. The
chemical hardness of a molecule can also be used to analyze the
chemical stability of a molecule. In the current study, the
HOMO and LUMO energy differences for artemetin and cate-
chin are 3.4493 eV and 5.5033 eV, respectively. Catechin has
a larger energy gap than artemetin, exhibiting higher stability
and lower chemical reactivity.

3.1.3 Molecular electrostatic potential (MEP) surface. The
MEP surface63 distribution helps in understanding the size and
shape of a molecule, which in turn reveals the regions of posi-
tive, negative, and neutral electrostatic potential, as well as the
25108 | RSC Adv., 2025, 15, 25103–25114
nature of its chemical bonds. The MEP surface is a necessary
tool for the prediction of electrophilic and nucleophilic inter-
actions of drugs.67 The colour gradient on the MEP surface
represents the molecular electrostatic potential. The electro-
static potentials over the compound surfaces are depicted in
Fig. 7 with various colours. The red region signies a more
negative area characterized by low electrostatic potential, sug-
gesting a surplus of electrons. Conversely, the blue region
denotes a more positive region with elevated electrostatic
potential, indicating a relative lack of electrons. It is clear that
the electrical nature affects the shape and size of the molecules.
The orientation of molecules with electrostatic potential also
changes depending on the compounds.65 Artemetin and cate-
chin have a positive and negative region relating to C]O on the
benzene ring. Electron density values are represented in
increasing order as follows: red > yellow > green > blue.

The MEP surface of artemetin has a colour code that ranges
from −7.504 × 10−2 (deep red, indicating an abundance of
electrons) to 7.504 × 10−2 (dark blue, signifying a region of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Electron density surface maps of (A) artemetin and (B) catechin showing the electrostatic potentials of the respective molecules.
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lower electron density). The MEP surface of catechin has
a colour code that ranges from −0.0 (red, signifying an abun-
dance of electrons) to 0.0 (deep blue, signifying a notable lack of
electrons). According to the calculated MEP surface, red repre-
sents negative regions, which undergo electrophilic attack, and
blue represents positive regions, which undergo nucleophilic
attack in both the compounds. The MEP surface is coloured
according to the following scheme: regions with a lack of elec-
trons or partially positive regions are shown in blue; electron-
rich and partially negative regions in red; slightly electron-rich
regions in yellow; slightly electron-decient regions in light
blue; and neutral regions in green.65,67

3.1.4 Calculation of ionization potential, electron affinity
and chemical potential values of the molecules. To study the
stability of compounds, ionization potential (IP) and electron
affinity (EA), the FMO, and HOMO–LUMO energy gaps were
used as key parameters. Our ndings show that compounds
with higher IP and lower EA values are considerably more stable
than those with lower IP and higher EA values (see Table 3). The
chemical potential (m), representing an electron's propensity to
vanish from a molecule in its stable state, can be computed
using the IP and EA values.67

The equations which relate the HOMO energy to the IP and
the LUMO energy to the EA, in accordance with molecular
orbital theory, are:
Table 3 HOMO, LUMO, HOMO–LUMO energy gap, IP, EA, chemical
potential, hardness (h) and softness (S) values of the compounds (A)
artemetin and (B) catechin

Molecular properties

6-31G basis set and B3LYP
level of theory

(A) Artemetin (B) Catechin

EHOMO (eV) −5.5408 −5.6293
ELUMO (eV) −2.0915 −0.1260
EHOMO − ELUMO gap (eV) 3.4493 5.5033
Ionization potential (IP) (eV) 5.5408 5.6293
EA (eV) 2.0915 0.1260
Chemical potential (m) −3.8161 −2.8776
Hardness (h) 1.7246 2.7516
Soness (S) 0.5813 0.3636

© 2025 The Author(s). Published by the Royal Society of Chemistry
IP = −EHOMO;

EA = −ELUMO;

Molecular chemical potential (m) = −(IP + EA)/2

3.1.5 Calculation of hardness (h) and soness (S) of the
compounds. The charge-transfer resistance is primarily deter-
mined by the chemical hardness (h) and soness (S), which are
inversely related to one another for a given chemical compound.
The following equations were used based on molecular orbital
theory to calculate compound hardness and soness:

Hardness (h) of the compound = (IP − −EA)/2

Softness (S) of the compound = 1/h

The hardness and soness values for artemetin and catechin
are calculated and represented in Table 3. A compound has its
highest hardness in the steady state and its lowest hardness in
the transition state, based on the principle of maximum hard-
ness (PMH).61 As a result, we found that catechin is harder than
artemetin (see Table 3), which is consistent with their relative
stabilities.64,67

According to Table 3, catechin is chemically more stable
than artemetin, which is consistent with earlier ndings (FMO
and HOMO–LUMO energy gap). Under equilibrium conditions,
artemetin has a greater tendency to lose electrons than
catechin.
3.2 QSAR modelling

The Cloud 3D-QSAR server68 was employed to analyse the
activity levels of phytochemicals along with their chemical
structures.34 A number of molecules chosen from the input
molecules were provided as a test set, along with the test set
proportion. Aer the successful QSAR run, we retrieved the
results using various result visualization methods. The results
of Cloud 3D-QSAR were obtained in tabular format, showcasing
the top-ranked models, which included values for r2, q2, and r2
RSC Adv., 2025, 15, 25103–25114 | 25109
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Fig. 8 Molecular force field contour plot from test sets: (A) artemetin and (B) catechin molecules. The green region indicates a rise in steric
hindrance, causing increasing activity. The yellow region indicates the lowering of steric hindrance, causing decreasing activity. The blue region
indicates that increasing the charge group helps to increase the activity. The red region indicates that increasing the charge group causes harmful
effects to the activity.

Table 4 Linear regression data including training and test sets

Molecule
name Type

Experimental
activity

Predictive
activity Residuala

Terpineol Training −2.371 −2.371 0.0000
Epicatechin Training −2.72 −3.2398 0.5198
Quercetin Training −4.024 17.1871 −21.2111
Casticin Training −4.077 −4.077 0.0000
Valencene Training −5.553 −5.553 0.0000
Catechin Test −3.092 −3.092 0.0000
Artemetin Test −4.397 −63.9069 59.5099

a Residual value = experimental value – predictive value.
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predicted (refer to ESI Table 1†), as well as all models that were
prioritized by the algorithm. The most effective QSAR models
are represented by greater r2, q2, and r2 predicted values. The
biological activity was correlated positively or negatively with
the steric bulk areas, represented by green/yellow contours, and
the biological activity was correlated with negatively charged/
hydrogen bond acceptor or positively charged/hydrogen bond
donor substituent areas, represented by red/blue contours. This
Fig. 9 A linear regression scatter plot of experimental activity vs. pred
artemetin are highlighted in green.

25110 | RSC Adv., 2025, 15, 25103–25114
information is shown viamolecular force eld contour plots for
individual models (see Fig. 8). Furthermore, a 3D representa-
tion of the aligned compounds was supplied. Based on the
above-mentioned results, we validated the QSAR model and the
molecular alignment. We also obtained comprehensive experi-
mental values, predicted values, and residuals for each
compound from this QSAR model.68 We generated linear
regression plots using this data (see Table 4 and Fig. 9). Based
on this information, we can robustly estimate the activity of the
relevant phytochemicals and their efficacy. Based on the
residual values, we can conclude that terpineol, epicatechin,
casticin, and valencene from the training data set and catechin
from the test set have reliable correlation with the experimen-
tally derived anticancer activities of the phytochemical
compounds considered in this study.

The CoMFA QSAR equation is summarized graphically as
a 3D contour map, showing elds such as steric, electrostatic,
hydrophobic, and hydrogen bond accepting or donating elds,
in which lattice points are associated with extreme values.

Molecular force eld contour plots from the test sets are
shown for artemetin and catechin molecules in Fig. 8a and b,
ictive activity of the compounds. The test compounds catechin and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 The binding energies of selected phytochemicals versus the
breast cancer target protein

Ligand HER2 (3RCD)

Artemetin −7.3 kcal mol−1

Catechin −8.0 kcal mol−1
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respectively. An increase in steric hindrance is conducive to
increasing the activity in places represented by the green area. A
decrease in steric hindrance does not signicantly improve the
activity in places represented by the yellow area; intensifying the
charge group helps increase the activity in places shown by the
blue area, while areas where the charge group is harmful to the
activity are indicated in red.
3.3 Molecular docking studies of phytochemicals

To analyze the binding modes of the queried ligands with
a specic protein target, molecular docking simulations were
Fig. 10 A depiction of the 3D molecular docking interactions of HER2 w

Fig. 11 2D plots of the interactions of surrounding HER2 amino acids w

© 2025 The Author(s). Published by the Royal Society of Chemistry
carried out using Auto Dock Vina.69,70 The selected phyto-
compounds from LC-MS analysis were docked with the anti-
breast cancer target HER2 (PDB ID: 3RCD). Among seventeen
phytocompounds docked against HER2, catechin and arteme-
tin ligands selected aer QSAR analysis showed higher affinity
and more favorable binding energy scores, i.e. −8.0 kcal mol−1

and −7.3 kcal mol−1, respectively, as shown in Table 5. For the
post-docking analysis, PyMol32 and Discovery Studio Visualizer33

were employed to assess the bonding orientation between the
ligands and the protein target. Artemetin displayed three C–H
bonds: LEU-796, ARG-849 and PHE-864; one pi–anion bond:
ASP-863; and seven pi–alkyl bonds: LEU-726, ALA-751, VAL-734,
MET-774, LEU-785, LYS-753 and LEU-852. Catechin exhibited
two conventional H-bonds: LEU-796 (2.3 Å) andMET-801 (2.5 Å);
two pi–sigma bonds: THR-798 and LEU-852; and three pi–alkyl
bonds: VAL-734, ALA-751 and LYS-753 (see Fig. 10 and 11).

According to earlier studies,71,72 a lower binding energy score
signies a higher degree of ligand–protein bond stability.
Among the phytocompounds, the ones that formed the best
ith the ligands (A) catechin and (B) artemetin.

ith (A) catechin and (B) artemetin.
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ligand–protein conformations with the breast cancer protein
targets were artemetin and catechin. Grading of the molecular
docking analysis of artemetin and catechin with the target
protein was based on the binding energies and binding
conformations obtained. The protein target HER2, which is the
prime target for anti-breast cancer action, has a higher binding
affinity for ligands than other proteins, according to the dock-
ing studies. The natural phytocompounds derived from V.
negundo, artemetin and catechin, demonstrated consistent
docking results.
4 Conclusions

In summary, we analysed the quantum chemical properties,
quantitative structure activity relationships and docking
potentials against an anti-breast cancer target using bioactive
compounds extracted from V. negundo to prioritize them based
on their anticancer activity and efficacy. Our study indicates
that V. negundo extract shows antioxidant and anticancer
properties. Based on FTIR analysis, the functional groups of the
bioactive compounds were revealed. Further, DFT studies
conrmed that in comparison to artemetin, catechin is more
stable and less chemically reactive, as indicated by the HOMO
and LUMO energy gaps and energy levels. The charge-transfer
resistance of these bioactive compounds was determined
based on the hardness (h) and soness (S). As a result, we found
that catechin is harder than artemetin, which is consistent with
their relative stabilities. These bioactive compounds were
further screened using QSAR residual scores for their activity
and molecular docking simulations to discover the binding
modes of the ligands with an anti-breast cancer target (HER2).
Artemetin and catechin showed favourable binding conforma-
tions with HER2 in the molecular docking simulations. Thus, by
adopting this pipeline, target-specic anti-breast-cancer ligands
with the highest binding affinities can be efficiently prioritized,
allowing only the most promising molecules to be isolated and
puried—steps that are otherwise time-consuming, labour-
intensive, and costly. As mentioned above, the protocol is
effective for screening and isolating potential compounds in
less time and with improved cost-effectiveness as part of the
drug discovery and development process.
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