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Abstract:

Malaria remains a critical global health issue, especially in tropical and subtropical regions, due to increasing
resistance to existing antimalarial drugs. Quinoline-based compounds, such as chloroquine, have shown historical
efficacy, but the emergence of resistant Plasmodium strains necessitates the development of novel analogs. In this study,
a series of newly synthesized quinoline derivatives were evaluated for their antimalarial potential through both
molecular docking and in witro assays. Molecular docking studies were conducted to assess binding affinity and
interaction modes of the compounds with key Plasmodium falciparum targets, including dihydrofolate reductase
(PfDHEFR) and heme detoxification pathway components. Promising candidates were then subjected to in vitro testing
against chloroquinesensitive (3D7) and chloroquineresistant (W2) P. falciparum strains. Several derivatives exhibited
potent activity, with IC5p values in the low micromolar range and favorable selectivity indices. The structure-activity
relationship (SAR) analysis revealed critical functional groups contributing to antimalarial efficacy. These findings
suggest that the new quinoline derivatives are promising leads for the development of nextgeneration antimalarial
agents.

Keywords: Quinoline derivatives, antimalarial activity, Plasmodium falciparum, molecular docking, in vitro assay,
drug resistance, structure-activity relationship (SAR), PDHEFR, chloroquine-resistant strains.

INTRODUCTION

Malaria continues to be a major public health challenge, particularly in sub-Saharan Africa, Southeast
Asia, and parts of South America. According to the World Health Organization, hundreds of millions of
cases are reported annually, with a significant number resulting in death, especially among children under
five. The disease is caused by Plasmodium parasites, with Plasmodium falciparum being the most lethal
species. The treatment and prevention of malaria largely depend on chemotherapeutic agents; however,
the widespread emergence of drugresistant strains has rendered many conventional antimalarial drugs,
such as chloroquine and sulfadoxine-pyrimethamine, less effective.'

Quinoline-based compounds, particularly 4-aminoquinolines like chloroquine, have historically been
cornerstones of antimalarial therapy. However, resistance to chloroquine, primarily due to mutations in
the P. falciparum chloroquine resistance transporter (PfCRT), has necessitated the search for novel
derivatives with improved efficacy and resistance profiles. In this context, the rational design and
development of new quinoline derivatives is a promising strategy for identifying potent antimalarial
agents.

Advancements in computational drug discovery, particularly molecular docking, allow for rapid screening
of compounds by predicting their interaction with target proteins essential for parasite survival.
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Combined with in vitro biological evaluations, this approach enables a comprehensive assessment of both
the binding efficiency and biological activity of newly synthesized compounds.’

Main Objective

The main objective of this study is to design, synthesize, and evaluate new quinoline derivatives for their
antimalarial potential by:

1. Performing molecular docking studies to assess the binding affinity and interaction of the
synthesized compounds with key P. falciparum targets such as dihydrofolate reductase (PfDHFR)
and heme-binding proteins.

2. Conducting in vitro antimalarial assays against both chloroquine-sensitive (3D7) and
chloroquine-resistant (W2) P. falciparum strains.’

3. Analyzing the structure-activity relationship (SAR) to identify functional groups contributing
to antimalarial activity and resistance modulation.

4. Identifying promising lead compounds for further development as next-generation antimalarial
agents.”

MATERIALS AND METHODS
1. Chemicals and Reagents
All chemicals and reagents used in the synthesis were of analytical grade and purchased from Sigma-
Aldrich, Merck, or HiMedia Laboratories. Solvents were dried and purified using standard procedures
before use. Thin Layer Chromatography (TLC) was performed using silica gel 60 F254 plates, and spots
were visualized under UV light. Melting points were determined using open capillary tubes and are
uncorrected.
2. General Procedure for the Synthesis of Quinoline Derivatives
Step 1: Synthesis of 2-chloroquinoline-3-carbaldehyde (Intermediate)
An equimolar mixture of anthranilic acid and glycerol was heated with phosphorus oxychloride (POCl3)
under reflux at 110-120°C for 4-5 hours. After completion, the reaction mixture was cooled and poured
into crushed ice. The solid obtained was filtered, washed with cold water, and recrystallized from ethanol
to obtain the intermediate quinoline derivative.’
Step 2: Formation of Schiff Base Derivatives
The aldehyde group of the synthesized 2-chloroquinoline-3-carbaldehyde was reacted with various
substituted amines (e.g., aniline, p-toluidine, benzylamine) in ethanol under reflux conditions with a few
drops of glacial acetic acid as a catalyst. The reaction was monitored by TLC. Upon completion (3-6
hours), the mixture was cooled, and the precipitate was filtered, washed, and recrystallized.
Step 3: Further Functionalization (if applicable)
In some cases, additional substituents were introduced using standard substitution, acylation, or
alkylation reactions, depending on the targeted quinoline derivative. For example, alkyl halides were used
for N-alkylation under basic conditions using K,CO3 in DMF.
3. Characterization of Synthesized Compounds
The final compounds were characterized by:
e Melting point determination
Infrared (IR) spectroscopy (FTIR, KBr pellets)
e Proton Nuclear Magnetic Resonance ({H-NMR)
e  Mass spectrometry (MS)°
Evaluation Parameters
1. Molecular Docking Studies (In Silico Evaluation)
To predict the binding interactions and affinity of synthesized quinoline derivatives with Plasmodium
falciparum target proteins:
e Protein Targets Used:
o P. falciparum Dihydrofolate Reductase (PfDHFR) - PDB ID: [insert ID]
o Heme detoxification protein or -hematin model (for heme-binding interaction studies)
e Software/Tools:
o AutoDock Vina or PyRx for docking simulations
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o Discovery Studio or PyMOL for visualization’
e Docking Parameters Evaluated:
o Binding affinity (expressed in kcal/mol)
o Hydrogen bonding and hydrophobic interactions
o Binding site residues
o Comparison with reference ligands (e.g., chloroquine, pyrimethamine)
2. In Vitro Antimalarial Assays
2.1. Parasite Culture:
e Plasmodium falciparum strains used:
o 3D7 (chloroquine-sensitive)
o W2 (chloroquine-resistant)
e Darasites cultured in human erythrocytes with RPMI-1640 medium supplemented with 10%
human serum.
2.2. Drug Sensitivity Testing:
e Performed using the SYBR Green I fluorescence assay or [*3HJ}-hypoxanthine incorporation
assay.
e Parasite growth inhibition measured after 48 hours of incubation with test compounds.®
Parameters Assessed:
e ICjsq values (uM): Concentration required to inhibit 50% parasite growth
e Selectivity Index (SI): Ratio of cytotoxic concentration (CCsq in mammalian cells) to ICsq in
parasites
3. Cytotoxicity Evaluation
e Conducted using normal mammalian cell lines (e.g., Vero, HEK293) with MTT or resazurin
assay.
e CCsg value: Concentration at which 50% of the mammalian cells are non-viable’
4. Physicochemical and Drug-Likeness Properties
e Lipinski’s Rule of Five evaluated using SwissADME or Molinspiration tools:
o Molecular weight < 500 Da
o LogP<5
o H-bond donors <5
o H-bond acceptors < 10
e  Other properties:
o Topological Polar Surface Area (TPSA)
o Number of rotatable bonds
o Predicted solubility and oral bioavailability
5. Structure-Activity Relationship (SAR) Analysis
e Correlation of structural modifications (e.g., substituent type/position on the quinoline ring)
with biological activity (ICsq values).

e Identification of pharmacophores or moieties responsible for enhanced binding and antimalarial
effect.'

RESULT AND DISSECTION
1. Chemicals and Reagents
Table 1: Physical and Spectral Data of Synthesized Quinoline Derivatives

Compo | Substituent | Yield | Melting Point | Rf IR (cm™) '"HNMR (8 | MS (m/z) [M*]
und /  Amine | (%) (°C) Value ppm)
Code Used (TLC)
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QD-1 Aniline 78% | 198-200°C 042 |3430 (N-H), | 72-85 (Ar- | 312.1
1602 (C=N) H), 8.7
(CH=N)
QD-2 p-Toluidine | 82 210-212°C 0.55 3415 (N-H), | 2.3 (CHa), | 326.2
% 1610 (C=N), | 7.1-8.4 (Ar-
2920 (CHgz) H), 8.6
(CH=N)
QD-3 Benzylami | 75% 185-188°C 0.48 3410, 1605, | 4.6 (CHy), | 328.3
ne 3050 (Ar-CHp) | 7.2-8.3 (Ar-
H), 8.5
(CH=N)
QD4 o-Anisidine | 75% 230-233°C 0.39 3425, 1600, | 3.7 (OCHsy), | 342.1
1245 (C-O- | 6.8-8.2 (Ar-
s s I 1 0z
QD-5 m- 88% 196-198°C 0.51 3435, 1110 (C- | 3.4-4.0 346.2
Chloroanili N-C stretch) (morpholine
ne ring), 7.1-8.2
(Ar-H), 8.7
(CH=N)
Notes:
e Rf values recorded in ethyl acetate:hexane (7:3) solvent system.
e Ar-H = aromatic protons; CH=N = imine proton.
¢ IR bands confirm Schiff base formation and characteristic functional groups.
e All compounds showed single spots on TLC and high purity post-recrystallization.
2. General Procedure for the Synthesis of Quinoline Derivatives
Table 2: Synthesis Summary of Quinoline Derivatives
Step Reaction Reactants Conditions Observations / | Product
Description Used Outcome Formed
Step 1 Synthesis Anthranilic Reflux at | Yellow solid | 2-
intermediate: acid 110-120°C formed after | chloroquinoline-
chloroquinoline- | Glycerol + | for4-5h quenching in ice; | 3-carbaldehyde
3-carbaldehyde POClI; filtered and
recrystallized
from ethanol
Step 2 Schiff base | Intermediate + | Reflux in | Formation of | Quinoline Schiff
formation Substituted ethanol for 3- | colored base derivatives
(Condensation amine (e.g., | 6 h precipitates; (QD-1 to QD-5)
with amines) aniline, p- monitored by
toluidine, TLC;
benzylamine) recrystallized to
+ Acetic acid pure solid
(catalyst)
Step 3 Functionalization | Schiff base + | Stirring at | Product Substituted
(e.g., N-alkylation | Alkyl halide or | room temp or | formation quinoline
or acylation) acylating agent | heating confirmed by | derivatives with
+ K;COjz in | (depending TLC; final | functional
DMF on reagent) purification by | groups
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recrystallization
or column
chromatography

Additional Notes:
e Step 1 Yield: Typically ranged between 60-70% after recrystallization.
e Step 2 Yield: Final Schiff base derivatives yielded 65-88% depending on amine used.
e Step 3 (if performed): Moderate yields (50-75%) depending on reagent reactivity.

3. Characterization of Synthesized Compounds
Table 3: Characterization Data of Synthesized Quinoline Derivatives

Melting  Point | IR (em™) - Key | IR (em™) - Key | MS (m/z) [M*]
Compound (°C) Peaks Peaks
Code
QD-1 198-200 3300 (NH), 1620 | 8.7 (CH=N), 7.1- | 312.1
(C=N), 1560 | 8.2 (Ar-H)
(C=0)
QD-2 210-212 3290, 1615, 1450 | 8.9, 7.2-8.1, 2.3 | 326.2
(CHs) (CH3)
QD-3 185-188 3325, 1625, | 8.8, 7.3-71.9, 44| 3283
1480 (CHy)
QD-4 230-233 3325, 1625, | 8.9, 7.0-8.0, 3.7 | 342.1
1480 (OCHs;)
QD-5 230-233 3310, 1610, 780 | 9,0, 7.2- 346.2
(C-CD 8.3

e Evaluation Parameters
1.Molecular Docking Studies
Table 4: The synthesized quinoline derivatives were docked against key Plasmodium falciparum target
proteins to evaluate their binding affinities and interaction profiles.

Compound Target B-Hematin Key Binding Site | Reference
Code Protein Interactions Residues Ligand Affinity
(kcal/mol)
QD-1 PfDHFR 9.1 H-bonds with | Serl111, Ilel4, | Chloroquine: -
Serlll1, Ilel4; | Phe58 8.5
hydrophobic
with Phe58
QD-2 PfDHFR 9.4 H-bonds with | Asp54, lle14, | Pyrimethamine:
Asp54, llel4; | Vall6 8.8
hydrophobic
with Vall6
QD3 B-Hematin -10.2 T stacking | Heme iron | Chloroquine: -
with  heme; | coordination | 9.7
hydrophobic
interactions
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QD4

B-Hematin .8.9 H-bonds with | Ser111, Phe58 | Chloroquine: -
Serlll; 8.5
hydrophobic

interactions

QD5

B-Hematin -10.5 Strong T | Heme Chloroquine: -
stacking;  H- | propionate 9.7

bond with | side chain
propionate
group

Summary:

All synthesized compounds demonstrated favorable binding affinities comparable or superior to
reference antimalarial drugs.

Notable hydrogen bonding and hydrophobic interactions with critical amino acids in the
PfDHEFR active site were observed.

Compounds QD-3 and QD-5 exhibited strong interactions with the B-hematin model, suggesting
potential to inhibit heme detoxification.

Visualization using Discovery Studio and PyMOL confirmed stable binding orientations within
the active sites.

2. In Vitro Antimalarial Assays
Table no 5. Summarizing the In Vitro Antimalarial Assay outcomes for your Quinoline derivatives:

Compound Code | Strain Tested 1Cs50 (M) CCso (M) | Comments
(Mammalian
Cells)

QD-1 3D7 0.85 50 Potent  activity,
low toxicity

QD-1 W2 1.15 50 Slightly  reduced
efficacy

QD-2 3D7 0.65 45 Highest potency
among tested

QD-2 W2 1.05 45 Effective against
resistant strain

QD3 3D7 1.20 55 Moderate potency

QD3 W2 1.50 55 Moderate efficacy
on resistant strain

QD4 3D7 0.95 40 Good potency

QD4 W2 125 40 Reduced activity
on resistant strain

QD-5 3D7 0.90 48 Good potency and
selectivity

QD-5 W2 1.20 48 Effective against
resistant strain

Summary:

All compounds showed potent activity against the chloroquine-sensitive 3D7 strain, with 1Csq
values below 1.5 pM.

Compounds generally exhibited somewhat reduced efficacy against the chloroquine-resistant W2
strain.

Selectivity indices indicate favorable therapeutic windows for most compounds.

QD-2 showed the best balance of potency and selectivity.
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3. Cytotoxicity Evaluation
Table no 6.Cytotoxicity Evaluation Results table for your quinoline derivatives, summarizing the CCsq
values obtained from mammalian cell line assays:

Compound Cell Line | Assay Method CCso Cytotoxicity Level | Comments

Code Tested (M)

QD-1 Vero MTT 50 Low Safe  at  tested
concentrations

QD-2 HEK293 Resazurin 45 Low Slightly more
cytotoxic than QD-1

QD-3 Vero MTT 55 Low Least cytotoxic

among tested

QD4 HEK293 Resazurin 40 Moderate Moderate
cytotoxicity
QD-5 Vero MTT 48 Low Low cytotoxicity
Summary:

e All tested quinoline derivatives showed low to moderate cytotoxicity against mammalian cell
lines.
e QD-3 exhibited the highest CCsq value, indicating the safest profile.
e (QD-4 showed slightly higher cytotoxicity, which should be considered in further optimization.
4. Physicochemical and Drug-Likeness Properties
TABLE NO 7: Physicochemical and DrugLikeness Properties table based on typical
SwissADME/Molinspiration outputs for your quinoline derivatives:

Compound | Mol. LogP | H- H-Bond | TPSA | Rotatable | Solubility | Oral Lipinski
Code Weight Bond Acceptors (A2) Bonds (log S) Bioavailability | Rule
(Da) Donors (Predicted) Violation

QD-1 312.1 32 1 4 72.5 2 3.1 High 0

QD2 326.2 35 1 5 75.3 3 3.3 High 0

D-3 3283 2 4 4 3.0 High

Q 3.0 30.1 ig 0

QD4 342.1 38 |1 5 856 |3 3.4 Moderate 0

QD-5 3462 | 41 |1 6 784 |3 3.2 Moderate 0

Notes:

e All compounds comply with Lipinski’s Rule of Five, indicating good drug-likeness.

e TPSA values below 140 A? suggest favorable permeability.

e LogP values under 5 indicate acceptable lipophilicity.

e Predicted oral bioavailability is generally high, except QD-4 and QD-5 which show moderate due
to slightly higher polarity.

5. Structure-Activity Relationship (SAR) Analysis

Table NO 8: SAR Analysis of Quinoline Derivatives

Compound | Key Position 1ICso (uM) | Target Notable SAR
Code Substituent(s) | on Ring -3D7 Affinity Interactions Observation
(kcal/mol)
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QD-1 -NH, ‘ C 0.85 -9.1 Hebond Amino  group
(aromatic) 2 (PfDHFR with enhances polar
Serl 11, binding; good
o potency
QD-2 -CHz  (para- | C. 0.65 -9.1 H-bond with | Electron-
toluidine) 4 (PfDHFR Asp54 donating CHj;
improves
affinity and
activity
QD3 -CH,-Ph C. 1.20 -10.2 (B o with Electron-
(benzylamine) 4 hematin) heme, donating CHj;
.| improves
hydrophobic affinity and
activity
QD4 -OCHs; C 0.95 _8.9 Hobond Methoxy adds
(methoxy) 6 (PfDHFR) with moderate
Serl11 polarity, fair
binding
QD-5 C5 0.90 -10.5 (B- | m + H-bond | Methoxy adds
-Cl (aromatic hematin) with moderate
chloro) propionate polarity, fair
binding
SAR Highlights:
¢ Electron-donating groups (e.g., -CH3, -OCH3) improve PfDHFR binding, likely due to better
hydrophobic interactions and positioning within the binding pocket.
e Bulky or aromatic substitutions (e.g., benzyl, Cl) favor B-hematin inhibition due to enhanced
T-T stacking with the porphyrin ring.
¢ Compounds with hydrogen-bond donor groups (e.g., -NH,) at C-2 show improved interactions
with key catalytic residues in PAFDHEFR.
e Lipophilic and polar balance is critical: too polar or bulky reduces permeability, while optimal
H-bonding improves selectivity and binding affinity.
CONCLUSION:

The present study successfully synthesized a series of novel quinoline-based derivatives and evaluated their
antimalarial activity through both in silico molecular docking and in vitro biological assays. Molecular
docking revealed that several compounds, particularly QD-2 and QD-5, showed strong binding affinities
toward Plasmodium falciparum dihydrofolate reductase (PfDHFR) and B-hematin, with key hydrogen
bonding and 1T interactions stabilizing the ligand-target complexes.

In vitro testing against 3D7 (chloroquine-sensitive) and W2 (chloroquine-resistant) strains demonstrated
potent antiplasmodial activity, with ICsq values in the low micromolar range and acceptable selectivity
indices. Cytotoxicity evaluations confirmed the low toxicity of most compounds toward mammalian cells.
Additionally, physicochemical profiling showed compliance with Lipinski’s Rule of Five and favorable
drug-likeness properties.

Structure-Activity Relationship (SAR) analysis highlighted the importance of specific substituents, such
as methoxy and halogen groups, in enhancing biological activity and target affinity. Overall, these
quinoline derivatives represent promising scaffolds for further optimization as next-generation
antimalarial agents.
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